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Abstract

In the race for miniaturisation, the development of molecular machines represents a major
challenge. The discovery in 1999 by the group of Feringa of the unidirectional light-fuelled
rotary molecular motor has been ground-breaking. This system based on a crowded alkene is
remarkable i) for its autonomy, as it only needs to be irradiated in order to operate
continuously, ii) for its rotation speed, which can reach the MHz range, and iii) for its ability to
be integrated into complex materials (liquid crystal, MOF, ...), as it can be easily functionalised.
One of the major issue remains the amplification of the motion generated by the rotation of
the motor from the nanoscopic to the macroscopic scale. In this context, our team achieved
to develop a contractile chemical gel integrating tetrafunctionalized molecular motors used
as cross-linking centres and linked to each other by polymer chains. This system is thus capable
of contracting under UV irradiation by twisting pairs of polymer chains together and storing
the work produced by the motors in the form of tension. The aim of this thesis consisted in
broadening the field of application of this tetra-functionalized motor by focusing on three
axes.

The first one consisted in scaling-up the synthesis of the tetrafunctionalized and orthogonally
protected molecular motor in order to facilitate its obtention. We managed to form 40 g of
products in more than 12 synthetic steps.

The second one was to limit the degradation of our systems and to pave the way for the
development of more complex structures integrating new modulating units, that were
previously incompatible with UV irradiation, by seeking to increase the wavelength used
during the irradiation of our gels. To do so, we studied the impact of adding a porphyrin-based
photosensitizer to our molecular motors, first in solution and then in gel. We demonstrated
that a triplet energy transfer did take place between the motor and the photosensitizer, which
allowed us to carry out the first gel contractions using visible light.

Finally, the third axis focused on the development of a new mode of propulsion for nano-
swimmers based on the rotation of molecular motors attached on the surface of nano-objects.
To this end, we first developed and then characterised Janus nanoparticles functionalised by
our motors. We demonstrated the formation of electrostatic interactions between the surface
of the particles and the motors by using Zeta potential measurements and fluorescence
experiments. Finally, the preliminary results using static light scattering experiments showed
the existence of a ballistic component in the movement of these objects under UV irradiation.
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General Introduction and Objectives

Feringa's molecular motor consists of a crowded alkene capable of unidirectional rotational
motion when placed under light irradiation. This system is particularly interesting as it
generates continuous work as long as it is supplied with energy. Since it has been published in
1999 (Figure 1.A),! it has been at the heart of a tremendous race to develop new structures,??
which are increasingly fast (up to MHz) and complex.* Its incredible potential for the
elaboration of new photo-active materials and the simplicity of its design were awarded by a
Nobel Prize in Chemistry in 2016.°> Today, many systems have been developed, but one of the
major challenges remains the use and storage of the work that this motor unit is capable of
producing. Indeed, as long as this machine remains isolated in solution, no work can be
collected. It is therefore essential to integrate it into a larger structure in order to take full
advantage of the displacement generated. It is in this context that our team succeeded in
developing a chemical gel in which tetrafunctionalized molecular motors are linked to each
other by polymer chains while serving as cross-linking points (Figure 1.B).6 Thus, upon UV
irradiation, rotary molecular motors will generate a winding of pairs of polymer chains which
results macroscopically in a contraction of the material. This approach therefore enables the
work to be stored via an increase in the tension of the chains, but does not allow it to be
recovered unless a covalent bond in the system is irreversibly broken. The solution developed
by our team consists of adding a so-called modulator unit based on tetrafunctionalized
diarylethene (Figure 1.C).” Indeed, this modulator, also used as a cross-linking centre, is
capable, under visible light, of setting up axes of free rotation allowing the unwinding of the
polymer chains and thus a return of the material to its original form.

A. B.

Fjord region
>280 nm

Cn = U

1 =~
(P,P)-trans (MM)-cis
60 °C l A .\TIZO °C

§ !
H >280 nm ‘

N

(M,M)-trans (PPycis

Figure 1. A. Molecular structure and mechanism of the first alkene-based motor. Adapted from ref 1.
Scheme of an irreversible B. and reversible C. contractile gel bearing respectively the corresponding
tetrafunctionalized molecular motor and diarylethene-based modulator. Adapted from ref 6 and 7.
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General Introduction and Objectives

The aim of this thesis is in the continuity of the work carried out by our team and can be
divided into three main areas.

The first one consisted in the large-scale synthesis of the tetrafunctionalized and orthogonally
protected molecular motor (Figure 2). It was therefore a question of taking the protocols
already developed and published in order to push them even further, with the objective of
synthesizing 40 g of final product ready to be used.?

OTBS OTBS «Upper» part
(0}
Eto)g/ MeO OMe
o] :’> — :D OMe
EtO * MeO @;
1
EtO o o
Barton-Kellogg 0 S
0 Coupling
+

NNH,

O
OTBS oTBS O O I:'> N/Et + QMe
B B
ét st\©
S
OMe OMe

OTBS OTBS

«Bottom» part
Figure 2 Retrosynthetic scheme of the tetrafunctionalized molecular motor.

The second part focused on pursuing the research on the contractile gel by seeking to increase
the wavelength of irradiation so as to avoid the use of UV light in order to limit degradation
and to widen the field of usable modulators. The work of the group of Feringa has been of
great help in this respect, as it has already been demonstrated that a molecular motor is
capable of functioning via energy transfer from a porphyrin-based photosensitizer (Figure
3A).° Thus, my objective was to study the application of this approach to our system and to
investigate the influence of different parameters such as light intensity and photosensitizer
concentration on the contraction rate.

Finally, the last part of the project enlarged this initial topic by coupling our molecular motors
polymer conjugates to access nano-swimmers. This project is the result of a collaboration
between organic chemists, polymer chemists and physicists (SAMS and CMP Strasbourg, LMSC
Paris) and aims to implement a novel form of propulsion by functionalizing Janus nanoparticles
with molecular motors (Figure 3B). The main idea consists in taking advantage of their
rotation® so as to induce a ballistic motion similar to that of living micro-organisms.* Here,

Xiv



General Introduction and Objectives

we will look at the development of these structures and then detail all the characterisations
that have been carried out to determine the properties of these systems.

Visible light
Excitation

Triplet energy
transfer

Pd TPP

Photosensisitiser

Molecular

motor

Figure 3. A. Schematic representation of the energy transfer from the porphyrin-based photosensitizer
towards the motor. Adapted from ref 9. B. Scheme depicting the design of the propeller based on Janus
particle functionalized by molecular motors bearing helical polymer chains.
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Chapter I. Bibliographic Introduction

Since the development of the first steam engine in 1712 by Thomas Newcomen, the
emergence of combustion and then electric motors has carried mankind through the
industrial revolution into the modern era. Today, these systems are present in absolutely
every aspect of our lives and are becoming increasingly complex. Initiated by R. P. Feynman in
his December 1959 lecture entitled "There’s plenty of room at the bottom,*? the race for
miniaturisation has since become a major challenge for the development of new technologies.
Over time, two opposite strategies have emerged. The first one consists in the size reduction
of pre-existing systems, also known as top-down. However, this approach remains limited by
implementation processes and, above all, by changes in the behaviour of materials at smaller
length scales. The second method, so-called bottom-up, overcomes these limitations by
focusing on the development of nanometric units that can be operated selectively, while their
integration into complex materials enable their exploitation at larger scales.

Commonly, a motor can be described as a structure capable of converting an energy into a
mechanical energy. At the nanoscopic scale, a molecular motor is characterised by a periodic
and non-reversible evolution. It is capable of providing continuous work in the form of
translation or rotation as long as it is supplied with energy.'? It should be distinguished from
a molecular switch, which is defined by its ability to move reversibly from one
thermodynamically (meta)stable state to another under the action of a given external
stimulus, but whose work is necessarily cancelled if the system returns to its initial state.3
The integration of motor units is absolutely crucial in order to make practical use of the
generated work. This step is all the more important as it allows, through clever design, to
confer new properties to the combined sub-units. Thus, it is possible to create materials that
behave macroscopically like a motor even from simple molecular switches and vice versa. A
good example of such cross-over would be the development of Ikeda's photoactivated motor,
based on a liquid-crystalline elastomer incorporating azobenzene derivatives (Figure 1.1).14
Such achievement arises from a spatiotemporal desymmetrization, i.e. where the activation
of the involved switches is shifted in time and/or space.
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Figure 1.1 A. Molecular structure of azobenzene-based cross-linker and monomer. B. Scheme depicting the
liquid-crystalline elastomer (LCE) light fuelled motor: a belt made of LCE is fixed on two pulleys and is
irradiated simultaneously at two different spots with respectively visible and UV light. The contraction-
expansion of the material allows its rotation around the axles. c. Snapshots of the LCE film rotation over
time. Adapted from ref 14.

These properties have encouraged chemists to focus on the development of functional motor
units to form increasingly complex systems and novel materials. In this respect, nature is an
inexhaustible source of examples, since many metabolisms are based on the integration of
motors to perform vital tasks, ranging from DNA synthesis with polymerase, to the
manufacture of peptides via the ribosome.'® Three systems particularly stand out, the motion
of kinesin along microtubules, sodium/potassium pumps and ATP synthase. These systems
have indeed inspired the development of the first artificial molecular motors, respectively
Seeman's nanowalker,” Stoddart's supramolecular pump?*® and Feringa's unidirectional rotary
motor.! The work of the latter two, as well as that of Jean-Pierre Sauvage, has been rewarded
in 2016 with the Nobel Prize in Chemistry, granted precisely for "the design and synthesis of
molecular machines".*®

We will now present the operating principle of these various artificial motor units before
focusing more specifically on Feringa's unidirectional motor and providing some examples of

its implementation into complex systems.

[.1.Molecular walkers

In nature, nanowalkers are at the core of essential biological functions. The myosin
superfamily is crucial for the mechanism of muscle contraction,?® and the kinesin group is
responsible of the transport of vesicles and organelles within the cells.?! These protein motors
share many similarities that can be drawn on. Their movement is progressive as well as
directional. In the case of kinesin, it moves stepwise along microtubules whose polarity
dictates the direction of the motion. Both are chemically powered by the hydrolysis of
adenosine triphosphate (ATP).
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In 2004, N. C. Seeman and W. B. Sherman developed the first prototype of a DNA-based
artificial nanowalker.’” This work marked the beginning of a frenetic development in the
field?? in order to gain in precision, by addition of dyes on the surface,?? efficiency, by reducing
the amount of fuel needed,?* or surface variety, by working on carbon nanotubes.?® Cargo
could eventually also be transported from one point in space to another?> and a one-pot multi-
step synthesis mediated by a molecular walker has also been described.?® Overall, there
appears to be no general mechanism, with each system having its own approach. In some
cases the path taken by the walker is destroyed after it passes through,?”?® in others, the
motion can be autonomous?® and/or fuelled by light via built-in photoswitches® or
photosensitizers.3?

However, a trend could be pictured by the following example describing the motion of a tripod
spider on a DNA surface following a planned pathway (Figure 1.2).28 The leg moves by diffusion
until it reaches a substrate on the surface with which it will interact. As a result, a step is
achieved. Once docked, it needs to be released while ensuring that the walker does not
backtrack. To do so, it is possible to directly modify the substrate in contact with the leg or to
add a competitor to the walker that will dislodge it. Here, a DNA enzyme cuts the substrate in
half, thereby reducing its affinity with the spider leg (Figure 1.2B). The surface is thus used as
fuel and considered as "altered", so that the walker can then only move forward. In order to
maintain the integrity of the surface, it is also possible to add a competing molecule to the
substrate which will then bind to the leg (Figure 1.2C). A degradation of this agent coupled
with a difference in energy level between the initial state and the next step allows the
equilibrium to be shifted towards motion.?*32 In this case, the degradation of this competing
unit acts as a driving force.
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Figure 1.2 A. Scheme depicting the tripod spider structure. Both capture and enzyme leg are made of a
single-strand DNA. The former is used to anchor the structure on the surface at the start. B. Structure of
one of the legs, it contains a deoxyribozyme enzyme capable of cleaving the complementary substrate at
the RNA base position. C. To initiate the motion, a trigger DNA strand is added so as to release the tripode
by liberating the capture leg from its anchor. The machine will start a stepwise motion following the path
of unreacted substrates until it reaches a stopper made of a complementary strand without any RNA base
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to cleave. D. Representation of the origami DNA map of the tripod pathway and schemes of its surface at
different position: start/substrate/stopper/non functionalized. Adapted from ref 28.

In general, the majority of nanowalkers described in the literature uses DNA origami as track
considering that it is a well-known and easily customisable carrier but their size and
complexity make their integration difficult. The first described system based on relatively
small organic molecule was elaborated by D. Leigh’s team.3*3* Orthogonal stations are
distributed alternatively along an axle (Figure 1.4). The first one is based on a hydrazone and
can be cleaved under acidic conditions. Conversely, the second dissociates in a basic medium
and is buit on a disulphide bridge. Thus, a walker unit capable of attaching to both of these
stations can evolve along the thread according to pH changes. However, a simple alternation
of acid and basic conditions results in a random distribution of the mobile unit along the axle.
Indeed, as the stability of the different products is relatively similar (with the exception of the
1,4-Cs compound which results in the torsion of the main axle and is therefore less
favourable), there is no driving force to move the walker forward (Figure 1.4A). Therefore, the
addition of a kinetically controlled step via a redox reaction has been used to induce an
equilibrium shift in favour of the final product, i.e. 3,4-Cs (Figure 1.4B). Indeed, a bis-thiol
intermediate is first formed by full reduction of the disulphide bridge (Figure 1.4C). Its
subsequent oxidation completely regenerates the disulphide function without setting up an
equilibrium. Two alternatives are thus possible, either the mobile unit returns to its initial
position or it switches station, the final ratio depends on the kinetic constant associated with
each reaction.
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Figure 1.3 Molecular structure of the walker (hydrazone station, disulfide bridge station, linker and walking
unit) at different stages of motion without (acid/base) A. and with (acid/redox) B. directional bias, along
with their corresponding products distribution. C. Schematic representation of the redox step involving the
bis-thiol. Adapted from ref 22.
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Such an approach where the energy level of each state is constant but the energy barriers are
changing, depending on the position of the moving object, is known as an information ratchet.
Conversely, a system, where the thermodynamic energy minima of each state are changing,
is called an energy ratchet.

An example illustrating this second concept was also developed by D. Leigh's team.3 Its
structure is very similar to the previous system but this time incorporates a stilbene in the
centre of the axle (Figure 1.4). The presence of a double bond allows for a control of the system
via its photoisomerisation at 365 nm (E --> Z) and 500 nm (Z --> E). It is thus possible to direct
the movement of the walker by alternating isomerisation and acid-base conditions. Indeed,
the implementation of cycle constraints modifies the energy levels of each state which are no
longer equivalent, thereby shifting the equilibrium towards the most stable form.

A more recent and simpler approach has also been developed by the same team.3® It consists
in taking advantage of the presence of an energy minimum located at the end of a footholds
sequence with equivalent energy levels placed in line. The walker will then move randomly
along the thread until it reaches the energy sink where it will be trapped, and thus unable to
go backtrack. This entrapment acts as a driving force. However, the longer the chain, the
longer the time needed to reach the final station. This last system, by the presence of a
thermodynamic trap, is quite similar by its principle to the molecular pumps described by Sir
J. F. Stoddart, which we will discuss hereafter.
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Figure 1.4 Molecular structure of the light-fuelled molecular walker (hydrazone station,
, alkene linker and walking unit) at different stages of motion with the corresponding products
distribution. Adapted from ref 22.

I.2.Molecular pump and supramolecular motors

Molecular pumps are ubiquitous in nature in the form of active enzymes placed in cell
membrane in the case of K*/Na*-ATPase,?” but also in the mitochondrial membrane in the
form of the proton pump known as quinone oxidoreductase.®® These biological machineries
are specialised in ion transport and are especially capable of counteracting a concentration
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gradient. To do so, they rely on the hydrolysis of ATP which provide them with the energy
required to move away from thermodynamic equilibrium. These systems are intricate, and
artificially mimicking their mechanism requires the development of complex architectures. A
family of structures, known as rotaxanes has emerged in this field and has now been
extensively studied.

A rotaxane is a molecule consisting of a macrocycle threaded around a linear axle. The latter
is fitted on both sides with stoppers that block the unthreading of the ring by inducing an
important steric hindrance. For this reason, even though ring and axle are not directly linked
together the breakage of a covalent bond is necessary to separate both units. Such interaction
is known as mechanical bond.>°

I”

First described in 1967 by I. Harrison and S. Harrison, the “statistical” approach used towards
rotaxanes was inherently inefficient with a 6% yield.*° It consisted in adding stoppers to the
thread, while hoping that it had randomly slipped through a macrocycle. In 1969, G. Schiff
published the first “directed” synthesis of rotaxanes by covalently attaching the ring to the
chain before adding the stoppers and releasing the macrocycle.*' This approach did not rely
on randomness anymore and paved the way towards the elaboration of many complex
structures through the template effect.*

By design, a rotaxane allows the macrocycle to move freely along the axle. It is nevertheless
possible to fix its position by adding a station that will act as a thermodynamic trap. Indeed,
by implemeting supramolecular interactions (ionic, H bond, n-it stacking, ...) between the
mobile unit and the thread, the energy level of the system can be locally lowered. If a second
identical station is added, the macrocycle will then constantly move from one energy sink to
an other without any particular preferences, behaving like a shuttle as first described by
Stoddart in 1991 (Figure 1.6A).** The addition of an asymmetry in these stations allows
discrimination in order to promote one over the other. In the case of stimuli-sensitive stations,
either by light,** H*/e",*> or even heat*, it becomes possible to control the spatio-temporal
evolution of the shuttle by modifying the affinity between these units.*’

However, even in these cases a rotaxane is still comparable to a simple molecular switch as,
by definition, the motion of the macrocycle is restricted to the axle and can only move from
one station to another. This is in contrast with the pseudo-rotaxane, which is a very similar
system but whose main difference lies in the absence of terminal stoppers.*® Besides, if only
one stopper remains, the obtained structure is called a semirotaxane.*® In both cases, the
macrocycle is able to leave or rejoin the thread depending on its affinity to the present stations
in comparaison to its solvatation. Overall, this behaviour can be somewhat assimilated to that
of a host-guest system where the equilibrium is controled by the thermodynamic energy levels
of the associated and dissociated states.

The first example of unidirectionnal system was ingeniously designed by the group of A. Credi
in 2012 who developed a prototype molecular pump. Initially powered by the combination of
light and chemical agent (i.e. K*),>° it quickly evolved to depend solely on light irradiation
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(Figure 1.6B).>* This system allows the unidirectional motion of a crown ether along an axle.
The thread is composed of three parts. A central secondary ammonium acts as a
thermodynamic trap through the establishment of H-bonds. This unit is then linked to an
azobenzene on one side and a methylcyclopentyl on the other. The latter can be considered
as a pseudo-stopper, since it limits the passage of the macrocycle without preventing it
completely. Thus, a pseudo-rotaxane can be obtained with the preferential passage of the
macrocycle through the azobenzene as long as it is in its initial form (E*). However, after
photoisomerisation (Z*), the generated steric hindrance tends to destabilise the structure,
leading to an increase in the associated energy level, and thereby to the departure of the
macrocycle. As the kinetic barrier to cross on the switch side becomes much more important
with the change of conformation, the passage through the cyclopentyl becomes more
favourable. Overall, this molecular machine combines energy and information ratchet to
provide work in the form of unidirectional translational motion. It is also autonomous as both
photoisomerizations can occur in the same wavelength range (i. e. A > 400 nm) inducing a
continuous flow of macrocycles over time.
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Figure 1.5 A. Schematic representation of a two-station rotaxane made of hydroquinones linked together
by a polyether chain terminated by two triisopropylsilyl units acting as stoppers. The macrocycle composed
of two bipyridines linked by 1,4-phenylene units can randomly move from one station to the other. Adapted
from ref 43. B. Molecular structure of the macrocycle as well as of the molecular pump (amine station,

) before (E*) and after (Z*) irradiation. The scheme depicts how the ring threads
through the azobenzene moiety and dethreads from the methylcyclopentyl. The corresponding energy
diagram illustrates the effect of the photoisomerization on the energy levels and kinetic barriers of the
system. Adapted from ref 51.

Stoddart's group also developed a system based on a combination of information and energy
ratchet whose operation is no longer powered by light but by alternating redox reactions
(Figure 1.6A). It consists in a highly electron-deficient macrocycle (cyclobis(paraquat-p-
phenylene) (CBPQT**))*? and an asymmetric axle (D*) comprising a central electron-donating
station (1,5-dioxynaphthalene (DNP)) linked by polyether chains to an uncharged group (2-
isopropylphenyl) on one side and a positively charged group (3,5-dimethylpyridinium) on the
other.>®> Due to electronic repulsion, the macrocycle preferentially threads through the
uncharged side until the central DNP where it is stabilised. Then, by reduction, the charge of
the mobile unit is lowered, shifting the equilibrium in favour of the pseudo-rotaxane
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dissociation. At the same time, this change in charge limits the repulsion between CBPQT?*
and the pyridinium group. The energy barrier associated with the passage of the macrocycle
through this stopper is then lower than passing trough the uncharged isopropylphenyl, leading
to an oriented successive translation. The obtained unidirectional motion can be cycled by
oxidation of the system to renew charges.

Overall, in both systems presented before, the release of the mobile units into the starting
solution necessarily cancels out the work produced. A compartimentalisation similar to that
of living systems would allow to counteract the concentration gradient and store the work
produced. Such an approach has been implemented by Stoddart’s group through the coupling
of the previous molecular pump prototype>® with a semi-rotaxane acting as a carrier.>* This
new system, although quite similar to the one described above, differs in the nature of its
central station as well as in the overall organisation of its various components (Figure 1.6B).18
First of all, a bis-charged viologen is used as station since, when reduced, it can set up strong
radical-radical interactions with CBPQT** and, inversely, strong Coulomb repulsion when
oxidized. Therefore, when both ring and threads are in their respective reduced form the
macrocycle can cross the pyridinium-based pseudo-stopper to reach the thermodynamical
equilibrium at a lower energy level.>®> Oxidation of the system regenerates the Coulomb thrust
which destabilizes by repulsion the structure between the macrocycle and the charged
stopper as well as the viologen station. As a consequence, the ring moves away and falls into
a kinetical trap by passing through the uncharged isopropylphenyl derivative. It is then locked
between this pseudo-stopper and the bulky bisisopropylphenyl moiety terminating the
polyethylene chain. A second reduction of the system generates competition between a new
macrocycle from the solution and the one already trapped to reach the energy sink. The
difference in the kinetic energy barriers works in favour of the former thanks to the difference
in charge between the pseudo-stoppers. A second oxidation then pushes this new macrocycle
to join the first one on the carrier. The system thus counteracts the concentration gradient
and is consequently able to move away from the thermodynamic equilibrium state in a
perennial way. However, further redox cycles do not allow the addition of supplementary
macrocycles because of the important repulsion between the trapped rings that increases
their thermodynamic energy level and thereby lowers the kinetic barrier, in the reduced state,
to reach the viologen station. A lengthening of the storage chain circumvents this problem

56

and the implementation of a second identical pump,® replacing the bisisopropylphenyl

stopper, doubles the overall efficiency of the system.>’
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Figure 1.6 A. Structure of the macrocycle (CBPQT**) and the molecular pump (D*) (2-isopropylphenyl

stopper, , and 3,5-dimethylpyridinium stopper). The schematic
representation of the system shows how the directionality of the system is controled by the alternance of
redox reactions. Adapted from ref 53. B. Molecular structure of the artificial pump composed of the
macrocycle (CBPQT**) and the molecular pump (DB3*) (3,5-dimethylpyridinium stopper, viologen station,
2-isopropylphenyl stopper, triazole linker, bisisopropylphenyl stopper). The associated scheme depicts the
threading of the first and second macrocycle by alternating redox reactions. Adapted from ref 18.

[.2.2. Catenane-based molecular motors

Rotaxanes are not the only structures integrating mechanical bonds that have been used in
the development of molecular motors. Catenanes, which are defined as molecules
incorporating at least two interlocking rings so that their separation requires the breaking of
a covalent bond,*® have also been thoroughly investigated. First synthesised in 1960 by E. J.
Wasserman using a statistical approach,®® G. Schiff and A. Liittringhaus detailed the first
covalent-directed synthesis in 1964.°° However the main achievement came from the group
of J. P. Sauvage who greatly facilitated their access with the development of an efficient
coordination-directed approach, i.e. using metal centres to pre-organise the framework.59-62
Thanks to this strategy, a wide variety of systems could be elaborated®® ranging from
structural curiosities, such as Solomon's rings,®* to their integration on surfaces, in Langmuir
monolayers,®® as well as in materials, such as active gels.®®
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Similarly to rotaxanes, it is possible to control the position of the rings in relation to each other
by the addition of energy sink. The best known example was described by the group of J. P.
Sauvage and consists in the incorporation of a phenanthroline and a terpyridine stations into
each of the loops so that they can coordinate to a central copper atom (Figure 1.8A).%” The
nature of the involved sites in this interaction depends on the degree of oxidation of the metal
which modifies the geometry of the formed complex. Thus, copper(ll) preferentially binds to
terpyridines and copper(l) to phenanthrolines. As a result, a modification of the relative
position of the rings is observed as a function of the redox conditions. However, as the
direction of rotation of the rings remains random, the system can only be considered as a
switch and not as a molecular motor.

The team of D. Leigh was the first to achieve a unidirectional rotation by developing a complex
[3]catenane structure (Figure 1.8B).%% It consists of two sliding rings containing four benzyl
amide moieties, threaded around a third and larger macrocycle, equipped with four different
stations. Thanks to the formation of H-bonds of varying strength, the sliding ring interacts
preferentially with the fumaramide (A), the methylated fumaramide (B), the succinic amide
ester (C) and the amide (D) according to their decreasing order of stabilization. As a result,
only sites with the lowest energy level, namely (A) and (B), are initially populated. Since the
(A) group was placed in the vicinity of a benzophenone acting as a photosensitizer, it can be
selectively isomerized (E --> Z) at 350 nm. Destabilised, the macrocycle will then move to the
third most favourable station, i.e. the succinic amide ester (C). However, to reach it, it is
necessary to move counter-clockwise due to the presence of the second ring in position (B),
blocking the pathway in the clockwise direction. A second irradiation at 254 nm results in the
photoisomerization (E --> Z) of station (B), forcing the macrocycle to interact with the last
available station, namely amide (D). Again, only a counter-clockwise movement is possible.
The third step consists in restoring the initial £ configuration of stations (A) and (B), either by
irradiating in the visible spectrum or simply by heating at 100 °C. With the two best interaction
sites available again, the two rings promptly re-attach to them. However, as the rings block
the path of each other, they can only join the nearest station. The ring at (C) joins position (B)
and the one at (D) links to site (A). A new series of irradiations at 350 nm and then at 254 nm
followed by heating leads to a return to the initial state. Overall, a unidirectional rotation of
360° of the two macrocycles is achieved.

10
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Figure 1.7 A. Molecular structure of the system (terpyridine/phenanthroline) at different steps. The motion
is initiated by the oxidation/reduction of the metal centre which destabilizes the configuration of the
catenane. After a two-step rearrangement, a new thermodynamic equilibrium is reached. Adapted from ref
3. B. Molecular structure of the [3]catenane-based supramolecular motor made of a fumaramide group
(A), a methylated fumaramide (B), a succinic amide ester (C) and an amide (D). The schematic
representation shows the different intermediates formed after an irradiation at 350 nm (1), an irradiation
at 254 nm (2) and heating at 100 °C (3), as well as the possible motion of the macrocycles. Adapted from
ref 68.

This supramolecular motor was later simplified and improved by limiting the number of steps
and especially by making it reversible (Figure 1.8A).° A single benzyl amide ring is threaded
through a macrocycle that now has only two stations composed of a fumaramide and a
succinic amide ester. A tert-butyldimethylsilyl ether and a trityl group were placed on either
side of the interaction sites to act as orthogonally removable stoppers. Selective deprotection
followed by corresponding reprotection allows the mobile unit to be shifted towards the
fumaramide, which is the most stable station. This rotation can only occur in one direction as
the other branch remains blocked by the orthogonal protecting group. Irradiation at 254 nm
isomerises the double bond and strongly reduces the affinity of this site for the ring. Finally, a
new deprotection-reprotection cycle allows the shuttle to return to its initial position, thus
completing the 360° unidirectional rotation. It is important to note that the stoppers cleavage
sequence is essential since it controls the direction of rotation and confers reversibility to the

11
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system. Later, the fumaramide station is reactivated by heating or with visible light irradiation
in order to start a new revolution.

Although functional, these two supramolecular motors require an important number of
external interventions (change of redox conditions/irradiation at different wavelengths) to
complete a single rotational cycle, which makes them of little practical use. A third chemically-
fuelled catenane-based molecular motor has been developed, again by the same team, which
differs from the other two precisely by its ability to operate autonomously.

A benzyl amide ring is threaded around a macrocycle containing two fumaramide stations and
two identical fluorenylmethoxycarbonyl (Fmoc) stoppers (Figure 1.8B).”° The latter are
constantly cleaved and reformed, due to the presence of Fmoc-Cl (protection),
trimethylamine (deprotection) and KHCOs (pH stabiliser) in solution. The deprotection kinetic
is constant, regardless of the position, but this is not the case for the protection reaction.
Indeed, due to the size of the reagent, the steric hindrance caused by the proximity of the
macrocycle imposes to cross a more important energy barrier. An asymmetry is therefore
observed between the two stoppers, where the one present near the ring is more often
dissociated than the one far from it. Such a process is characteristic of an information ratchet
mechanism. Consequently, during its Brownian displacements along the macrocycle, the
shuttle has a greater probability of reaching the second station in the clockwise direction. The
same bias will then occur once more, resulting in an overall unidirectional rotation of the
system over a period of 12h.
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Figure 1.8 A. Molecular structure of the catenane-based motor ( /
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12



Chapter I. Bibliographic Introduction

the /deactivation of the station by photoisomerisation and the protection/deprotection of the
stoppers. Adapted from ref 69. B. Molecular structure of the molecular motor (fumaramide station/Fmoc
stopper/benzamide ring) and schematic representation of the rotation intermediates. The stopper close to
the ring is more likely to be dissociated due to steric hindrance, thus favouring the clockwise motion.
Adapted from ref 70.

Overall, rotaxanes and catenanes are two families of compounds capable of respectively
opposing a concentration gradient and setting up a rotational motion. However, due to the
complexity of these molecules and the difficulties of their implementation, molecular pumps
and supramolecular motors have not yet been integrated into larger structures that would
allow the work generated to be usefully exploited to perform novel functions. In contrast, the
simpler design of rotary unimolecular motors has led to their integration into a wide variety
of systems.

I.3.Molecular rotary motors

ATP synthase is one of the most significant biological systems.” This enzyme is indeed
responsible for the synthesis of adenosine triphosphate, which serves as a fuel for many
essential functions, ranging from DNA, RNA and protein synthesis to muscle contraction and
even vesicle as well as ion transport. It is a unidirectional rotary molecular motor, chemically
powered by a proton gradient.”? It has inspired the development of artificial unidirectional
systems by setting up simple criteria: continuous cycling motion under specific energy input
and progressive work output.? From these requirements, a number of molecular machines
have been developed, which they can be divided into two categories, those whose movement
revolves around a single covalent bond and those based on double bonds.?

Rotation is an intrinsic property of the single covalent bond. Depending on the surrounding
steric hindrance, it can reach speeds of up to a dozen picoseconds per cycle in the case of
ethane, putting our current measurement techniques to the test.”? Although fast, a random
rotation is not enough to produce work and inducing non-reversible unidirectionality in the
movement is necessary to reach a molecular motor. The first prototypes were developed by
Kelly's team in 1999 with a phosgene-fuelled unimolecular ratchet, based on the coupling of
a helicene with a triptycene (Figure 1.10A).”%7> It was capable of unidirectional motion but
remained limited to a single rotation of 120°. Other attempts were reported by the team of
Mock and Ochwat in the following years (Figure 1.10B).”® Based on a tricarboxylate oscillating
between two anhydride forms and powered by an acylketenimine, this system generated a
continuous rotation of 180°. However by its principle, this device acted more like a switch
going constantly back and forth rather than a motor as, after a first unidirectional rotation, a
second one systematically cancelled any work produced.

13



Chapter I. Bibliographic Introduction

A " - B.
ng \ Ve S . .
—/NH, & —/N= N
- . Bu” C A
o / ) o / random - tBU\”M
tati (e}
/H CI*CI J) rotation X Hy )&
HO EtsN HO O O o o
o oo i o
le] O OV&O
Me Me - =
@ a 7\
Q . S 0 2 _ 2% Bu”C EJ)\
HoN i . 4/ urethane N i =, / thermal tBu\NJ\/ S X
0TN= cleavage g O N= relaxation H H,0
/H o~

HO'

Figure 1.9 A. Molecular structure of the molecular motor developed by the group of Kelly. The formation of
an isocyanate is followed by a thermal rotation and the subsequent formation of a urethane moiety. A
thermal relaxation allows the unidirectional rotation of the triptycene towards a more stable conformation.
Cleavage of the urethane bond allows to recover the starting amine. Adapted from ref 74. B. Molecular
structure of the oscillating anhydride pseudo-motor fuelled with acylketenimine. A back and forth motion
is continuously generated but no work is produced. Adapted from ref 2.

It was not until 2005 that the first example of a functional molecular motor rotating around a
single covalent bond was published by the group of Feringa (Figure 1.10A).”” The system is
based on a tri-ortho substituted bisaryl. The upper part is functionalized with two phenols
covered with orthogonal protecting groups (allyl and para-methoxy benzyl (PMB)) and the
bottom part with a single carboxylic acid. Due to the high steric hindrance inherent to this
family of compounds, free rotation around the central bond is impossible at room
temperature. Both stator and rotor are blocked and thus cannot racemize, allowing to
differentiate the two atropoisomers. Selective deprotection of the PMB group followed by
lactonization of the phenol with the neighbouring carboxylic acid forms a cyclic intermediate.
An asymmetric reduction of this function leads to a ring-opening reaction by preferentially
generating the atropoisomer of choice. Reprotection of the phenol coupled with an oxidation
of the alcohol allows the regeneration of the consumed moieties. Selective cleavage of the
allyl protecting group followed by another asymmetric ring-opening of the spontaneously
formed lactone, as well as a second protection/oxidation cycle allows to recover the starting
isomer after performing a 360° unidirectional rotation. The rotation can be achieve in both
directions since the chirality of the reducing agent ((S/R)-2-methyl-CBS-oxazaborolidine)
dictates the unidirectionality and thus allows to pass from one atropoisomer to the other with
great efficiency (>90% unidirectionality). However, this system relies on a large number of
steps. Up to 10 reactions, including deprotection, lactonization, reduction, oxidation and
reprotection, must be carried out to complete a single cycle. The overall yield is therefore
necessarily low, reaching a maximum of 21% in this case.

In 2016, the same group developed a different molecular motor, powered this time by the
oxidation/reduction of palladium (Figure 1.10B).”® A bisaryl, functionalized with a bromine and
a sulfoxide placed on the rotor and stator respectively, is again characterized by the formation
of stable atropoisomers at room temperature. The sulphur group, in the presence of
Palladium(ll), promotes activation of the C-H bond to form a palladacycle. This intermediate
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is distinguished by a significant decrease in the energy barrier of the rotation around the
central bond, allowing the transition from one isomer to the other. DFT calculations have
shown that one of the atropoisomers is thermodynamically more stable than the other. This
difference in stability is due to the geometry of the metal centre and is imposed by the
asymmetric sulphur moiety. Followed by the reductive elimination of the complex and the
subsequent regeneration of the C-H bond, the equilibrium shift induces an overall 180°
clockwise rotation. The second half of the cycle follows a similar pathway involving the C-Br
bond which interacts specifically with Palladium(0) via an oxidative addition. After cyclisation,
isomerisation and a ring-opening reaction the initial product is recovered. Overall, a
unidirectional 360° rotation is achieved. Despite a simplified process compared to the
previous example, this system still requires four separate steps and is not autonomous.
However, the authors hope to establish reaction conditions that allow for continuous motion
using the palladium formed in situ, but such a system has not been described to date.
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Figure 1.10 A. Molecular structure of a single covalent bond molecular motor: (1) PMB deprotection and

r

spontaneous lactonization. (2) Asymmetric reduction, alcohol oxidation and phenol protection. (3) Allyl
deprotection and spontaneous lactonization. (4) Asymmetric reduction, alcohol oxidation and phenol
protection. Adapted from ref 77. B. Molecular structure of a palladium-based rotary motor at different
successive steps. The motion is powered by the redox property of Palladium which interacts with the C-H
or C-Br bonds to form a palladacycle intermediate allowing to switch from one atropoisomer to the other.
The motion is directed by the asymmetric sulfide group. Adapted from ref 78.

Finally, another interesting example of single bond-based molecular motor has been
developed by the group of Sykes in 2011 and relies on butylmethyl sulphide (Figure 1.11A).7°
This system is bound to a surface at the sulphur atom and is particularly remarkable for its
ability to operate via electrical rather than chemical energy. Although achiral in the gaseous
or liquid state, attachment to a surface via one of the non-bonding doublets of the sulphur
leads to the formation of two enantiomers. A simple thermal rotation does not show any
particular directionality. However, excitation of this rotor by a scanning tunnelling microscope
(STM) tip promotes one direction by increasing its rotational speed relative to the other. This
difference is of the order of 5% and is directly caused by the asymmetry of the STM tip.
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In 2013, a second electrically powered system has been developed by Hla et al., it is
constructed from a borate-based tripod stator fixed on a gold surface and linked, via a
ruthenium atom, to a five-armed rotor, bearing four ferrocenes and one tolyl (Figure 1.11B).8°
Unlike previous examples, this motor does not involve rotation around a single covalent bond
but around the central metal-cyclopentadienyl axis. The presence of a truncated arm induces
an asymmetric sawtooth profile in the ground state potential energies. The application of a
voltage with the help of a STM tip in the vicinity of a given subunit of the rotor causes the
rotor to rotate in the corresponding direction. The system is therefore capable of clockwise or
counter-clockwise motion depending on the nature of the excited arm.

A Chiral tip
R

0.38V/5pA Rotor—S

Directionality =5.0+0.3% Rate 3010 Hz
Figure 1.11 A. Scheme depicting the butylmethyl sulphide-based motor. The rotation is triggered by a chiral
STM tip. Adapted from ref 79. B. Molecular structure of the five arms-based motor whose directionality is
controlled by the position of the STM tip: above the allyl group the rotation occurs clockwise, above one of

the ferrocenes the motion is counter-clockwise. Adapted from ref 80.

Ultimately, molecular motors based on rotation around a single covalent bond are quite
difficult to build and quite impractical to use. To date, the few functional systems are
chemically require the setting up of specific reaction conditions at each step of the cycle. They
are therefore not autonomous, which makes their integration into complex systems all the
less attractive, to the extent that none has yet been reported. But above all, they suffer from
the comparison with molecular machines based on rotation around double bonds, whose
operation is simultaneously faster, more efficient and more practical.

1.3.2. Double bond-based rotary motors

The double bond is at the heart of the mechanism of these molecular motors. An alkene
combines both o and m interactions and is characterised by an extremely slow rotational
speed. Indeed, moving away from the initial planar configuration requires breaking of the
bond. Therefore, the corresponding kinetic energy barrier is too high to be overcome at room
temperature, allowing the separation of the E and Z stereoisomers. First synthesized in 1843
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by Laurent,®! stilbene consists of two aromatic rings linked together by a double bond. This
compound is capable of photoisomerisation, i.e. switching from one isomer to the other when
exposed to light. The trans --> cis isomerization typically takes place under UV irradiation and
the reversed cis --> trans occurs usually within the visible range. However, irradiation of
stilbene can also lead to reversible cyclisation to form a dihydrophenanthrene.?? Despite a
qguantum vyield of 0.1, the presence of oxygen or any other oxidising agent can result in the
irreversible oxidation of this intermediate, shifting the equilibrium and degrading the
photoswitch. This side reaction can easily be avoided by substituting the ortho positions of the
two aromatic centres. An indirect consequence is the generation of steric hindrance in the
vicinity of the double bond, a zone called the fjord region. This overcrowding results in a
deformation of the bond by imposing a torsion angle between the different groups which
adopt either a left-handed (M) or a right-handed (P) helicity. The addition of chiral moieties
close to this area can influence the relative stability of the resulting helices and may favour
one over the other.

Taking advantage of the energy levels difference, the group of Feringa developed in 1999 the
first molecular motor, which consists in two identical tetrahydrophenanthrenes linked
together by a double bond and functionalized in ortho position by two methyl groups with the
same absolute configuration (R) (Figure 1.12A).! The system initially adopts a (P,P)-trans
organization, which is thermodynamically the most stable (Figure 1.12B). Under UV irradiation
at 280 nm, a reversible photoisomerisation forms the (M,M)-cis intermediate. Due to the
steric hindrance induced by the equatorial methyl moieties, a thermal helix inversion (THI)
spontaneously occurs to revert to the more stable (P,P)-cis configuration. Subsequent
photoisomerisation at 280 nm results in another photoequilibrium in favour of a second
unstable intermediate, the (M,M)-trans. Once again, in order to release the steric strain and
return the methyls to their respective axial position, another thermal inversion takes place.
Although thermodynamically favoured, the latter requires the crossing of a significantly higher
energy barrier resulting in the need to heat the medium to 60°C. The (P,P)-trans is thus
regenerated after a 360° rotation in four steps. Overall, light fuels the system by pushing it
out of equilibrium, while the chiral groups impose the unidirectionality which allows to return
to the most stable state. The motor is therefore autonomous and works continuously as long
as it is irradiated.
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Figure 1.12 A. Molecular structure and mechanism of the first light-driven unidirectional motor. B. Energy
profile of each intermediate and their corresponding top view. Adapted from ref 3 and 2.

The design of this first molecular motor device highlighted a number of questions regarding
its operation, limitations and potential that have been continually explored to this day. The
first aspect examined concerned the asymmetry between the two thermal helix inversions.
Indeed, one takes place at room temperature while the other requires significant heating. To
limit this phenomenon, the structure of the lower part of the system (stator) has been
replaced by a more symmetrical assembly while the upper part (rotor) remains the same
(Figure 1.13A).82 This new type of system involving only one chiral centre is considered as the
second generation of light-driven molecular motors.?* The overall mechanism of rotation is
identical: two photoisomerisations and two thermal helix inversion steps. The very close
energy levels of the unstable cis and trans forms lead to in similar kinetic barriers. Additionally,
the distinction between stator and rotor makes the system very interesting for asymmetric
functionalisations, paving the way for the elaboration of more complex structures.
Subsequently, two additional variations were developed with the aim of generating a rotation
with the minimum of chiral information. Thus, in 2015 the third generation was built around
the coupling of two rotors with a single stator, carrying a pseudo-chiral carbon (Figure 1.13B).%°
This structure, which is a fusion of two molecular motors, does not have a true asymmetric
centre since a plane of symmetry is present. Similarly to the previous generation of motors,
the key factor is the difference in steric strain between the stable and unstable forms caused
by the presence of a bulky moiety. As a result, during the photoisomerisation of this system,
the shift of the methyl group from the axial to the equatorial position causes an increase in
the energy level of the isomer formed. This difference is sufficient for a thermal helix inversion
to take place, allowing a return to the initial state after a unidirectional 180° rotation.
Interestingly, the design of this molecule allows the two molecular motors to rotate in
opposite directions, reminiscent of the movement of the wheels of a car.

In 2018, the fourth generation of molecular machines pushed the boundaries even further by
using a completely achiral motor. The unidirectionality of the rotation is directed, in this case,
by an additional molecule (Figure 1.13C).2¢ Upon photoisomerization at 365 nm, the thiourea
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moieties of the motors are brought together, so that they can interact with the phosphate of
the substrate via the formation of H-bonds. Without this chiral unit, the two possible isomers
have identical energy levels and thermal helix relaxation occurs rapidly and randomly in both
directions. The proximity of this bulky unit allows to differentiate the energy levels through
the implementation of steric hindrance. One form is thus preferred, shifting the equilibrium
in its favour. The asset of this system lies in its ability to change the rotation directionality of
the motor without having to modify it synthetically, which was necessary until now.%’ It only
requires changing the chirality of the phosphate present in solution.

A (60 °C)

Figure 1.13 Molecular structure of the A. second, B. third and C. fourth generation of light-driven motor and
their corresponding intermediates.
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One of the most studied property of molecular motors centred around a double bond is their
speed of rotation. Indeed, a machine of interest must be able to operate at a rate compatible
with the task at hand. This is one of the major drawbacks of non-autonomous systems since
each cycle requires external inputs to modify the reaction conditions (wavelength, reactants,
electrical potential). This problem is even more present in chemically powered systems,
especially when purification of the motor is required between each step. In this respect, light
is a powerful tool because it is easily controlled in time and/or space and it is not invasive. In
the case of crowded alkenes, the rotational speed is undeniably related to the light intensity
since photoisomerization pushes the system out of equilibrium. However it is not the
kinetically limiting step as this process is extremely fast (in the picosecond time scale).® |t
is the helix inversion that limits the overall speed of rotation with its dependence on the size
of the energy barrier to be crossed. The larger the barrier, the slower the thermal step, so it
is essential to try to lower it as much as possible. To do so, two approaches have been
developed. The first one consists in further destabilising the unstable intermediate formed
following a photoisomerisation by increasing the size of the chiral group.”® The second
involves lowering the energy level of the transition state by limiting the steric hindrance within
the fjord region.’>*? Thus, switching from a rotor based on a 6-carbon ring to a 5-carbon one
dramatically increases the speed of rotation.” Similarly, the addition of a bridging heteroatom
on the stator also improves the system performance.®® In the end, the group of Feringa
developed molecular motors capable of operating in the MHz regime (Figure 1.14).% Finally,
external parameters can also influence the speed of rotation. In addition to the temperature
of the medium, the viscosity of the solvent plays an important role in the thermal helix
inversion® and, to a lesser extent, in the photoisomerisation step.’® The higher the viscosity,
the more energy is required to rearrange the solvent and the slower the system is. This effect
is even further amplified with the addition of rigid and bulky moieties on the motor.1°

L Yo
a2 liats

tyo = 1.3x10° years tip =3.2min tp=15s typ=70ms ti2=110ns

Figure 1.14. Molecular structure of different motor units ranged according to their rotational speed. ti/,
corresponds to the half-life of the unstable isomer at 25°C generated by photoisomerization and is inversely
related to the rotation rate.

Besides the team of Feringa, two other research groups have succeeded in elaborating
molecular motors centred on a double bond and powered by light, i.e. the imine and
hemithioindigo-based derivatives, developed by J. M. Lehn and H. Dube, respectively. Initially
conceptually designed in 2006,°” the operation of imine motors was only validated
experimentally in 2014 (Figure 1.15A).%8 This system uses mainly diaryl-N-alkyl imines which
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are known not to isomerise at room temperature. After a first photoisomerisation step, two
orthogonal thermal relaxation modes can occur. The first one is a ring inversion and is similar
to what is observed in C=C systems. It involves a unidirectional rotation of 180°, a complete
turn thus requires a subsequent photoisomerization and thermal relaxation. The second
process corresponds to the in-plane nitrogen inversion. Specific to imines, it allows a
unidirectional rotation of 360°. These two mechanisms are in competition with each other but
it is possible to favour one over the other by adjusting the structure of the motor. The ring
inversion mechanism is indeed dependent on the flexibility of the stator as too much rigidity
will considerably increase the corresponding energy barrier. Synthetically highly accessible,
these molecular machines therefore open the way to the future development of a whole new
variety of systems.

On the other hand, the hemithioindigo-based motor was developed in 2015 by the team of H.
Dube (Figure 1.15B).*° Its operation remains very similar to that of Feringa. The same
alternating photoisomerisation/thermal relaxation steps are thus present and the
unidirectionality is ensured by the presence of a chiral sulphoxide placed on the stator. The
major interest of this structure lies in its capacity to operate at higher wavelengths (> 400 nm),
thus being less harmful for the system as well as its environment, and to possess a relatively
low relaxation kinetic barrier, which translates into high rotation speeds (kHz range).
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Figure 1.15. Molecular structure of the A. imine-based and B. hemithioindigo-based motors and their

corresponding intermediates.

We have seen that researchers have developed a large variety of molecular motors with
various performances. One main characteristic of these motors is their ability to perform a
task when supplied with energy. In order to retrieve the work output produce by these motors
at the molecular scale, scientists have considered their integration into complex systems at
higher length scales.
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l.4.Integration of molecular motors

A molecular motor is characterised by setting up a continuous motion while producing work
as long as it is supplied with energy. However, isolated in solution, the work of a machine is
difficult to exploit in a useful manner. To this end, it is necessary to organize it within a system
capable of using, coordinating and even amplifying the work produced to achieve novel
functions. Nature is full of magnificent examples of molecular machinery accomplishing tasks
that are fundamental to the proper functioning of living organisms. Whether it is muscle
contraction with myosin, peptide, DNA and ATP synthesis or even K*/Na* pump each of these
motors operates in an environment where it is perfectly integrated. In this context, Feringa's
motors are particularly well adapted as they can be functionalised asymmetrically, need only
light to function and their rotation speed can be adjusted to match the desired task.

In this section we will present a list of some of the most prominent examples, ranging from
the nano- to the macroscale, involving collective motion of molecular motors that are
embedded into a larger structure and synchronised in time and/or space to perform novel
tasks and functions.°

At the nanoscale, the controlled transport of objects is a major challenge for the elaboration
of organised systems. To do so, different approaches have been developed such as
nanowalkers presented previously, but also “nanocars”. These nanodevices consist of wheels
linked together by a rigid chassis that can move on a surface.'®! Initially, these systems were
passive and limited to oriented movement driven by Brownian motion. In 2006, a first active
car was designed by J. M. Tour's team in which a motor is incorporated into the central axle,
allowing a unidirectional skipping motion of the structure at each rotation (Figure 1.16A).%0?
Despite its ingenuity, no real movement could be observed, most certainly due to strong
interactions between the surface and the nanocar. In 2011, Feringa's team developed the first
functional prototype capable of travelling unidirectionally on a surface (Figure 1.16B).2%3 It
incorporates four molecular motors used as wheels, substituting the fullerenes usually
employed until now. Powered by an electrical voltage created by the tip of a scanning
tunnelling microscope, the movement follows a rotational process identical to that induced
by light irradiation. The directionality is controlled by the nature of the different chiral centres
and the distribution of their absolute configuration along the structure results in different
types of motion. It is thus possible to move the system in a straight line in the case of the
meso-(R,S,R,S) isomer or along a curved path with the meso-(R,R,R,R) structure. Conversely,
the meso-(R,S,S,R) form does not generate any movement since motors work in opposition to
each other. Nowadays, international nanocar races are regularly organised, where research
teams are competing to develop the fastest system.'%* We can certainly expect many new and
more innovative designs to emerge in the future.
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Figure 1.16 A. Molecular structure of the first nanocar incorporating a molecular motor in the central axle
and its corresponding propulsion scheme when fuelled under 365 nm light irradiation. The motor was
supposed to generate a skipping motion propelling the structure forward. Adapted from ref 102. B.
Molecular structure of the tetra-motor-based nanocar and representation of the corresponding model
when powered by the scanning tunnelling microscope. The configuration of the various chiral centres
dictates the overall motion of the system. Adapted from ref 103.

Inducing movement at a higher length scale is more complex and requires the organisation of
a set of molecular motors in such a way that their tiny displacements can be combined and
amplified. In this context, liquid crystals are of major interest, since they are characterised by
highly organised phases that are sensitive to the slightest disturbance. Thus, in 2006 the group
of Feringa showed that in the case of a cholesteric liquid crystals film, the presence of a 1 wt.%
enantiopure molecular motor as dopant is sufficient to orient the helicity of the nematic phase
(Figure 1.17).2%> When placed under UV irradiation, photo-isomerization pushes the motor
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towards a photostationary state that results in a change of its overall helicity. This local shift
leads to a reorganization of the whole system. This local change induces a clockwise rotation
of the LC film that can be visualised macroscopically with a small glass rod. After 10 minutes,
the movement gradually ceases, as the system has reached a steady state. A subsequent stop
of the irradiation allows the motor to return to its stable state by thermal helix inversion and
to recover its initial helicity. Consequently, a second reorganisation of the liquid crystal takes
place, this time resulting in an anti-clockwise rotation until a new equilibrium is reached.

OO. O s &)

Figure 1.17. Molecular structure of the motor used as dopant in a LC film before and after UV irradiation.
Optical microscope pictures show the motion of a small glass rode on a cholesteric liquid crystal film at
different time while irradiating. Adapted from ref 105.

Self-organising systems are also sensitive to small changes in size and/or shape, and are
therefore ideal for observing the motion of molecular motors on a macroscopic scale. In 2018,
team of Feringa synthesized an amphiphilic motor functionalized by lipophilic dodecyl chains
on the rotor and two hydrophilic carboxyl moieties on the stator (Figure 1.18).1% In water, this
molecule self-assembles into hierarchical nanofibers containing only 5 wt.% of motors. Placed
in an aqueous solution containing CaCly, these supramolecular structures can stack with each
other to form centimetre-sized macroscopic fibrillar edifices. Extensive UV irradiation resulted
in a photostationary state where the motors are mainly photoisomerized into unstable
isomers. Their different shape disorganises the alignment of fibres, resulting in a local increase
of the occupied volume and consequently in a reduction of its length. Macroscopically, a
torsion of the thread up to an angle of 90° is observed on the most irradiated side. Interruption
of the illumination coupled with heating causes the reformation of the starting isomer,
allowing the material to recover its initial shape over a course of three hours. Although slow,
this photo-actuation has been proven effective both in water and in the open air. However,
re-irradiation of the system results in a twist of only 45°. This difference seems to be attributed
to the instability of the supramolecular string at high temperatures. Nevertheless, this
photoactivated muscle can lift loads in the milligram range and move them with precision in
space.
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Figure 1.18. Molecular structure of the amphiphilic motor and schematic representation of its self-assembly
at the micro and macro scale. The snapshots show the actuation of the material in water and its progressive
torsion toward the light source within a time frame of 60s. Adapted from ref 106.

At this point it should be noted that the aforementioned examples, although ingenious, do
not ultimately take advantage of the work produced by the molecular motors. In both cases,
the crowded alkene is placed in a photostationary state and it is the change in the physico-
chemical properties of the different isomers that generates a motion. As the return to the
initial state is followed by a loss of the generated work, the motor could almost be considered
as a simple photoswitch operating between a stable and a metastable state. In this regard,
our group has developed a system capable of macroscopic motion while simultaneously
storing the work produced by the motor (Figure 1.19).° To do so, a tetrafunctionalized second-
generation motor derivative, characterised by two fixation points placed on both the rotor
and the stator, was synthesised. This unit was then integrated into a covalent polymer
network as cross-linking point, leading to the formation of a centimetre-sized chemical gel.
When placed under UV irradiation, the unidirectional rotation of the motors drives the system
out of equilibrium causing the polymer chains to wind around each other. This coiling results
in a decrease of the apparent chain length which causes a macroscopic contraction of the
material. At each cycle, work is stored in the form of mechanical tension through the twisting
of the polymers. However, a prolonged exposure to UV light causes excessive strain which
results in the rupture of the network.

25



Chapter I. Bibliographic Introduction

UV = Rotation on
Vis = Rotation off

Rotary motor

Figure 1.19 A. Molecular structure of the tetrafunctionalized motor within the chemical gel. B. Schematic
representation of the contraction of a gel upon UV irradiation. C. Snapshots of the contraction over time.
Adapted from ref 6.

One major limitation of this system lies in its inability to release the stored energy except by
its own degradation. A solution has therefore been developed, which consists in integrating a
so-called “modulator unit” to make the contraction reversible (Figure 1.20).” To this end, a
tetrafunctionalized diarylethene derivative was incorporated into the network as a new cross-
linking centre. This well-known photoswitch is characterised by the formation of freely
rotating bonds in its open form that allows the polymer chains to gradually untwist, thus
releasing the stored energy. This sigma bond can also be selectively blocked by cyclisation
upon UV irradiation. Thus, at these wavelength, when the modulators are closed and the
motors turn, the gel contracts while it returns to its original shape when placed under visible
light. Such a system is definitely promising as an actuating unit in the development of soft
robotics.

UV = Rotation off
Vis = Rotation on
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Figure 1.20 A. Molecular structure of the tetrafunctionalized diarylethene in its open and closed form. B.

Scheme depicting the reversible contraction of the gel upon UV and visible light irradiation. Adapted from
ref 7.

The chemistry of molecular machinery is a relatively new field but is clearly in full expansion.
Many developments have been carried out to design new motor units and much effort is put
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into developing structures that take advantage of the full potential of these nanoscopic
devices. In this context, Feringa's crowded alkene-based motor is a powerful and versatile
tool. Requiring nothing more than light irradiation to operate, it can easily be incorporated
into a variety of systems, ranging from liquid crystals to self-assemblies and, of course,
polymers.

My work during this thesis focused on the exploitation of this tetra-functionalized motor
through two different topics. The first one consisted in developing contractile gels operating
at higher wavelengths, in order to limit the degradation inherent to the use of UV but, above
all, to make our system compatible with a wider range of modulators of interest. The second
part of my research aimed at propelling nanoobjects with light. For that, in collaboration with
two other groups, we designed a system consisting of molecular motors anchored on Janus
nanoparticles and studied their motion mainly by light scattering experiments.
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Chapter ll. Motor Synthesis and Scale-Up

[1.1. Introduction

Since the discovery of the first light-fuelled rotary molecular motors by the team of Pr. Ben L.
Feringa in 1999,' the molecular structure of this artificial system has been continuously
improved over time. As mentioned in the bibliographic introduction, the main feature of
interest has been the speed of rotation. But its exploitation in functional devices depends as
much, if not more, on its ability to be functionalized. Indeed, a motor isolated in solution
greatly limits its potential use. Conversely, its integration into a larger system via covalent or
supramolecular interactions offers a much wider range of applications. Thus, most of the
examples we have previously presented required the presence of two to four attachment
points. For this purpose, the second generation of molecular motors is particularly suitable.
Indeed, the natural asymmetry between the stator and the rotor greatly facilitates the
implementation of orthogonal groups and the rotation speeds are generally quite high,
reaching up to the MHz range.*

The light-driven motor, that has been used during my thesis, is adapted from this second
generation. Fast responsiveness is indeed essential for the development of smart materials.
However, as it has already been discussed in the general introduction in order to incorporate
this molecule into a network our system needs to carry four reactive moieties. To do so, two
carboxylic acids and two phenols, placed respectively on the rotor and the stator, have been
incorporated (Figure Il.1). These groups are initially orthogonally protected, thus allowing an
asymmetric functionalisation of this molecule. So far polyethylene glycol chains has been
predominantly used to functionalize the motor, since they are quite flexible and soluble in
most solvents. Modification of the nature of the polymer chain and its influence on the
properties of the resulting material are currently investigated in our group.®’ Formation of a
light-responsive chemical gel occurs after click reaction between the functionalized motor,
which acts as reticulating units. Overall, our system was shown to require the presence of
around 1 mg per gel of molecular motors in order to have a good responsiveness to light. As
the synthesis of handleable materials typically requires a significant amount of motors, we
decided to embark in an extensive scale-up of the motor. This work was performed in
collaboration with Alexis Perrot, PhD student in our group. Our objective was to obtain at least
40 g of protected molecular motor before functionalization with polymer chains, which is
almost twenty times more than the first scale-up previously published by our group.®
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Figure II.1 Molecular structure of the 1% and the 2" generation motor and the tetra functionalized motor
developed by our research group.

[1.2. Synthesis

I1.2.1. Retrosynthetic Scheme

The synthesis of the orthogonally protected molecular motor is convergent, arising from a
Barton-Kellogg coupling as main step between the upper and bottom parts (Figure 11.2).

OEt
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EtO
(0]
OTBS OTBS
«Upper» part
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oﬂ, m :>
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«Bottom» part

Figure 11.2 Retro-synthesis of the orthogonally protected molecular motor.
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The upper part was obtained via a Mitsunobu reaction on a dihydroxyindenone, itself formed
after a Friedel-Crafts type reaction from dimethoxytoluene. On the other hand, the lower part
was formed by a Snieckus reaction between a disulfide and a methoxybenzamide. The
episulfide resulting from the coupling reaction is inert to UV and must then be reduced in
order to form the expected light-fuelled rotary system. However, the latter is far less stable
over time, as the central double bond tends to get oxidised. Therefore, the motor is usually
stored under its episulfide form. In addition, as the configuration of the stereogenic centre
present on the motor controls the direction of the rotation, it is fundamental to completely
separate the diastereomers in order to isolate optically pure compounds. This separation is
done on the episulfide via a silica gel chromatography column, thanks to the presence of two
chiral centres on the side chains. Their presence avoid the use of a preparative HPLC or a chiral
column chromatography, which are both quite expensive and in most cases poorly adapted
to a multigram-scale project. Functionalization of the molecular motor with polymer chains
occurs through successive deprotection and coupling reactions of this orthogonally protected
molecular motor. These reactions can also be performed on the episulfide precursor in order
to access a reference compound inert to UV irradiation.

All the synthetic work will now be detailed starting from the bottom and upper parts, before
focusing on the Barton-Kellogg coupling and the consecutive reduction and deprotections.
Further functionalization with appropriate chains will be presented in the next chapters.

The lower part of the motor was obtained by a seven-step convergent synthesis (Scheme 11.1),
starting with the oxidation of 2-methoxythiophenol. This reaction tool place in water, using
iodine dispersed in MeOH as oxidant. The reaction proceeded overnight at room temperature
and resulted in the formation of around 280 g of the bis-methoxyphenyl disulfide 1 in four
consecutive batches in quantitative yield.

In parallel, 3-hydroxybenzoic acid was converted to hydroxybenzamide 2 in two consecutive
steps. First, the carboxylic acid was treated with a large excess of thionyl chloride, which was
also used as a solvent, and heated at reflux for 4 h. This approach led to the formation of a
highly reactive acyl chloride which could be easily isolated by evaporation, removing the
remaining reagent/solvent and the by-products, i.e. hydrogen chloride and sulphur dioxide.
This intermediate could then be used without further purification in the nucleophilic
substitution reaction with diethylamine, which took place in DMF at 0 °C. Overall, about 140
g of hydroxybenzamide 2 was formed in three consecutive reactions in an almost quantitative
yield.

Protection of the phenolic moiety was then carried out overnight in acetone using
iodomethane and potassium carbonate at room temperature to give around 147 g of the
corresponding methoxybenzamide 3 in two batches in quantitative yield.
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Scheme 1.1 Synthesis of disulfide 1 and benzamide 3 precursors.

These two precursors were finally condensed together in a directed ortho-metallation, also
known as the Snieckus reaction (Scheme I11.2). First, an aryllithium intermediate was formed
by the addition of sec-butyllithium and tetramethylethylenediamine in THF at -78°C for 2 h.
The methoxy and amide groups are well known to facilitate lithiation in the ortho position,
making the reaction highly regioselective. Next, disulfide 1 was added to the newly created
nucleophile to form 56.6 g of thioether-amide 4 in three pots in a reasonable yield. A ring
closure reaction at -78°C in THF with slow addition of n-butyllithium led to the formation of
about 98 g of the ketone 5. The regioselectivity of this cyclization reaction is enhanced by the
proximity of the methoxy moiety from the benzamide ring. Some impurities remained present
in the mixture, hence a measured yield over 100%. Fortunately, the following reaction is quite
selective, thus no further purification was performed.
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Et - T |O |O
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OMe OMe OMe
H 5
o, 28. s %
20.4.9, 49% 258.2091g by
18.1g, 43% 25.0 g 121%
1819, 43% 19.2 g, 94%

Scheme 11.2 Synthesis of ketone 4 through a Snieckus reaction followed by a ring closure step to form 5.

With the main stator architecture created, the methoxy groups were replaced by tert-
butyldimethylsilyl ethers (Scheme 11.3) to allow orthogonal protection with the rotor and thus
more complex functionalizations of the final molecular motor. To this end, the two phenols
were first deprotected using BBrs at 0°C. The resulting intermediate was isolated by simple
evaporation and then solubilised in THF before being stirred overnight at room temperature
in the presence of tert-butyldimethylsilyl chloride and imidazole. After purification on a silica
gel chromatography column, around 86 g of the protected ketone 6 was obtained in good
yield in two batches. Finally, the ketone was converted into a hydrazone according to a two-
step process. In the first step, a thioketone was formed using P,Ss at 65°C for one hour. This
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molecule is sensitive to light and air, so it is essential to keep the reaction mixture under inert
gas and start the next reaction as soon as possible. The crude was thus simply washed with
dichloromethane before being dissolved in ethanol. Hydrazine was then added at 0°C and the
mixture was stirred for a further hour. An alumina gel chromatography column afforded
around 43 g of hydrazone 7 over four batches in moderate yield, ready for use in the Barton-
Kellogg coupling.

2 i 1) P,Ss, THF NN
295,
CL0) 2 OO0 o (1)
2
ST Tidascle. s ¥ HOEGH s
miaazole
OMe  OMe THFRT 12n  OTBS  OTBS ghc gh oTBS  OTBS
5 6 7
43.49,71% 1399, 61%
43,39, 711% 12.0 g, 90%
9.1g, 43%
7.8, 55%

Scheme 1.3 Synthesis of TBS protected ketone 6 and of hydrazone 7.

The synthesis of the upper part of the motor was achieved in four steps (Scheme 11.4). The
first one was a Friedel-Crafts type reaction where 2,3-dimethoxytoluene and methacrylic acid
are mixed together in polyphosphoric acid (PPA) at 70°C. Due to the important viscosity of the
PPA, even at high temperature, a mechanical stirring was required. After recrystallisation
102 g of indanone 8 was obtained as a racemic mixture in good yield.

The two methyl ethers could thereafter be removed in the presence of boron tribromide in
dichloromethane at 0°C. The slow addition of methanol at -78°C allowed removal of impurities
and of the excess of reactant through the formation of volatile trimethyl borate and hydrogen
bromide. Thus, a total of 98 g of bis-phenol indenone 9 was collected from three simultaneous
pots with an almost quantitative global yield.

The following reaction consisted in the introduction of a chiral moiety in the system in order
to create diastereomers which, unlike simple enantiomers, can eventually be separated
through non-chiral chromatography. Such approach is novel compared to synthetic routes
developed by the group of Feringa who relies mostly on chiral chromatography or preparative
HPLC. Indeed, it is essential to isolate enantiopure compounds as the configuration of the
stereocenter at the vicinity of the ketone completely controls the unidirectionality of the
rotation. In our synthetic approach, (L)-lactic ethyl ester was condensed on the bis-phenol via
a Mitsunobu reaction, using diisopropyl azodicarboxylate (DIAD) and triphenylphosphine as
reagents. This synthetic procedure allowed the formation of around 40 g of bis-ester 10, with
a modest yield of 40%, mainly due to the purification protocol. Indeed, triphenylphosphine
oxide and DIAD derivatives are very difficult to remove from the crude and took several
crystallisations and multiple silica gel chromatography columns were necessary to obtain the
product with a satisfactory purity.
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The isolated ketone could then be converted, in the presence of phosphorus pentasulfide in
toluene at 80°C, into 21 g of the thioketone 11 in three pots with a good yield. Purification by
silica gel chromatography was required but difficult to perform since the obtained product is
sensitive to both air and light. This last step is albeit necessary in order to achieve an efficient
Barton-Kellogg coupling, as it increases the electrophilicity of this precursor.

OMe HO
OMe BBI’3 *
OH Polyphosphoric acid MeO DCM HO
70°C, 3h 0°C, 3h o}
9

102 g 59% 38.19,97%
29.9 g, 98%
29.9 g, 98%

o o o

EtO)K‘/OH

EtO
EtO
HO . DiADPPhy _PeSs
THF EtO \[H\ toLuene
HO Y 0°C. 16h : ; ;; 80°C,1h  EtO

9

20.4 g 40%
11.2.g, 35% 8.0 g 48%
8.69,17% 7.59,50%

5.59, 48%
Scheme 11.4 Synthesis of the upper part of the motor after cyclisation, deprotection, functionalization and
activation.

The Barton-Kellogg coupling is the key reaction of this synthesis (Scheme II.5). It allows the
formation of an episulfide through the reaction of a hydrazone with a thioketone. In our case,
the stator and the rotor are brought together to obtain the central structure of the molecular
motor. The first step consisted in the oxidation of hydrazone 7 into a diazo compound by
adding Manganese (IV) oxide in THF at 0°C for one hour. In order to minimise the presence of
water in the system, sodium sulphate was also placed in excess. The newly formed diazo
derivative was then filtered and transferred using a homemade cannula with cotton wool
attached to one end into a second flask containing freshly prepared thioketone 11 solubilised
in THF. This step was particularly complicated by the fact that both precursors are sensitive to
air and light, so it was necessary to coordinate their synthesis in order to make them react
with each other as quickly as possible. The reaction mixture was then stirred overnight at room
temperature to form episulfide 12. At this stage, the two diastereomers (R,R,R) and (R,R,S)
were obtained as a racemic mixture. Thanks to the presence of chiral auxiliaries on the rotor,
20 g of each diastereomer were obtained in four pots and isolated through a non-chiral silica
gel chromatography column with a good overall yield of 70% over the two steps.
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Scheme 11.5 Synthesis of episulfide 12 through Barton-Kellogg coupling.

At this point it is important to note that the following reactions are no longer part of the scale-
up. As mentioned earlier, the motor is usually stored in its episulfide form, so the scale of the
following steps was adapted depending on the objective of each project.

With the main architecture finally constructed, it was then necessary to reduce the episulfide
12 into an alkene in order to obtain a light responsive molecular motor (Scheme 11.6). This was
achieved by adding triphenylphosphine which, after a day at reflux in toluene, captured the
sulphur atom of episulfide 11 forming triphenylphosphine sulphide. As a result, up to 867 mg
of tetra-protected motor (R,R,R) 13 were obtained in a very good yield.

OEt OEt
(0]
EtO EtO
0 PPh, o}
e
toluene
reflux, 27h
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12 13

867 mg, 90%
Scheme I11.6 Synthesis of tetra-protected motor 13 by reduction of the episulfide bridge.

The resulting motor 13 is orthogonally protected on its upper and bottom parts with two ethyl
esters on the rotor and two tert-butyldimethylsilyl ethers on the stator. This orthogonality
allows to selectively deprotect one of them preferentially depending on the nature of the
project. For this reason, two different approaches have been developed to deal with each
scenario (Scheme Il.7).
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The first method involved deprotection of the phenols after addition of tetrabutylammonium
fluoride in THF at 0°C. Due to the high affinity between fluorine and silicon atoms, this reaction
is fast, selective and quantitative, allowing the isolation of 162 mg of product 14 by silica gel
chromatography column. Following a potential functionalization of this compound, the
saponification reaction generally occurred in a mixture of THF and MeOH after addition of
sodium hydroxide, while stirring at 40°C overnight and resulted in the formation of the bis-
carboxylic acid 16, usually with excellent yield. The purification protocol for this step depends
mainly on the nature of the attached groups but in most cases simple liquid-liquid extraction
was sufficient to isolate the product of interest.

The second method, which was used in this thesis, consists in hydrolysing first the esters using
trimethyltin hydroxide in dichloroethane. This reagent is a milder alternative to the usual basic
conditions which are less selective and would therefore lead to the deprotection of the silyl
ethers. After heating to 100°C by microwave for six hours, 92 mg of bis-carboxylic acid 15 were
obtained in quantitative yield. After possible functionalisation of this upper part, through
amidation in most cases, the next step consisted in deprotecting the phenol groups using TBAF
at 0°C in THF allowing the formation of 35 mg of compound 16 in quantitative yield.
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Scheme 11.7 Orthogonal deprotection of the tetra-protected motor.
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Overall, the synthetic scale-up of the orthogonally protected molecular motor resulted in the
obtention of more than 40 g of ready-to-use episulfide 12, which is 20 times more than what
was previously reported. The resulting motor 13 constitutes the key building block for the
development of new light sensitive systems and materials targeted during the course of my
PhD.
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Chapter lll. Visible light induced gel contraction

[1.1. Introduction

As highlighted in the bibliographic introduction, light-powered machines stand out by their
autonomy, such as in A. Credi's molecular pump,>° but also by their high rotational speed for
Feringa's crowded alkenes, the fastest of which can reach the MHz range.* Light is a
particularly powerful tool as it is non-invasive and yet easily controlled in time, space and
intensity. In the case of double-bond motors, UV irradiation is usually required to generate
motion. At these wavelengths, the light is energetic enough to cause a number of undesirable
effects. Damage can occur either at the molecular machine or in its environment through the
formation of free radicals and their subsequent photo-oxidation.%”1% Besides their
incompatibility with biological environments, UVs are not selective since they interact with a
wide range of chemical functions, resulting in a low penetration coefficient in most materials.
In the case of the contractile gels developed by our team,®” this translates into degradation
of the polymer network as well as incompatibility with certain modulators of interest such as
spiropyran'® or spirooxazine!*?. On the other hand, visible light is harmless, available over a
wide wavelength range and selective. It can more easily penetrate materials and is compatible
with biological media. However, it remains less energetic, which means that strategies must
be developed to enable the rotation of motor units at higher wavelengths.'*!

To this end, we initially thought making use of the well-known two-photons excitation
approach (Figure Ill.1A).112113 However, this method requires powerful laser equipments that
are not easily available. Another strategy would consist in modifying the molecular motor
structure so as to reduce the HOMO-LUMO gap to more than 400 nm (Figure 111.1B), which

114 and Dube’s hemithioindigo-based motor.*%®

has been achieved with Feringa’s oxindole-
Concerning the more conventional overcrowded alkene-based motor, a red-shift of the
excitation could also be obtained by adding donor-acceptor substituents,'® by extending the
aromatic core!'’ or by interacting with a transition metal centre.'!® Yet, such approach implies
heavy synthetic modifications of the structure of the pre-existing motor and an excitation
limited to the blue region of the visible s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>