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Abstract

The challenge of achieving molecular devices able to reproduce the impressive features of biological
nano-machines has been attracting the interest of many scientists during the last decades. At present,
several examples of artificial molecular machines based on mechanically interlocked molecules
(MIMs) have been reported, which are able to perform a wide set of highly complex motions. On the
other hand, the increasing complexity of molecular machines designed by scientists requires also new
analytical approaches capable to characterize the nanoscale processes affecting these kind of systems.
To this aim, the covalent incorporation of stable paramagnetic moieties inside the structure of
artificial MIMs enables to use Electronic Paramagnetic Resonance spectroscopy (EPR) for
monitoring the dynamics of the target structures. Bis-alkyl nitroxide radicals (R2N-O¢) are an
important example of open-shell molecules largely employed in many fields of chemistry and related
sciences, but their use in supramolecular assembly chemistry and in molecular machinery remains
basically unexplored despite their intrinsic properties. In this scenario, this research focused on the
design, synthesis and EPR study of novel supramolecular architectures containing persistent nitroxide
groups and employable in the field of radical molecular machines.

The Chapter 3 of this manuscript describes the design, synthesis and EPR investigation of two novel
crown-ether macrocycles containing a persistent nitroxide group into their structure. The reduction
kinetics of the compounds were investigated by registering the progressive decay of the nitroxide
EPR signal in the presence of glutathione as reductant. The target macrocycles displayed a
significantly high resistance against reduction in water, making them good candidates as spin probes
employable for biological investigations.

In Chapter 4 the use of 2-phenyl-2-cyanopropanoic acid as single fuel for promoting the full back
and forth cycle of motions of an acid-base switchable nitroxide-labelled rotaxane was investigated.
EPR spectroscopy was used to monitor the shuttling process of the paramagnetic ring over the
dumbbell, because it allowed to distinguish the two possible co-conformations assumed by the
rotaxane. In addition, examining the EPR behaviour of the paramagnetic MIM in the presence of
some para-substituted derivatives of the fuel, the occurrence of an alternative process preventing the
completion of cycle of motions of the rotaxane was detected and studied in detail.

Later on, a research study focusing on the aerobic oxidation of alcohols promoted by a synthetic
nitroxide-based macrocycle and its rotaxane derivative was performed, which is illustrated in
Chapter 5. The aim was to exploit and study the oxidation of the nitroxide group contained in the

macrocycle to oxoammonium salt, which catalyze the cycle of aerobic oxidation of alcohols. In this
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investigation, EPR studies combined with GC-MS analysis were performed for monitoring the in situ
oxidation of the nitroxide moiety and for following the evolution of the catalytic cycle of oxidation.

Finally, Chapter 6 describes the synthesis and EPR investigation of a novel synthetic crown-ether
macrocycle containing a stable nitroxide moiety into the structure. Due to the EPR spectral features
shown by the new macrocycle forming complexes with alkali, earth-alkali metal and organic cations,
significant variations in the spectral parameters (multiplicity and hyperfine constant) were detected
comparing the complexed and non-complexed forms. By using EPR spectroscopy and computer
simulations, the complexation equilibrium constants (Ka) were calculated up to 160000, thus making

possible future applications in metal sensing and in molecular machinery.
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CHAPTER 1: INTRODUCTION

1.1. FROM MECHANICALLY INTERLOCKED MOLECULES (MIMS) TO MOLECULAR

MACHINES

1.1.1 Mechanically Interlocked Molecules (MIMs)

Intermolecular and non-covalent interactions are involved in the most part of biological processes,
such as substrate-protein receptor binding, enzymatic reactions, immunological antigen-antibody
association and so on. The research field studying such interactions is commonly named
supramolecular chemistry, and extends over several scientific areas like organic chemistry and
synthesis, coordination and recognition chemistry, physical chemical characterization, biochemistry,
biology and materials science.? Donald CramE!*l and Jean-Marie Lehn[? were the first introducing
the new field of chemistry beyond the molecule, which defines the chemistry of supramolecular
entities, referring to it respectively as host-guest chemistry and supramolecular chemistry. The
importance of this research area increased definitely in 2016 with the Nobel Prizes to Sir. James

Fraser Stoddart, Ben Feringa and Jeanne-Pierre Sauvage (Figure 1.1).

Jean Pierre Sauvage, Sir Fraser Stoddart and Bernard Feringa

WIN NOBEL PRIZE IN CHEMISTRY 2016

Figure 1.1. Chemistry Nobel prizes for the year 2016.

In the domain of supramolecular world, a new type of chemical interaction emerged, called
mechanical bond. As well as the chemical bonds are shared between atoms, the mechanical bond is
formed between a group of atoms or molecular entities, called component parts. This physical
interaction arises only if the components have a determined topology enabling them to entangle with
each other and create a supramolecular interlocked architecture. The stability of the mechanical bond
derives from the repulsive forces that prevent the intersection of already existing bonds, so that the
components cannot be separated without breaking or distorting the existing chemical bonds between
the atoms. When two or more molecular entities possess a mechanical bond, they are defined as

5
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Mechanically Interlocked Molecules (MIMs). Mechanostereochemistry is the scientific field
interested in the study of MIMs, which enlarges over several fields of chemical research like
supramolecular chemistry and chemical topology (Figure 1.2).BIeI7IEIE]

CHEMICAL TOPOLOGY

-

&
e (D ‘O Q) &

Pseudo-

rotaxanes Rotaxanes Catenanes Knots
Helices

Supermolecules Mechanomolecules Molecules

Interlocked
Complexes Mechanically Mok

Figure 1.2. Intersecting scientific fields interested by Mechanostereochemistry.

The two most relevant examples of MIMs are rotaxanes and catenanes (Figure 1.3), which have been
discovered in 1960 by Harrison and Wasserman.[0IL221131 The name catenane derives from the Latin
word, catena, which means chain, and it is referred to an interlocked molecule involving two or more
mechanically linked macrocyclic components (Figure 1.3a). Alternatively, a rotaxane consists of an
axle component (thread) inserted inside a macrocyclic molecule that is topologically locked thanks

to the presence of two bulky groups at the extremities of thread (Figure 1.3b).

a)

" Q==

Figure 1.3. Representation of two Mechanically Interlocked Molecules (MIMs): a) Catenane; b)
Rotaxane.
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1.1.2 Synthesis of MIMs

The discovery of MIMs and of the mechanical bond has disclosed a plethora of new synthetic
methodologies, devoted to the preparation of such highly complex architectures. The synthesis of
these compounds requires the perfect intersection between supramolecular chemistry and traditional
covalent synthesis, making mechanically interlocked molecules a combination between both
supramolecular assemblies and covalently bonded molecules. In order to implement and optimize the
synthetic protocols of such substrates, not only a deep knowledge of chemical topology and of the
nature of chemical bond, but also the understanding of the fundamental concepts of molecular
recognition, self-assembly and all that matters with non-covalent interactions is required.

Nowadays, a wide set of strategies (Figure 1.4 and 1.5) is available for the formation of rotaxanes
and catenanes. The most part of these synthetic routes starts from a pseudo-rotaxane (Figure 1.4)
precursor, consisting of a self-assembled complex between a pre-formed ring and a linear
component.! Starting from the pseudo-rotaxane precursor, it is possible to achieve a [2]-catenane
by clipping approach, which consists in a cyclization of the linear component of a pseudo-rotaxane
over the cyclic molecule, forming two interlocked rings. A second approach, defined as ring capture,
involves the trapping of a cyclic molecule by a coupling reaction occurring into the cavity of a second

pre-formed ring. In this case, the process does not require the formation of a pseudo-rotaxane.

Clippin
pping

Pseudorotaxane

Catenane

Ring Capture T

Endocyclic Catalyst

Figure 1.4. Synthetic approaches for the synthesis of catenanes.

On the other hand, the synthetic pathways toward rotaxanes are based on three different approaches:

stoppering, clipping and slipping (Figure 1.5). Thanks to the stoppering, a pseudo-rotaxane is

converted into the final rotaxane by linking two bulky groups (stopper) at the extremities of the half-

thread, preventing the de-slipping of the ring. In general, it is possible to introduce two stopper on

both extremities of the half-thread at the same time, or it is possible to insert a second stopper after
7
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the formation of a pseudo-rotaxane already bearing one stopper.'sIM€l |n a similar approach
introduced by Chiu,[t1181 jnitially the linear component of a pseudo-rotaxane contains smaller
stoppers, that cannot prevent the de-slipping of the ring, then, a “swelling” reaction is employed to
increase their effective size. Alternatively, the inverse approach can be employed by reducing the
ring size (shrinking).** Differently, the clipping and slipping approaches do not involve the formation
of a pseudo-rotaxane. The clipping is obtained when a macrocycle is formed around a completely
pre-formed thread, containing the two stoppers at both extremities. Finally, the slipping occurs when
a cyclic molecule forms a complex with an already pre-formed dumbbell. The structures obtained by

slipping are not formally considered as rotaxanes, but “kinetically-favoured pseudo-rotaxanes”.[?%

Shnnkng Stoppenng

L, W |

Rotaxane ‘ ,
— )
Dumbbel Sippage
Caplure |

4

Cleging
|

-
© 060
> P
© 00

Other Approaches

Figure 1.5. General strategies for the preparation of rotaxanes.

In most of the cases, the pseudo-rotaxane complex is formed by interaction between a macrocycle
and a half-thread, and this process is generally called threading. However, how we can achieve the
molecular recognition between these initial components for the following formation of the self-
assembly? In the beginning, the preparation of MIMs was achieved by statistical methods (Figure
1.6a),?Y'which relied on the probability of cyclic and acyclic molecules to entangle spontaneously in
solution. This strategy involved very difficult isolation of the product from the starting materials, as

well as very low yields. As second approach, directed synthesis (Figure 1.6b) was based on the
8
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construction of mechanically interlocked molecules by formation of covalent bonds between
functional groups incorporated in the starting components.l?? Directed synthesis improved the
efficiencies of the preparations but still presented some disadvantages, because it required numerous
synthetic steps to achieve the final compounds. Today, the most widely used protocols employ
template-directed synthesis, in which the starting component parts are assembled by non-covalent
interactions between different recognition sites placed on the substrates themselves (Figure 1.6c).
Finally, the use of active template synthesis?®l emerged recently as a powerful technique for the
preparation of MIMs. Active template synthesis of MIMs (Figure 1.6d) relies on interactions between
molecular components that are promoted by endocyclic species, such as a transition metal centre,
which play the role of templates and catalysts at the same time.

Figure 1.6. (a) Statistical Synthesis; (b) Directed Synthesis); (c) Template-Directed Synthesis;
(d) Active Template Synthesis.

This PhD work dealt prevalently with the use of template-directed synthesis and the threading
stoppering approach for the preparation of MIMs. The next paragraph contains a more accurate

description of this synthetic strategy, as well as some practical examples reported in the literature.

Template-directed synthesis of MIMs
Even if active-template synthesis is certainly the most efficient synthetic pathway for the preparation

of MIMs, not all the substrates are suitable for this kind of approach, thus, limiting its use in organic
9
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chemistry. For this reason, template-directed synthesis remains the most commonly employed route
towards MIMs. Jean-Pierre Sauvage was the first introducing this synthetic approach in 1983,
exploiting the idea of host-guest chemistry to achieve a [2]-catenane.[?Yl After that discovery, the
template-directed synthesis of mechanically interlocked compounds has been explored many times
in the literature.[?®1261271 This approach starts from the formation of non-covalently bonded host-guest
complexes between cyclic and acyclic molecules, which represent the starting templates for the
following mechanical bond formation and further conversion into MIMs. The non-covalent
interactions involved in template-directed synthesis may include solvophobic forces, hydrogen
bonding, donor-acceptor interactions, halogen bonding, anion binding, coordination to transition
metals or other cations, ion pairing and so on.

There are a large number of possible macrocyclic hosts employable for the construction of MIMs by
template-directed synthesis and able to provide efficient non-covalent bonds, such as crown-ethers,
aza-crown ethers, cyclobis-(paraquat-p-phenylene) (CBPQT**) rings, Cucurbiturils, Cyclodextrines

and Calixarenes (Figure 1.7).

5 L
[o oj [NH HN]
o/ LR

Crown Ether Azacrown ether

\N: /N*\ S
= X

4 PF6
= X
00
N* : N*

CBPQT

Cucurbituril

|
OH OH OoH HO

Calixarene

Figure 1.7. Crown ethers, aza-crown ethers, Cucurbiturils (CBs), Calixarenes and cyclobis-
(paraquat-p-phenylene) (CBPQT*").

Among these substrates, crown-ether-based macrocycles are excellent candidates for the application
of template-directed synthesis, because they are a very efficient class of ionophores, able to bind
several types of cationic guests, both organic and inorganic, by hydrogen-bond interactions. 28121 |n
fact, each unshared electron pair of the oxygen atoms contained in the crown-ether structure is able
to provide a dipole-to-ion interaction with the included guest. Pedersen®% was the first demonstrating
the possibility of synthesizing cyclic poly-ethers of various size (Figure 1.8) able to complex alkali
metal cations and also certain types of organic salts, such as thiourea, primary and secondary

ammonium cations.
10
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SOUNIOS!
XL, JO G
o/ o/

C J

e’

DB24C8

Figure 1.8. Crown ether-based macrocycles described by Pedersen.[]

The self-assembly between crown ethers and secondary dialkylammonium ions is one of the most
commonly used pseudo-rotaxane templates for the construction of MIMs, 33321133 thanks to the good
binding affinity, the availability of the starting materials and their good solubility in organic solvents.
In 1995, Stoddart and co-workers synthesized the first pseudo-rotaxane consisting of a dibenzo-crown
ether DB24C8 (Figure 1.8) and a dialkylammonium cation half-thread.4 After that discovery, a
large number of pseudo-rotaxanes based on these components have been introduced in the scientific
scenario.

The efficiency of the host-guest complex formation (Figure 1.9), as well as the binding affinity
between the components, strongly depends on the ring size and on the substituents presents in the
dialkylammonium cation. The association constants and crystal structures of various pseudo-

rotaxanes templates of this kind have been reported in literature. [ 361 [57]

Figure 1.9. Complexation equilibrium between secondary ammonium salts and crown-ether rings.

Other parameters, such as the solvent polarity and counter-ion effect, can significantly affect the
binding affinity of the host-guest complex. In particular, it is known that the association constants of
these complexes have an inverse proportionality with the polarity of the solvent.l¥ Thus, the higher
is the polarity of the medium, the lower affinity there is between the components. On the other hand,

Gibsonl8IE investigated the role of counter-ion pairing effect on the binding constants of
11
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dibenzylammonium salts BnoNH>" X~ and DB24C8 complexes bearing different counter-ions (X~ =
PFe, BF4s, OTs,, and TFA"). Even if the estimated Ka values can vary consistently with the
concentration, they followed the trend PFe>BFs>0Ts >TFA". Thus, dialkylammonium cations are
employed most effectively as PFe~ or BF4~ salts for the following reasons: a) such counter-ions
increase the solubility in apolar solvents; b) they have a weaker interaction with the dialkylammonium
moiety, enhancing the latter affinity for the crown ether host.

DB24C8 and other crown ethers show binding affinity also toward other hydrogen-bonding guests,
such as bipyridinium ions (BPY?*) (Figure 1.10). The first rotaxanes of this type were prepared®
by stoppering a pseudo-rotaxane based on a bis(a-bromoxylyl)-4,4’-bipyridinium included in a
DB24C8, BMP25C8 or DP24C8 (Figure 1.10) ring. However, even if it is theoretically possible to
isolate such host-guest complexes, pseudo-rotaxanes based on this recognition motif have always
evidenced a low binding affinity, compared with the one showed in the presence of dialkylammonium
salts, resulting also in very low yields. For this reason, the crown-ether/dialkylammonium template

is generally one of the most efficiently employed for the preparation of MIMs.

1. PPhy / RT/ MeNO,
BIPY (XyBi) 2 2. NH,PFg / H,0
ybr

®
O340 ®
o N~
Crown-8 Ring R236%*
a "\. b ) c '

P ) ‘ :-_.\} \
|.'. DB24C8 . . BMP2 ._}[:,8 . | .:I | DP24C8 '.\.:i
o { v

f \ Ay A=

: 7 u: Zlu 26lu|

Figure 1.10. Scheme of the threading and stoppering approach employed for the preparation of
rotaxanes containing a DB24C8, BMP25C8 or DP24C8 ring on a bis(a-bromoxylyl)-4,4'-
bipyridinium thread.[“%]

The resulting self-assembled complex between a crown ether and a dialkylammonium salt is further
converted into MIM by one of the synthetic routes mentioned in the previous paragraph (stoppering,
clipping, swelling or shrinking approaches). Among these, stoppering is the easiest and most

commonly used approach for affording rotaxanes. These reactions generally require relatively mild

12
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conditions, since strong bases or nucleophiles can deprotonate the ammonium moiety, causing the
dissociation of the assembly. In addition, as already described above, hard-binding anions can
compete in the complexation between the component parts, interacting prevalently with the
ammonium group. Based on these premises, many types of stoppering reactions have been explored
for obtaining rotaxanes, such as amide and ester reactions, nucleophilic substitutions, metal-catalysed

cross-couplings, reactions involving azides and so on (examples in Figure 1.11). 1411 [42] [43] [44] [45]

13
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Figure 1.11. Examples of stoppering reactions starting from crown-ether and dialkylammonium

pseudo-rotaxanes.
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1.1.3 Molecular Machines and Switches

Inside the scenario of Mechanically Interlocked Architectures, the new scientific field of Molecular
Motors has been gaining an increasing interest during the last decades. In biology, there are several
examples of macromolecular machines, which usually perform tasks that are essential for life, such
as DNA replication and ATP synthesis. For this reason, a large number of scientists have attempted,
with various degrees of success, to artificially reproduce and control the features of machines found
in the natural world into their laboratories, introducing the field of Artificial Molecular Machines.
The preparation and design of artificial molecular motors disclosed a large number of possible
applications in medicine, biology, biochemistry and Molecular Electronic Devices (MED). Artificial
MIMs containing two or more recognition sites have represented the perfect starting point for the
realization a large number of molecular dynamics and molecular engines.

In order to understand the basis of molecular motions in MIMs, it is important to clarify the important
concept of bistability. A bistable compound is characterized by two co-conformations located at an
energetic minimum. In a bistable mechanically interlocked molecule (MIM), the ground state co-
conformation (GSCC) is referred to the global energetic minimum, and any other existing higher-
energy minimum is called metastable state co-conformation (MSCC). The switching process of a
molecular machine typically relies on the application of an external stimulus,8 which serves to
eliminate or destroy the interactions stabilizing the GSCC. The application of the external input
results in the population of the secondary MSCC, which turns to be the most favoured of the two
possible states. When a counter-stimulus is applied, the system relaxes back to the GSCC and re-
stores the initial state (Figure 1.12). Based on this, it is, therefore, possible to create interlocked
molecules, such as rotaxanes and catenanes, able to interconvert into other co-isomers as results of a
dynamic process. In this case, the compound is defined as Molecular Switch or Molecular

Machine.l*"]
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Figure 1.12. Energy diagrams of the different co-conformations assumed by a bistable rotaxane.

Generally, rotaxanes can undergo to a large number of different motions:

a) Shuttling or translation, referred to the displacement of the macrocycle between two or more

recognition sites situated on the thread (Figure 1.13a);

b) Pirouetting, which is the rotation of the macrocycle around its axis (Figure 1.13b);

c) The change of the dihedral angles between the planes of the rings, also called rocking (Figure

a)

Translation

} ——

b)

Pirouetting

G _— D
c)
Rocking

-

-

Figure 1.13. Dynamic processes available in rotaxanes.

Starting from this, there are some fundamental requirements for building an efficient molecular

engine. First, the power source or stimulus must be directly available and easy convertible by the

system, or even better, recyclable. Furthermore, it is important to consider sources that do not generate

accumulation of side-products, which can affect the efficiency of the system. On the other hand, the
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accumulation of side-products may be employed to switch on or off the engine depending on the
necessity. Nevertheless, the energetic variations leading to the different equilibrium states of the
process must be taken into account, because only a little disproportion between the energy levels may
inhibit the completion of a full cycle of motions. Finally, the mechanism of movement in a molecular
machine must be irreversible and able to restore the initial state, allowing performing different cycles
in continuity. The actual state of art reports a large number of artificial engines exploiting the above-
mentioned features and able to mimic the efficiency of biological nano-machine systems. Molecular
machines can be differentiated by the way the stimulus or power is supplied to the system: a)
chemically; b) electrochemically; c) photo-chemically.[*e1[491(50]

The use of electrochemical stimuli for promoting the switching of molecular machines was among
the first to be discovered. This approach presents different advantages related to: a) the generation of
small amount of waste; b) its applicability to molecular electronic devices (MED);BUB2I5] ¢) the
large number of recognition sites that can be adapted to this approach, including n-associated donor-
acceptor MIMs, transition metal-complexed MIMs, hydrogen-bonded MIMs, and MIMs based on the
hydrophobic effect.P458I581 Donor-acceptor rotaxanes based m interactions are very suitable for
redox-driven switching, because the n-conjugated sites are, in most of the cases, also redox-actives.
The oxidative or reductive switching leads to perturbation of the electronic structures, influencing the
non-covalent interactions between the components and forcing, in turn, a dynamic process. One of
the most famous examples of redox-switchable molecular machines is illustrated in Scheme 1.1. The
rotaxane®! consists in a cyclobis-(paraquat-p-phenylene) (CBPQT#*: blue ring) encircling a
dumbbell composed by a tetrathiafulvalene (TTF, green station) and a 1,5-dioxynaphthalene (DNP;
pink station) recognition sites. The one electron oxidation of the TTF moiety to TTF*[5711581159 forces
the shuttling of the ring on the secondary DNP site, forming the corresponding co-conformer (state
B). Then, reversible reduction of TTF™ re-stores the initial TTF group, thus, causing the shuttling
back of the macrocycle on the original site. The shuttling mechanism of this molecular machine and
the one of the similar [2]-catenanel® was proved by cyclic voltammetry, in particular by comparing
the electrochemical behaviours of the [2]-rotaxane and the corresponding free dumbbell upon
oxidation of the TTF moiety. Also *H-NMR experiments provided the confirmation of the shuttling

mechanism of the [2]-rotaxane.
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Scheme 1.1. Redox-switchable CBPQT-based bistable rotaxane by Stoddart et al. 571

Some years later, the same research group employed a similar [2]-rotaxane for an application in the
field of molecular muscles. The CBPQT-based rotaxane was incorporated between a gold AFM
cantilever and a silica support (Figure 1.14).5Y This substrate allowed measuring the force of
switching of the rotaxane by using the tip as a dynamometer. They found that the force variation
between the two co-conformations corresponded to 79 pN, which is a significantly high value for a
single molecule. This work was chosen to represent a crucial example of how molecular machines

can find impressive applications in materials technologies and in other scientific areas.
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Figure 1.14. AFM-SiO; rotaxane system described by Stoddart et al.[®!

Although photo and redox-switchable molecular machines present several advantages in terms of
recycling, efficiency and versatility, also acid-base switchable rotaxanes and catenanes have been
largely studied and investigated in literature. In general, acid-base switching processes rely on the
addition or removal of protons to one or more recognition sites of the substrate, leading to a variation
of the affinity between the components and ultimately causing the displacement of one or more parts.
Stoddart et al. developed one of the first and most famous examples of chemically fuelled molecular
machines. They described a [2]-rotaxane containing a dibenzo-24-crown-8 macrocycle (DB24C8)
around a dumbbell composed by a dialkylammonium (NH2*) and a 4,4’-bypiridinium stations
(BPY?") (Scheme 1.2).1%81 The DB24C8 ring has well known ability to perform hydrogen bonds with

dialkylammonium organic cations (Paragraph 1.1.1).
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Scheme 1.2. Bistable acid-base switchable rotaxane reported by Stoddart et al. (46

For this reason, the starting state of the bistable rotaxane has the macrocycle mainly located on the
NH.* site. It was important to consider that the generation of hydrogen bonds in the starting state
resulted in an enhanced basic character of the NH2", thus requiring the employment of an excess of
base to deprotonate it. After deprotonation of the NH2" group, the electrostatic repulsion between the
lone electron pairs of NH and the oxygen atoms forced the displacement of the ring on the BPY?* site
(Scheme 1.2). The reversibility of the process was guaranteed by re-protonation of the amine group
using one equivalent of trifluoroacetic acid (TFA), which led to the shuttling back of the macrocycle
on the starting recognition site. The full cycle of motions was verified by NMR experiments, UV-
visible spectroscopy and cyclic voltammetry (Figure 1.15), which served for evidencing the
displacement of the ring on the secondary recognition site. The back and forth motion of the target
rotaxane was also reproducible for many cycles, but every addition of TFA led to the accumulation
of side-products that decrease the cycling ability of the system.
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Figure 1.15. Cyclic voltammetric analysis performed on the dumbbell components 6b%*/6b-H3* and
[2]-rotaxanes 1b-H3*/1b%*.

On this outline, in 2018 Ragazzon et al. reported a further investigation of the above-described
rotaxane, showing that the secondary BPY?* site can be used for the modulation of the basicity of the
NH2" station. The variation of the oxidation state of the bipyridinium unit, that can be
electrochemically reduced to radical cation (BPY™**) or diradical (BPY**®), led to a decreased affinity
of the latter for the binding with DB24C8, thus affecting the ability of the macrocycle to shuttle. The
pKa value of the ammonium site was enhanced of 7 units in the presence of BPY** compared with
the pKa registered for BPY?*. Thus, the ternary electrochemical switching at a remote site of the
BPY?2*unit provided the possibility to modulate the pKa of an ammonium residue in the axle of a [2]-

rotaxane, affecting the translation process (Figure 1.16).[6%
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Figure 1.16. Comparison between the acid—base (horizontal) and electrochemical (vertical)

switching processes observed for rotaxane 1H3*.162]

These works take part into the effort and the big scientific challenge of obtaining autonomous and
continuous-working molecular devices similar to the biological partners, exploiting the intrinsic
properties of the components of MIMs. This topic is founding more and more importance among the
scientific community and whereas biology has perfected its machines over billions of years of
evolution, chemists keen to imitate these structures are just getting started. Leigh was convinced that
what the field needs is a killer application. ‘As soon as you find one thing that molecular machines
can do that can’t be done any other way, then they undeniably become a useful technology. Biology
has found through evolution that molecular machines are the best way to get things done. I'm sure

that’s going to be true for mankind as well.’
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1.2. EPR INVESTIGATIONS OF SUPRAMOLECULAR ASSEMBLIES AND MIMSs

1.2.1. Principles of Electronic Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR) is a spectroscopic technique, similar to Nuclear Magnetic
Resonance (NMR), able to detect transitions relative to unpaired electrons. This kind of spectroscopy
is employed for the study of paramagnetic inorganic and organic compounds, which are not detectable
by NMR. EPR was discovered in 1921, when Stern and Garlach observed a peculiar spectroscopic
response of a group of Silver atoms passing through a magnetic field.[®® Later, thanks to this result,
electron spin (s) was defined as an intrinsic property of the electron.[®* Finally, Zavoisky performed
the first EPR experiment in 1944,

Similarly to the proton, every electron has a specific magnetic moment associated to its spin (s). There
are two possible spin states, corresponding to the two orientation assumed by the electron in the space.
In absence of external fields, these states are located at the same energy level and the electrons assume
a random orientation. Then, when a magnetic field is applied, the Zeeman effect causes the splitting
of the two spin states into different energy levels, causing a differentiation of population between the

two (Figure 1.17). The difference of energy between the two spin states is calculated as follow:

AE = g * up * By

Where Bo is the value of the magnetic field, ug is the Bohr magneton, and g is an a-dimensional
constant. Similarly to NMR, there is a proportional correlation between the difference of energy, 4E,
and the magnitude of the applied electromagnetic field. An unpaired electron can move between the
two energy levels by absorbing or emitting a photon of energy, respecting the condition: AE = hv.

The possible transition between different energy levels are, then, detected as EPR signals.

A Energy mg=1/2
Free Electron mg=-1/2
with spin §=1/2 —T— -----------
BO

Figure 1.17. The electron Zeeman effect leading to the energy splitting of the two spin states.
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Differently than in NMR spectroscopy, in the EPR spectra the first derivative of the absorption curve

is reported in order to obtain a higher sensitivity. Furthermore, the excess of population between the

two energy states of the electron spin is around the order of 10 in EPR spectroscopy, while for NMR

is around 107, thus leading to a higher sensitivity of EPR, which is able to record the presence of

radicals at concentrations up to 10 M. EPR provides the possibility of performing kinetic studies at

the sub-microsecond time range and of measuring distances between two or more radical moieties

present in the substrate, in a range from 0 A up to 100 A.I Thanks to these features, EPR

spectroscopy represents an efficient complementary technique for the investigation of systems

containing persistent radicals, which cannot be monitored by classical NMR analysis.

EPR experiments are characterized by some important parameters:

g-factor: When a magnetic field is present, the unpaired electron presents not only its spin
angular momentum but also an extra orbital momentum, and the effective g value (g-factor)
is slightly different from that of the free electron (g). This results in an alteration of the
condition of resonance (hv = g * ug * By), SO that radicals with different g-factors resonate
at different magnetic fields that are typical of the interested compound, similarly to the
chemical shifts in NMR. For organic radicals, the g-factor is generally very similar to the one
of the free electron (2.0026), even if it could be affected by the presence of heteroatoms, as
well as the presence of a -system near the radical centre.[®] For this reason, the g-factor can
give information about a paramagnetic centre’s electronic Structure.

Hyperfine coupling: In the presence of a single unpaired electron, the EPR spectrum results
in a single spectral line (only one possible electronic transition, Figure 1.17). Greater
complexity arises if the unpaired electron couples with nearby nuclear spins, generating a
hyperfine coupling.[®® This parameter is correlated to the interaction between the unpaired
electron and an adjacent magnetic nucleus placed on the o or B position (*H, 13C, ¥N etc...).

For B-nuclei a is given by an equation similar to the Karplus equation for NMR:

a = (A + Bcos?0)p

where p is the spin population, which is the probability to find the unpaired electron on a
specific atomic nucleus, and A and B are empirical constants.

Multiplicity: The number of lines of an EPR spectrum is correlated to the number and type of
magnetic nuclei able to couple with the unpaired electron. Many nuclei have a net nuclear
spin, I, leading to different orientations of the nucleus when placed in a magnetic field. For
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example, those with nuclear spin I = 1/2 have two possible orientations (+1/2, -1/2) in the
corresponding magnetic moment, while those with 1=1 have three orientations (+1, 0, —1) and
so on. Thus, if a coupling with a spin active nucleus with | =% is present, the resulting EPR
spectrum is expected to show two resolved lines (two possible transitions), where the

separation between the two is given by the hyperfine coupling constant (a) (Figure 1.18).

Figure 1.18. Splitting of the energy levels of an unpaired electron coupling with a nucleus

having | = %.

In general, the number of EPR spectral lines of a radical where an unpaired electron couples

with n equivalent magnetic nuclei with nuclear spin I, is calculated as follow:
N=2nl+1

When the unpaired electron interacts with different groups of equivalent magnetic nuclei, the
EPR spectrum becomes more complicated and the number of spectral lines N is given by:

N = (2nl1 + 1)(2nal2 + 1)@2nsls + 1)...... ... (ndi + 1)

For example, the EPR spectrum of a system where an unpaired electron couples with an
adjacent nucleus having | =1 (i.e. *N) and another having | = % (i.e. *H) results in six spectral
lines. The relative intensities of the peaks follow the rule of Tartaglia’s triangle, as in NMR

spectroscopy.

Line width: This is a parameter influenced by the relaxation times of the electron.

Alternatively, if not related to relaxation times, it can be influenced by many other factors
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leading to fluctuations of the field in the proximities of the unpaired electron, such as

intermolecular or intramolecular dynamic phenomena, polarity of the medium and so on.

e Spin-spin exchange coupling: If a system contains two or more unpaired electrons that are
sufficiently close to interact with each other, it leads to a spin-spin exchange interaction
accompanied by the appearance of extra lines in the EPR spectrum, whose intensity is related
to the magnitude of the exchange constant (J).[*¥! In order to obtain this condition, the spin-
spin exchange constant J needs to be comparable or higher than the a constant. On the
contrary, if the paramagnetic centres are too far away to give exchange interaction (J = 0), the
EPR spectrum will be comparable to that of the single mono-radicals. It is also important to
mention that the interaction between two radical centres can occur through-space, if the
distance between them is low enough, or through-bond, if a conjugate system is present,
enabling the “communication” between the radical units. For example, Figure 1.19 compares
the spectra of a single nitroxide radical with the one of a di-radical where the nitroxide
moieties undergo a through-space interaction. The spectrum changes from a multiplicity of
three lines (with intensity 1: 1: 1) to one of five lines (with intensity 1: 2: 3: 2: 1).F0 " It js
evident that the relative intensity of the exchange spectral lines may vary from the expected
one, depending on the number of molecules assuming the conformations that have an effective
spin-spin exchange (J # 0). Conformational changes or supramolecular phenomena can affect
the interaction between the radical moieties, resulting in a variation from the attended relative

intensity of the exchange spectral lines.

mmmm &, )

Figure 1.19. EPR spectra of: a) Single TEMPO radical; b) Bis-TEMPO radical having a through-

space spin-spin exchange.
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The analytic observation of all these EPR parameters can be employed for studying complex
biological and non-biological architectures containing persistent radicals and for investigating the
processes occurring in the target systems with the support of EPR techniques.

1.2.2 Nitroxide Radicals: Description and Properties

Organic radicals are commonly employed for EPR investigations of a large number of synthetic and
natural substrates. However, most of them are transient species, with a short lifetime, and this can
limit their investigation and detection through EPR techniques. Among all the organic radicals that
are employable for EPR investigations, nitroxide radicals are optimal candidates, because they are
suitable for chemical design and they are also characterized by chemical stability and long lifetimes
(Figure 1.20).[72]

R R
>(Nj< ><jj< ><Z \ §>< EN,O' >q§<
5 5 : U
Figure 1.20. Some nitroxide derivatives.

The nitroxide radical consists of an aminoxyl moiety where the unpaired electron can occupy the 7-
orbitals of both the nitrogen and the oxygen atoms, leading to two possible resonance structures
(Scheme 1.3).

NO ~— "no
/ .
| Il

Scheme 1.3. Possible resonance structures of the aminoxyl radical.
Figure 1.21 reports the schematic representation of the molecular orbitals of the N-O- bond and

evidences the notable gain in terms of energy, due to the delocalization of the three electrons on the

7 orbitals deriving from the overlapping of the 2p orbitals of the nitrogen and the oxygen.
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Figure 1.21. Molecular orbitals deriving from the overlapping of the two atomic 2p orbitals of the

N-O- group.

N-O- radicals are more chemically stable compared to hypothetic radicals where a delocalization of
the unpaired electron is not present.[”®1 Actually, the dimerization process that occur by formation of
the O-O bond between two aminoxyl moieties is highly disfavoured in this case, because the gain of
energy deriving from the formation of the new O-O bond only partially compensates the loss of
delocalization of the unpaired electron (Scheme 1.4a). In addition, certain types of nitroxides are
characterized by long lifetimes, depending on the molecular structure of the radical. This persistence
is observed only in the presence of alkyl groups on the B carbons, because in absence of them, the
nitroxide can irreversibly lead to the formation of the corresponding hydroxylamine and nitrone by-
products by disproportion reaction (Scheme 1.4b).

Scheme 1.4. Representations of: a) dimerization reaction; b) disproportion reaction leading to a

molecule of hydroxylamine and a nitrone.

A stable nitroxide radical is generally characterized by a three lines EPR spectrum, deriving from the
coupling between the unpaired electron and the *N atom, (I = 1) as described in Paragraph 1.2.1
(Figure 1.22). The hyperfine coupling between the unpaired electron and the N atom (an) is

calculated as the distance between two consecutives spectral lines.

28



Alma Mater Studiorum-Universita di Bologna

Intensity (1)

Field (G)

Figure 1.22. Typical EPR spectrum of a nitroxide radical.

The EPR spectrum of a nitroxide group can give important information about the surrounding
chemical environment. For example, the presence of hydrogen bond donors, or a more polar
environment results in an increase of the an value, because these phenomena affect the electronic

structure of the radical, influencing the spin density on the nitrogen atom (Figure 1.23) (Paragraph
1.2.1).
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Figure 1.23. The effect of: a) dipolar interactions; b) hydrogen bonds, on the ay value.

Also the other EPR parameters of a nitroxide group can be strongly influenced by conformational and
dynamic events, intramolecular and intermolecular interactions, polarity of the medium and so on.

The most commonly used persistent nitroxide radicals are 2,2,6,6-tetramethylpiperidin-N-oxyl
(TEMPO) and its derivatives (Figure 1.24), where the persistence is guaranteed by the presence of

methyl or ethyl groups, instead of hydrogens, in the 3 position at the aminoxyl unit.
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Figure 1.24. Derivative of TEMPO: a) 2,2,6,6-tetraethyl-piperidin-N-oxyl, b) 4-oxo-TEMPO, c) 4-
carboxy-TEMPO, d) 4-amino-TEMPO, e) bis-spirocyclohexyl-piperidin-N-oxyl.

TEMPO derivatives can be employed for many biological and chemical applications thanks to their
availability, easy manipulation, stability and lifetime. They are commonly used as spin labels’ [°]
for EPR bio-investigations and for oximetryl® 'l studies, as contrast-enhancing agents for magnetic
resonance imaging (MRI)87® and for electron paramagnetic resonance imaging (EPRI).[E0ll
However, one of their disadvantages is that most of them can be easily reduced to the corresponding
diamagnetic adduct (hydroxylamine) in vivo conditions (Scheme 1.5). This problem can limit their
use for biological investigations.

Bio-reductant
(Ascorbate, thiols, NADH...)

l. |
O +1 e OH

Nitroxide (paramagnetic) Hydroxylamine (diamagnetic)

Scheme 1.5. Redox reaction between TEMPO and a bio-reductant in biological tissues.

The reduction rate of a nitroxide radical can be varied by modifying the ring size and the steric
hindrance of B-substituents, and it is therefore controllable by a proper design of the radical. Five-
membered nitroxides generally have a longer lifetime than six member rings; for example, 3-
Carboxy-PROXYL (Figure 1.25) is one of the most commonly used nitroxides for in vivo
applications, because of its resistance to bio-reduction.[®

Oé\/%
N
\

I
3-Carboxy-PROXYL

Figure 1.25. Molecular structure of 3-Carboxy-PROXYL.

30



Alma Mater Studiorum-Universita di Bologna

It is also known that sterically shielded nitroxides, in particular tetraethyl-substituted nitroxides, are
more resistant towards reduction compared with the tetra-methyl-substituted derivatives.®¥ Thus,
also the steric hindrance of the B-substituents plays a key role in the enhancement of the radical
lifetime. For example, the tetraethyl pyrrolidine nitroxides shown in Figure 1.26 have been recently
used to spin label a chaperone protein for in-cell EPR investigations. These compounds showed only
a minimal reduction of the paramagnetic centre when placed in biological environment, allowing the

EPR structural studies of the target protein.[®

Figure 1.26. a) Tetraethyl-substituted pyrrolidine nitroxide; b) Tetraethyl-substituted iso-indoline

nitroxide for in vivo EPR studies.

1.2.3 Spin labelling and spin probing of supramolecular assemblies using nitroxide radicals

Part of this paragraph is taken from the scientific review:

M. Lucarini, Improving Spin Probe Methodologies to Investigate Supramolecular Assemblies, Eur.
J. Org. Chem., 2020.

EPR investigations using persistent organic radicals have expanded over biology, structural
biochemistry and other scientific fields, being explored several times over the years. [ B8 [871188] \y/g
can distinguish two main approaches for performing EPR investigations using organic radicals, called
spin labelling and spin probing. Spin labelling is the incorporation of a paramagnetic centre in a
particular substrate by a covalent bond. It was introduced more than 50 years ago from H.
McConnel,®! and nowadays is still a powerful tool for the determination of structural characteristics
of biological membranes and proteins of various molecular weights.[°0 911 521 [93]

Alternatively, spin probing is the non-covalent insertion of a radical probe in the target environment.
Even if these techniques may employ any persistent free radical, the 99% of the studies reported in
the literature utilize nitroxide labels or probes (i.e. TEMPO, BTBN etc...). As already mentioned
above (Paragraph 1.2.1), the hyperfine constant (an) of dialkyl nitroxides and the other EPR
parameters (line broadening, g-factor etc...) are highly sensitive to the environment surrounding the

paramagnetic moiety. This effect is highly important for studying host-guest and self-assembly
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processes, as well as conformational variations and molecular dynamics that occur very often in
biological systems. In the last years, our research group and many others have reported several
examples concerning the application of spin labelling and spin probing using persistent nitroxide
radicals for the investigation of supramolecular assemblies.

Tert-butylnitroxide (BTBN, Figure 1.27) was one of the first spin probes employed by our group for
investigating host-guest assemblies with different hosts, such as Cyclodextrines (CDs), Cucurbiturils
(CBs) and Calixarenes. BTBN presents a shorter lifetime compared with the above-mentioned
TEMPO radical, because of the presence hydrogen atoms on one of the two -carbons. However, the
presence of a tert-butyl group enhances the radical lifetime enough to permit its investigation by
EPR.[!

SU 1

BTBN

Figure 1.27. Molecular structure of BTBN.

In 1999, our group has investigated the inclusion of BTBN in both B-CD and y-CD, which resulted
in a significant variation of both nitrogen (an) and B-proton (an) hyperfine constants, as well as an
evident line broadening of the spectral lines (Figure 1.28). Since the association/dissociation
processes were comparable to the EPR timescale, it was possible to extrapolate the rate constants for
the processes thanks to the support of computer simulations.[®*!

exper’mental
simulated

Figure 1.28. Experimental (up) and simulated (down) EPR spectra of BTBN recorded in water in

the presence of B-CD.

In the following years, EPR studies were also performed comparing the inclusion of BTBN and

TEMPO nitroxide radicals in other similar hosts, such as Cyclodextrines (CDs) and Calixarenes. In
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all the cases, EPR analysis allowed to measure for the first time the rate constants and the activation
parameters for the inclusion of the probe into the target host, by observing the spectral variations
associated to the an constants of the EPR spectra,[°1 961 [971 [98] [99] [100] [101] [102] A[| these works have
encouraged the further investigations of other host-probe complexes, which have been performed by
several research groups in the following years.[1%!

As a more applicative example of this approach, BTBN derivatives (containing an aliphatic
hydrocarbon or fluorinated chain at the para position of the aromatic ring) were used to study hosts
of higher complexity (Figure 1.29), for example hydrogenated (NP1) or fluorinated (NP2, NP3a,
NP3b) monolayer of protected gold nanoparticles (AuNPs) with different sizes.

0
5\/\/\/\/L A~ 0L
H 12-13
NP1
FF FF FF FF
S Aot
FF FF FF FF

NP2

FF FF
S~ o% )S(o o
0 LD Gl e U
FF FF FFFF

NP3a,b

a: 3.0 nm
b: 1.4 nm

Figure 1.29. Structures of the investigated AuNPs.

The aim of the study was to evaluate their possible use in drug delivery applications. In these systems,
the organic monolayer of the nanoparticle created ‘hydrophobic pockets” where organic solutes, such
as BTBN probes, could be partitioned. The an values in the EPR spectrum of the BTBN probes were
significantly different when the radical was situated inside the cavities of the monolayer than that
measured when it was placed in the surrounding aqueous environment (Figure 1.30, Figure 1.31).

Hydrophilic shell

7

R
s S >
ss/ré

S
S

Hydrophobic or
Fluorophilic core Aqueous Phase

Figure 1.30. The investigated partition equilibria between the BTBN probes and the AuNPs.
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Figure 1.31. EPR spectra of BTBN probe recorded a) in water at 298 K; b) in presence of NP3b; ¢)

computational simulation of the EPR spectrum (b).

It was, therefore, possible to distinguish two different signals related to the free radical and the
nitroxide located inside the monolayer and this allowed measuring the affinity of the organic probe
as a function of the monolayer composition or nanoparticle diameter. This feature was successfully
exploited to study the topology of soluble gold NPs by means of EPR spectroscopy.['%4

In the field of spin probing, EPR spectroscopy allows also to identify nitroxide probes that are
engaged in halogen-bonded complexes. The formation of a new halogen bond involving the N-O
centre leads to an increase of the spin density on the nitrogen atom, which is reflected by the increment
of the EPR hyperfine constant (Paragraph 1.2.1). Such property was employed for the first time by
our group for investigating the formation of halogen bonded TEMPO probes by using EPR
spectroscopy. The formation of a X—bonded TEMPO was manifested as an increase in the nitrogen

hyperfine coupling an, accompanied by a marked broadening of the EPR lines (Figure 1.32).

R

Figure 1.32. Comparison between the EPR responses of a free TEMPO radical and a halogen-
bonded TEMPO radical.

More recently, other nitroxide probes have been used for this kind of studies, such as iso-indoline
nitroxides (TM10)1%I and other BTBN derivatives.*?!
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In the course of the last decades a large number of data relatives to the interaction of different
molecular hosts with nitroxide spin probes have been collected. On the other hand, the spin labelling
approach provides the opportunity to study host-guest processes from the opposite point of view, by
covalently incorporating a paramagnetic unit in a macrocyclic host and using EPR spectroscopy for
detecting the inclusion of inorganic and organic guests into its cavity. In addition, a further
opportunity is to incorporate such spin-labelled macrocycles in Mechanically Interlocked Molecules
(MIMs) for studying the conformational or dynamic events affecting the system by EPR techniques.
In fact, among the most recent research focus of our group, there is the preparation of spin-labelled
MIMs for applications in the field of molecular machines.

As described in Paragraph 1.1.3, there are different methodologies that can be employed to probe
the movement of molecular machines, such as NMR, UV-visible spectroscopy and cyclic
voltammetry among the others. Electronic Paramagnetic Resonance (EPR) recently came out as an
efficient supplementary technique for verifying the molecular dynamics in spin-labelled molecular
machines. However, there are still only few examples of the use of EPR techniques for this purpose.
A first evaluation of this spin-labelling approach was reported in 2012 and described the
functionalization of a-CD with a TEMPO radical by click reaction (Figure 1.33).127]

- @

Figure 1.33. Structures of the TEMPO-functionalized a-CDs.[1%7]

The target CD-macrocycles were employed for preparing a a-CD-based rotaxane containing TEMPO
labels on the wheel and on the thread (7a, Scheme 1.6). Starting from the CD-macrocycle 2a, the bis-
labelled rotaxane was prepared by reacting the corresponding pseudo-rotaxane 5 with an alkyne-
TEMPO (1), using the threading-stoppering approach (Scheme 1.6). By EPR measurements of the
through-space spin exchange between the two mechanically assembled nitroxide units, it was possible
to assume that the rotaxanation provided only one of the two possible structures predicted on the basis
of the orientation of the CD along the thread (the so-called “close isomer”). In this conformation,
there was a spin-spin exchange interaction due to the closer distance between the two radical moieties
(Figure 1.34).
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Scheme 1.6. Synthesis of the bis-labelled rotaxane 7a.
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Figure 1.34. EPR spectrum of the CD-based rotaxane 7a evidencing the exchange interaction

between the TEMPO units on the ring and on the thread.

More recently, two paramagnetic spin labelled crown-ethers were synthesized and studied (Figure
1.35).

I\ /\
Iy Iy
cC O sl oases
0 0 N.o- 0 o)
N Lo ol
\_/ N,
DB24C8_NO1 DB24C8_NO2

Figure 1.35. Spin labelled crown ethers DB24C8_NO1 and DB24C8_NO2.

36



Alma Mater Studiorum-Universita di Bologna

These structures were suitable for the preparation of two bis-TEMPO functionalized acid-base
switchable rotaxanes. The first rotaxane consisted of the electron rich macrocycle DB24C8_NO1,1%€l
encircling a dumbbell containing a dibenzylammonium site (NH2*), a bipyridinium (BPY?*)
secondary site and a TEMPO stopper (Scheme 1.7). The shuttling of the macrocycle from the primary
NH:z* site to the BPY?* station was induced by pH variations (Scheme 1.7). In this case, the
interaction between the two radical centres was exploited for studying the shuttling process of the
target acid-base switchable rotaxane using EPR spectroscopy.[1%!

1H-3PFg

Acid Base
(CF3;COOH) (iPryEtN)

" [

O,
12PFg mg\‘

Scheme 1.7. Shuttling of the [2]-rotaxane 1H-3PFs described by Lucarini et al. in 2015.11%]

It was observed that the EPR spectrum of the starting rotaxane consisted of the typical three lines of
an isolated TEMPO radical (g = 2.0060, an = 15.75 G), which indicated no interactions between the
two radical moieties present in the rotaxane. As shown in Scheme 1.7, after deprotonation of the
NH:* site by diisopropylethylamine (DIPEA), the macrocycle shuttled on the second BPY?* site,
leading to an evident change in the EPR spectrum, thus registering five lines (Figure 1.36). The
additional lines observed were attributed to a spin-spin coupling exchange between the two radical
groups in the secondary co-conformation of the rotaxane (Scheme 1.7). However, the relative
intensity of the spectral lines was different from the characteristic 1:2:3:2:1 expected in case all the
conformations of the [2]-rotaxane were characterized by strong spin exchange between the nitroxide
units. Actually, owing to the relatively large flexibility of the dumbbell, the EPR spectrum of the [2]-

rotaxane registered after deprotonation showed superposition of signals of non-interacting (three-line
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spectrum) and interacting spin labels (five-line spectrum). By measuring the relative EPR line
intensities (trace b in the inset, Figure 1.36) it was possible to estimate that about 15% of the
molecules assumed co-conformations in which the two TEMPO radicals showed a strong electron
exchange (J>an).

If an acid (TFA) was added to the system, the starting state was restored and the macrocycle could
shuttle back to the original site. In this case, the original EPR spectrum was observed, evidencing the
reversibility of the cycle of motions.

BASE 15 % J ON
/\/\/\/\/\ :

ACID o JOFF
1 6

-------------------------

3280 3290 3300 3310 3320 3330

Figure 1.36. EPR spectra of 1H:3PFs before (a) and after (b) the sequential addition of DIPEA. In-
set right: zoom of spectrum (b) showing the extra exchange spectral lines. In-set left: percentage of
exchange couplings versus the percentage of sequential additions of acid/base.

The case of the bis-labelled rotaxane 1’H-3PFs containing macrocycle DB24C8_NO2 (Scheme 1.8)
was studied thanks to a pulsed EPR technique, called PELDOR. Lucarini et al. employed PELDOR
spectroscopy supported by MD simulations for the measurement of the distances between the two
radical groups of the rotaxane in the two co-conformations.!%! Differently from the rotaxane
described above, in this case, the pH-induced movement of the macrocycle on the secondary site
produced a very small variation in the distance between the two radical centres of the MIM (from
22.6 A to 24.2 A). Since the distance distribution between the nitroxide labels was not significantly
affected by ring shuttling, a conformational variation of the crown ether was supposed occurring
when the macrocycle shuttled from the NH:2* site to the BPY?* (Scheme 1.8). MD simulations of the
EPR spectra confirmed this hypothesis.
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Scheme 1.8. Shuttling process causing the conformational changes of the crown ether ring of

bistable acid-base switchable rotaxane 1°’H 3PFe.

Some years ago a spin-labelled cyclobis-(paraquat-p-phenylene) ring (1a) was synthesized and
studied.™% This molecule is among the most famous hosts employed in host-guest chemistry,

because of its ability to include electron rich molecules like 1,5-dimethoxynaphthalene (Figure 1.37).

Figure 1.37. Host-guest complex between 1,5-dimethoxynaphthalene and a spin-labelled CBPQT**
(1a).

The spin-labelled host, 1a’, and its diamagnetic partner CBPQT** were employed as rings of a series
of Stoddart-type [2]-rotaxanes, from Rot124* to Rot6%4* (Figure 1.38),[1111 1121 13l which were then
investigated by EPR, observing the through-space spin-spin interactions between the two TEMPO
moieties incorporated in the systems.

Among these, Rot624* was employed as redox-induced molecular switch, thanks to the possibility of
reversibly displacing the ring component between the tetrathiafulvalene (TTF) and dioxynaphtalene
(DNP) sites presents on the thread (Paragraph 1.1.3).1**31 By EPR spectroscopy it was possible to
observe the spin—spin exchange interactions between the TEMPO moieties and the TTF radical cation

(Figure 1.39), deriving from the redox-induced movement of the wheel over the dumbbell. Such
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example confirmed EPR as an efficient technique for monitoring the movement in spin-labelled

molecular machines.
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Figure 1.38. The series of Stoddart-type spin-labelled [2]-rotaxanes.
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Figure 1.39. EPR spectra recorded in ACN at 328 K of: a) Rot6%**; b) Free dumbbell Dumb?*;
and c) Rot6>>* after the addition of 1 equiv. of Fe(ClO.)s. Stars symbols specify exchange lines in

the EPR spectrum.

1.2.4 Synthesis and EPR study of a novel paramagnetic rotaxane based on a crown-ether like
macrocycle incorporating a nitroxide motif

Part of this paragraph is based on the scientific article:

V. Bleve, P. Franchi, E. Konstanteli, L. Gualandi, S. M. Goldup, E. Mezzina, M. Lucarini, Synthesis
and EPR study of novel paramagnetic rotaxane based on a crown-ether like macrocycle

incorporating a nitroxide motif, Chem Eur. J., 2018.

All the research described in the previous Paragraph reported the use of nitroxide radicals as external
labels for probing the shuttling process in molecular switches. In those examples, the paramagnetic
unit does not participate nor in non-covalent interactions or in the molecular recognition processes
between the component parts of the MIM. Indeed, the preparation of rotaxanes where the nitroxide
group acts as a real recognition site, directly involved in the molecular recognition process, remains
unexplored. This is actually surprising considering the promising properties of nitroxides, compared
with the most commonly employed recognition groups, such as amides, imines, ureas etc...[*** The
dipole moment of a nitroxide is one of the highest known in chemistry and this make this class of
molecules good bond acceptors™® able to perform hydrogen and halogen bonds,[1%€!16] which are

very useful for molecular recognition and host-guest chemistry. In fact, the oxygen atom of a N-O
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group incorporated in a macrocyclic structure may have a key role in the interaction and complexation
of ions guests situated inside the cavity.

Based on these premises, in 2018 a novel paramagnetic crown ether (Figure 1.40) was designed and
synthesized, where the radical group was not an external “pendant” of the ring but it was part of the
macrocycle itself. The dimensions of the cavity were comparable to those of common macrocycles

contained in bistable rotaxanes (7 oxygen atoms).[*%]

SR
o

Figure 1.40. Structure of the paramagnetic macrocycle described by Bleve et al.

The synthesis of this compound was not easy to optimize, even if it was inspired by the work of Keana
et al. in 1983, related to the synthesis of ortho-substituted paramagnetic crown ethers. The
complete synthetic pathway towards the target macrocycle is illustrated in Scheme 1.9. In this case,

the final major isomer cis-8 was employed for further investigations.
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Scheme 1.9. Synthetic pathway toward macrocycle cis-8.

The macrocycle was characterized and studied by EPR spectroscopy, in order to evaluate its
complexation properties towards metal and organic cationic guests. Promising EPR response towards
inclusion of organic cations was observed using dibenzyl viologen salt (DBV). In particular, the
complexation of DBV produced an enhancement of the nitrogen hyperfine constant (an) value from
14.32 G to 14.85 G. Conversely, small variations of an were detected in the spectrum of the
paramagnetic ring in the presence of inorganic cations or dibenzylammonium (DBA) salt.

Even if the nature of the interaction in the case of DBV guest is not already clear, the an variation
was attributed to a charge-dipole interaction between the N-O® group and the pyridinium ion, as

shown in Scheme 1.10.
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Scheme 1.10. Representation of the charge-dipole interaction between a nitroxide radical and a

pyridinium unit.
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Such non-covalent interaction favours the resonance structure Il that presents a higher spin density
on the nitrogen atom, thus resulting in an enhancement of the hyperfine constant value in the EPR
spectrum (Paragraph 1.2.1). This effect was verified by performing molecular dynamic simulations,
which revealed absence of interaction between the N-O® unit and DBA guest, and a possible charge-
dipole effect involving DBV guest. In addition, the complexation equilibrium constant, Keg, was also
determined by EPR titration, registering the variation of ay as a function of increasing concentrations
of DBV in a solution containing the target macrocycle (Figure 1.41). The resulting value of Keq was
comparable to that obtained for the diamagnetic crown ether DB24C8 in the presence of DBV

guest.[*18]

14.36 -
14.34 A
14.32 A
14.30 -

14.28 A

ay/G

14.26 A

14.24

14.22 A

14.20 4

14.18

0.00 0.:)2 0.;)4 0.:]6 0.;)8 U.I10
[DBV] / M
Figure 1.41. Hyperfine coupling values an of target macrocycle cis-8 registered for increasing

concentrations of DBV.

Thanks to these results, it was evaluated the possibility of introducing the radical macrocycle as ring
in a bistable rotaxane having the classical recognition sites NH2* and BPY?* and employable as acid-
base switchable molecular machine. The rotaxane was prepared following the threading and
stoppering approach illustrated in the Paragraph 1.1.2, achieving rotaxane 11H3PFs (Scheme
1.12).
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Scheme 1.11. Synthesis of the target rotaxane 11He*3PFs.

The formation of the rotaxane was verified and confirmed by ESI-MS, UV-visible, NMR and EPR
spectroscopies.

As already described in Paragraph 1.1.2, crown ethers displayed a higher affinity for the NH2* site
compared with the BPY?* group in other similar rotaxanes. In addition, the an value in the EPR
spectrum of the starting rotaxane was comparable to that observed during the complexation studies
with DBA guest. For these reasons, in the starting state of rotaxane 11He<3PFs, the ring was
prevalently located on the NH2* group. The pH-induced shuttling process of the ring towards the
BPY?* secondary unit was verified by EPR and UV-visible experiments. Observing UV spectra
(Figure 1.42) after treatment of the target rotaxane with a non-nucleophile base (DIPEA), a
perturbation of the band at 259 nm, related to the viologen group, was observed. The deprotonation
was accompanied by a blue shift and an enhancement of the band relative to the viologen. This result
was attributed to the occurrence of a charge-dipole interaction between the N-O- moiety and the
BPY?* unit stabilizing the ground state of the viologen group, and so affecting the UV band of the
latter. On the contrary, no relevant UV spectral variations were observed after deprotonation of the
free thread, confirming the hypothesis of the shuttling mechanism in the rotaxane.[*é]
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Figure 1.42. UV spectra of rotaxanes 11H*3PFs (red line) and 11+2PFs (blue line), free thread
12H<3PFs (black line), free ring (dashed line), and a mixture 1:1 of rotaxane 11+2PFsand TFA

(green line).

However, the most interesting evidence of the displacement was observed in the EPR experiments.
In this case, after addition of one equivalent of base, we could observe a relevant increase
(Aan = +0.43 G) of the an constant (Table 1.1 and Figure 1.43). This increment was comparable to
that obtained by the free macrocycle in the presence of DBV guest. The switching process led also to
a slight increment of the correlation time t from 2,0x102° to 2,6 x10% s (Table 1.1), which may be
associated to a reduced capacity of the ring to rotate around the thread when it is located on the BPY?*
site. These spectral variations were, then, compared with the ones registered for a 1:1 mixture of free
macrocycle and free thread, which showed no evident spectral perturbations. Such results, confirmed
again that the registered EPR spectral changes derived from a shuttling process of the bistable
rotaxane, which led to an interaction between the nitroxide radical and the secondary BPY?* site.
Finally, the addition of one equivalent of TFA caused the shuttling back of the ring on the NH2" site,
restoring the initial EPR spectrum without significant variations. The cycle of motions was repeated
several times without appreciable variations of the EPR parameters, evidencing the reversibility of

the process.
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Figure 1.43. Up: pH-induced switching process of rotaxane 11He3PFs. Down: Superimposition
between the EPR spectra of rotaxanes 11H*3PFs (black line) and 112PFs (red line).

In conclusion, this work represented the first example of a bistable rotaxane in which the

paramagnetic unit on the wheel acts as recognition site during the shuttling process of the molecular

machine.[120]
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Compound an/G Line width ho/h-1 Correlation time
of the t/s
central
line/G
cis-8 14.35 1.38 1.10 4.6x1011
11He3PFs 14.39 1.42 1.47 2.0x10710
1162PFs 14.82 1.41 1.65 2.6x10710

Table 1.1. EPR parameters of the target species registered in CH>Cl at 298K.
All the previously described works have represented the starting point of this PhD thesis, which has

been devoted to the synthesis and EPR investigation of novel spin-labelled architectures for

applications in the field of MIMs and radical molecular machines.
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CHAPTER 2: AIM OF THE THESIS

In the course of the last decades, supramolecular chemists have designed several examples of artificial
molecular machines based on MIMs (i.e. rotaxanes and catenanes) able to perform a large number of
molecular dynamics under the influence of external stimuli (Paragraph 1.1.3).[MIEI However, the
target of design autonomous, continuous, efficient and ecological molecular machines, able to mimic
the features of the biological partners, is still challenging a large number of scientists. 5]

Dialkyl nitroxide radicals are an important class of organic compounds largely employed in many
fields of chemistry and related sciences.[! However, the use of nitroxides in supramolecular
chemistry, host-guest chemistry processes and, in particular, in the field molecular machines, has not
been largely explored until now. This is somewhat surprising given the intrinsic properties of
nitroxides: the dipole moment of the nitroxide group is one of the highest between the functional
groups known in chemistry and this make this class of molecules potentially useful for molecular
recognition, host-guest chemistry and synthesis of MIMs. During the last years, some relevant
examples of paramagnetic supramolecular architectures have been reported, where the nitroxide unit
plays a key role both in the investigation of the dynamics of the target systems and in the recognition
processes (Paragraph 1.2.3).[1EIEI10]

Proceeding on this line, the aim of this thesis has been focused on the design, synthesis and EPR
investigation of new supramolecular architectures and MIMs containing paramagnetic groups (i.e.
nitroxides), in view of interesting applications in the fields of radical chemistry and molecular
machinery.

The first research project (Chapter 3) concerned the EPR reduction Kinetics studies of two synthetic
paramagnetic macrocycles incorporating a nitroxide group inside their cavity (Figure 2.1).1%
Compared with other organic radicals (such as TEMPO) employed for in vivo EPR investigations,
these compounds displayed interesting persistence and bio-resistance properties, which, together with

their water solubility, make them suitable for many biological applications.

cis-1 cis-2

Figure 2.1. Paramagnetic macrocycles reported by our research group.
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Chapter 4 will describe the use of 2-phenyl-2-cyanopropanoic acid™! as single fuel for triggering the
full back and forth motions of a recently proposed bistable acid-base switchable paramagnetic
rotaxane (R1e(PFs)2, Scheme 2.1). For the first time, EPR spectroscopy was employed to
demonstrate and monitor the full cycle of movement of the paramagnetic rotaxane.*! In addition, the
studies confirmed that decarboxylative acids, such as 2-phenyl-2-cyanopropanoic acid, can be
employed efficiently as chemical fuels for affording only-one-fuel switchable diamagnetic and
paramagnetic molecular machines based on acid-base stimuli.

N state B'

C:)—CHs
460+ -
/ @H;ﬁ@\/ 2F>F6
s ROy [R1H-(PFg)*  ~

Z NO

o
2PFg” [
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Scheme 2.1. Switching motions of rotaxane R1+(PFs)2 fuelled by decarboxylative acid 1’.

Successively, a further step towards the obtainment of autonomous and continuous molecular
machines was made, which is illustrated in Chapter 5. Herein, the cycle of oxidation of alcohols
catalysed by nitroxides was exploited for the achievement of an autonomous and continuous
molecular switch based on an aerobic catalytic cycle (Scheme 2.2). The reduction of the
oxoammonium group incorporated in the ring of a bistable rotaxane (R1ox(PFs)2NOs), powers the
ring motion over the dumbbell leading to R1:(PFs)2, and in the presence of oxygen and cerium
ammonium nitrate (CAN) as co-catalysts the continuous recycle of reactants was guaranteed. GC-
MS studies and EPR spectroscopy were employed for monitoring and verifying the whole process

under different reaction conditions.
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Scheme 2.2. Redox-driven switching motions of the bistable rotaxane R1:(PFs)2 containing a

nitroxide moiety.

Chapter 6 focuses on describing the synthesis and EPR characterization of a new paramagnetic
macrocycle with enhanced complexation properties and sensitivity for several cationic guests. The
novel paramagnetic macrocycle contains a nitroxide moiety incorporated in a crown ether-like wheel
(ACT70,, Figure 2.2). In this case, the better exposure of the paramagnetic unit into the cavity
provided a higher participation of the latter in the complexation processes, enhancing the EPR
sensitivity of the substrate toward inclusion of several cationic guests. The inclusion of different
organic and inorganic guests into the target host was investigated by means of EPR spectroscopy. In
addition, the affinity of the macrocycle towards the target guests was estimated calculating the

complexation equilibrium constants Ka.

O/><N><(\)
okl

Lo oY
Lo

Figure 2.2 Structure of macrocycle AC70-.
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CHAPTER 3: REDUCTION KINETICS OF
PARAMAGNETIC MACROCYCLES BASED ON

NITROXIDE RADICALS

3.1 INTRODUCTION

Stable nitroxides are commonly employed in many biological applications, such as spin labelling and
probing, ™M1 magnetic resonance imaging (MRI) and electron paramagnetic resonance imaging
(EPRI) (Paragraph 1.2.2).[4BIEITIE However, the rapid in vivo reduction of nitroxide probes to
hydroxylamines, which are silent to EPR, represents a significant limitation for their EPR detection,
thus, restricting their use in bio-investigations.[® For this reason, the design of bio-resistant nitroxides
became crucial for their application in novel research technologies. In the last years, several studies
have been devoted to the design of novel persistent nitroxides and to the EPR investigation of their
reduction in biological media. It is well known that the increment of the steric hindrance of the f alkyl
substituents in nitroxide radicals represents an efficient method to increase their lifetime. [20lI1102] |
addition, also the ring size can influence the persistence of the nitroxide group. In fact, five membered
nitroxides,[**IM45] in particular tetraethyl-substituted pyrrolidine nitroxides, are generally the most
effectively employed for in vivo NMR and EPR imaging, because of their resistance against
reduction.

Our research group has recently described the synthesis and characterization of a novel paramagnetic
macrocycle (Paragraph 1.2.4) based on a crown-ether like structure incorporating a pyrrolidine
nitroxide motif (Figure 3.1, left).l*®! In order to assess the usefulness of these new spin probe in
biological application, it was of prime importance to investigate its resistance to bio-reduction. To
this aim, EPR kinetic studies were performed on the paramagnetic macrocycle cis-1, and on its mono-
ethylated derivative, cis-2 (Figure 3.1 right).
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cis-1 cis-2

Figure 3.1. Paramagnetic macrocycles investigated.
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3.2 REDUCTION KINETICS OF TWO PARAMAGNETIC MACROCYCLES BASED ON
NITROXIDE RADICALS
3.2.1. Synthesis and characterization

The synthesis of compound cis-2 was afforded by adapting the synthetic procedure described for

precursor cis-1,1*¢! achieving the final compound with a 20% overall yield (Scheme 3.1).

BrMg : OMe

THF

1)
HNCONH, - H20, ) Cu(OAC), - MeOH

O\ cat. CH3ReO3 _Air oxidation NN
~ E— > +/ N
N MeOH N @ O 0" O
3 O~ 3)BrMg OMe 5

4 OMe OMe

)Cu(OAc)2 - MeOH

Air oxidation
BBr;| DCM
CSZCO3
- THF S
[}
2)1s0 ’\fovfoﬁvofOTs o

6

ké/o\y
3 . .
1) EtLi, THF, -78°C
2) Cu(OAGc), - MeOH

1) MeLi 2) Cu(OAc), - MeOH Air oxidation
THF, 0°C Air oxidation

o @ ©
& Clgo/: ) + &o ”gg;jj o) g’gvf
oy ey w y

Scheme 3.1. Reaction scheme for the synthesis of macrocycles cis-1 and cis-2.

A crucial step of this synthesis, already experienced during the preparation of cis-1, was the alkylation
of the B carbon of compound 7, which could theoretically lead to two possible isomers (cis and trans).
Since it was not possible to obtain a crystal structure of the compound for X-ray analysis, we relied
on Shibata et al. model 71 for the assignment of the stereochemistry of the major compound. This
model affirms that the B attack of the organo-lithium prevalently occurred at the less hindered face of

the five-member ring and in particular, on the opposite side of the bulky phenyl substituent present
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on the other B carbon of 7, providing favourably the cis major isomer. However, differently from the
65:35 cis:trans ratio registered for macrocycle cis-1,['%1 the ethyl attack at compound 7 (Scheme 3.1)
provided only one single isomer (cis), which was directly oxidized to afford compound cis-2. This
effect was attributed to the higher steric hindrance of the ethyl compared the methyl group of 1, which
significantly favoured the cis attack. *H-NMR experiments were performed by in situ oxidation of
compound cis-2 to oxoammonium salt using 5 equivalents of cerium ammonium nitrate (CAN) and

confirmed the presence of the peaks relatives to a single isomer (Figure 3.2).

B/P’ and 5/8’

’

o/o

vy ( | \ /—}%

I | ". <\ cis-2
I,, Il ' ' o o
3

75 74 7.3 72 71 70 69 68 67 65 65| ss sz |
Figure 3.2. Partial *H NMR spectrum (400 MHz, CD3CN, 298 K) of cis-2 oxidized in situ with 5
eq. of CAN.

The cis major isomers of both macrocycles 1 and 2 were employed for the further investigations and

kinetic studies.

3.2.2 Kinetic studies

The reduction Kinetics of the target macrocycles cis-1 and cis-2 were evaluated by means of EPR
spectroscopy. Ascorbate is the most popular reductant employed for the reduction kinetic studies of
nitroxides.[*Ol1I2II3] 1t js a micronutrient largely present in biological systems and involved in
multiple biological processes, such as post-translational hydroxylation of collagen, biosynthesis of
carnitine, conversion of the neurotransmitter dopamine to norepinephrine, peptide amidation and
tyrosine metabolism. The reaction of ascorbate with nitroxides in biological systems leads to
ascorbate radical and the corresponding diamagnetic hydroxylamines, which are silent at EPR,

resulting in a progressive decay of the EPR signal related to the nitroxide radical (Scheme 3.2).
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OH
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N + — 6] O + N
I, HO _ |
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NR [AscH-] [Asc] HA

Scheme 3.2. Representation of the general mechanism of nitroxide reduction mediated by
ascorbate.

Mechanistic studiesl*® of the reduction of nitroxide radicals in the presence of ascorbate have

evidenced that the reaction proceeds through several stages, as indicated in Scheme 3.3.

K1
NR + AscH- ———= HA+Asc™ (1)
k.1
k2
Asc ™+ Asc " +H" —— AscH + DHA 2)
K2
ks
HA+DHA =—= NR+Asc +H' (3)
ks

Scheme 3.3. Stages of the reduction of nitroxides mediated by ascorbate.

Where NR and HA denote nitroxide radical and its hydroxylamine, respectively, while AscH—,
Asce—, and DHA refer to ascorbate anion, ascorbate radical, dehydroascorbic acid.

In the presence of DHA and ascorbate radical Asce—, the efficiency of the reduction process is affected
by the retro-oxidation of HA back to NR (eq. 3) at high concentrations of the reagents. However, it
has been demonstrated that the presence of glutathione (GSH) as co-reactant indirectly increased the
rate of reduction of nitroxides in biological environment, acting as a secondary source of reducing
agents.l*® This might be explained by the scavenging of the ascorbate radical by GSH, resulting in
the inhibition of the retro-oxidation of HA. In according to that, reduction kinetic studies were
performed by following the decay of the EPR signals of cis-1 and cis-2 as a function of time, using
ascorbate as reductant and GSH as co-reductant.*¥ In a typical experiment, stock solutions containing
glutathione (50 mM) and nitroxides (cis-1 or cis-2, 0.3 mM) in sodium phosphate buffer (pH 7.4),
were prepared. All the stock solutions were initially purged with nitrogen, then, the necessary aliquots
(from 30 mM to 111 mM) of ascorbate where added to the solutions, immediately registering the
evolution of the EPR spectra. The I/lo ratios were recorded at regular time intervals (Figure 3.3), in
which lg is the initial intensity of the nitroxide EPR signal (proportional to its concentration), while |

is the peak intensity at each progressive time after the addition of ascorbate.
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Figure 3.3. Plot of the EPR peak height as a function of time for cis-1 and cis-2 (0.3 mM) after
addition of ascorbate (30 mM) in a phosphate buffer containing glutathione (50 mM), at pH 7.4, at
298 K.

In order to obtain a real comparison with the reduction rates of other reported nitroxides, it was
necessary to extrapolate the reduction rate constants (k) for both macrocycles, which represent a
measure of the persistence properties of the substrate. Considering the reduction of nitroxides as the
bimolecular reaction shown in Scheme 3.2, the reaction rate in the presence of ascorbate is

represented by the following equation:

dcC
i k * [nitroxide][AscH™]

If the concentration of ascorbate is maintained sufficiently larger than the concentration of nitroxide,
the contribute [AscH] can be approximated as a constant. Thus, the above-described equation

becomes:

dc

i k' x [nitroxide] = kgpg * [nitroxide]

By integration of the two members of the equation, and considering the EPR peak intensity of the

compound (1) as a function of the concentration of nitroxide, the following correlation is obtained:

[nitroxide]y, ] [1o I ,
- = —_—= *
" [nitroxide], " []: EPR
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Indeed, by plotting the ln% as a function of time, a linear correlation was obtained, where the angular
t

coefficients represented the first order rate constants kepr (Figure 3.4). The reduction studies were

performed at different concentration of ascorbate, ranging from 30 mM, to 111 mM, respectively.
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Figure 3.4. Plot of ln% as function of time registered for nitroxide cis-1 (a) and cis-2 (b) (0.3 mM)
t

after reduction with ascorbate at different concentrations (30 mM, 66 mM and 111 mM) in

phosphate buffer and in the presence of glutathione (50 mM), pH 7.4, 293 K.

Successively, the reduction rate constants (k) were extrapolated by plotting the resulting keer as a

function of the different ascorbate concentrations (Figure 3.5, Table 3.1).

67



Alma Mater Studiorum-Universita di Bologna

0,0025 -
0,002 - = 1512
, k=0,0222 M*s

. 0,0015 k=0.0136 M1s1

g

w
= 0,001

0,0005

0 0,02 0,04 0,06 0,08 0,1 0,12
Ascorbic Acid, M

Figure 3.5. Plot of kepr constants versus concentration of ascorbate for nitroxides cis-1 (violet) and

cis-2 (green).

Table 3.1. Second order kinetic constants calculated for the reduction of nitroxides cis-1 and cis-2

by ascorbate.

Entry k (M1s?)
cis-1 0.0222
cis-2 0.0136

As expected, the ethyl derivative cis-2 showed a lower reduction rate (k = 0.0136 Ms™) than
derivative cis-1 (k = 0.0222 Ms™}), corresponding to a slightly higher resistance to reduction. This
was attributed to the presence of a bulkier substituent on the 8 carbon, which served for enhancing
the radical lifetime.[*1?l The difference could not be significant, because only one of the P-
substituents was replaced for synthetic reasons. However, the interesting discovery was mainly
determined by the fact that these compounds were found to be ten or even twenty times more resistant
against reduction than TEMPO radical (k = 0.1000 Ms™).[2% This property, summed with the water
solubility and ion-inclusion properties of these molecules,?322] could be interestingly exploited in

future biological applications.
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3.3 CONCLUSIONS

In this chapter, the synthesis and the EPR reduction kinetics studies of two novel paramagnetic
macrocycles, cis-1 and cis-2, based on a crown-ether structure incorporating a nitroxide group was
described. The new compounds presented very high resistance against reduction with ascorbate in
biocompatible medium, and for this reason, they can be suitably employed for biological applications.
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CHAPTER 4: AN AUTONOMOUS PARAMAGNETIC

MOLECULAR SWITCH

4.1 INTRODUCTION

In the last years, many scientists focused their research on trying to reproduce and mimic chemical
activities and efficiency of biological systems.[!I?l The most part of biological entities works as
molecular engines, able to consume chemical, electrochemical or photochemical energy for
performing specific motions that are essential for life. As already described in Paragraph 1.1.3,
artificial molecular machines based on MIMs, such as rotaxanes and catenanes, can reproduce some
of these biological features by performing a specific cycle of motions in response to an external
supplied input.BI™! In most of the cases, these artificial systems need an external stimulus, or fuel
(chemical, electrochemical or photochemical), to move from the starting co-conformation (GSCC) to
a non-equilibrium co-conformation (MSCC), and then a counter-stimulus (anti-fuel) for restoring the
starting state.[l Only few cases describe molecular machines that can perform a full cycle of motions
exploiting only one external input and without the necessity of using a counter-stimulus. Il

An impressive example of a molecular switch able to accomplish a full cycle of motions promoted
by a single chemical input was reported by Di Stefano and co-workers, who coupled the
decarboxylation of 2-cyano-2-phenylpropanoic acid with the movement of an acid-base switchable
Sauvage-type [2]-catenane. The investigated [2]-catenane consisted of two interlocked macrocycles,
each containing one 1,10-phenantroline moiety and its motion can be promoted by addition of one
equivalent of trifluoroacetic acid (TFA) to a solution containing the [2]-catenane in CD2Cl, (Scheme
4.1).1%1 Successively, the initial state is re-stored by basic treatment, confirming the reversibility of

the switching process.

= (CHzhp (CHz
“H >
Y i f: M
{H ) g™

C1 C1

Scheme 4.1. Switching of [2]-catenane C1 promoted by acid-base equilibrium.

It is known that 2-cyano-2-phenylpropanoic acid is able to spontaneously decarboxylate in the

presence of tertiary bases, such as EtsN, by a three steps mechanism (Scheme 4.2):1!
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1) Proton transfer from 1° to EtsN (B), forming a carboxylate anion (1°)" and its counter-ion
HB*;

1) Decarboxylation of (1°)-, forming adduct (2°),, which is always stabilized by the HB*
counter-ion;

I11)  Fast back proton transfer from HB™ to (2°) affording the final product 2’ and base B.

CH, Il
o+ —_—— + CH 1 CH3
1 B - Coz- HB O Q 3 HB* + B

7 CN -CO> CN CN
(17 2y 2

Scheme 4.2. Mechanism of decarboxylation of 2-cyano-2-phenylpropanoic acid, promoted by a
tertiary base.

Since the phenantroline group of catenane C1 can be identified as a tertiary base able to trap an acid
proton, it was possible to compare the decarboxylation of compound 1’ promoted by EtsN with the
one promoted by catenane C1. Thus, Di Stefano and co-workers deduced that 2-cyano-2-
phenylpropanoic acid could induce the acid-base switching motion of catenane C1 by the mechanism
reported in Scheme 4.3. Similarly to that described for EtzN, the mechanism consisted in a fast proton
transfer from acid 1° to catenane C1 (state A - state B’) followed by a fast decarboxylation step
(state B’ = state B’’) leading to compounds C1* and (2°)  (fast steps). Successively, a final back
proton transfer (slow step) from C1* to (2°) (state B’> > state A) led back to C1 and 2,
accomplishing a one-only stimulus supplied cycle of motions. The mechanism reported in Scheme
4.3 was verified thanks to UV-visible and NMR spectroscopy experiments evidencing the progressive

formation of adduct 2°.

cr . c1*

2N Ofn o

{_Er"‘_m & Ehg ?2

L\"II"II _Pfl 2 L:C&H:I— |'~ng _._.rr|
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({ state B’ Q‘ e
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Slow
back-proton transfer

CN

|
Oy
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Scheme 4.3. Switching of catenane C1 promoted by acid 1°.
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Since the insertion of different electron withdrawing (EWG) and electron donating (EDG)
substituents in the para position of the aromatic ring of acid 1’ can strongly influence the basicity of
the intermediates involved in the process, the effect of using different para-substituted derivatives of

acid 1’ (Figure 4.1) on the switching rate constants of catenane C1 was also investigated.®!

COOH
HsC——CN

X

X= Cl, OCH3, CH,

Figure 4.1. Molecular structure of acid 1° derivatives.

The total time required to accomplish a full cycle of motions of C1 was determined by NMR
experiments (Figure 4.2) on solutions containing C1 and equimolar quantities of acids (X=CI, CHs
and OCHpg), by observing the peaks corresponding to the quantitative formation of adduct 2’ (red
stars) as a proof of the conclusion of the cycle of motions.

The results evidenced that electron withdrawing groups complete the whole process faster than

electron donating ones, giving the following order: OCHsz < CH3< H < Cl.
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Figure 4.2. Portions of NMR spectra recorded in the course of the reaction of catenane C1 with
equimolar amounts of acid (X = H, Cl, CHz and OCHy), after 3.5, 2.5, 7.5 and 44.5 min from start,

respectively. Red stars indicate the peaks corresponding to the formation of compound 2°.

The results were confirmed by performing UV-visible spectroscopy experiments (Figure 4.3). The
UV spectra initially showed the appearance of an absorption band at A=375 nm after first addition of
acid to C1, relative to the formation of the intermediate carbanions of the states B> and B*’. The
maximum absorption value was achieved very fast in the presence of all the acid derivatives (fast
step), in particular after 20 minutes for X= OCHjs, 3 minutes for X= CHzand 1.5 minutes for X = H.
The rapid increase of the absorbance was successively followed by a slow decrease, deriving from
the re-storage of the starting state A (slow step). While acids with X=H, CHsz and OCHg3 required up
to 2 days for re-storing the starting state, the derivative containing an EWG group (X = CI) was able

to complete the full cycle of motions in only 4 min.
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Figure 4.3. Absorbance vs time profiles showing the comparison between the slow decrease of the
absorbance band (A=375 nm) registered in the presence of acids X=H, CHz and OCHz and the one
registered for X=ClI.

Kinetic treatment of UV-Vis data provided a quantitative estimation of the effect of the substituents
on the rate of the back proton transfer, by considering the increase (step A = B’’) and decrease (step
B” - A) of the absorption band at A=375 nm as first order reactions having rate constants £’ and £,
respectively. The results obtained indicated that the kinetic basicity of the intermediate anionic
component formed in state B” was enhanced by the presence of EWG and depressed by EDG, thus
resulting in a faster or slower back proton transfer restoring state A, respectively. In conclusion, Di
Stefano and co-workers demonstrated that, not only 2-cyano-2-phenylpropanoic acid can be used as
fuel for the back and forth motions of an acid-base switchable catenane without the necessity of an
additional counter-stimulus, but also that the rate of the process is strongly influenced by the nature
of the para-substituents of the aromatic ring of acid 1°.

In particular, the use of EWG increased the rate of the process, while the insertion of EDG depressed

the total rate. In their work, Di Stefano and co-workers affirmed that: “any molecular switch or motor
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that moves between two states under the influence of protonation/deprotonation could utilize acid 1°,
or any other acid that undergoes base-promoted decarboxylation at a convenient rate, as a fuel”.
Starting from this, in this work the use 2-cyano-2-phenylpropanoic acid 1° and its derivatives, as
proper fuels for promoting the back and forth motion of a paramagnetic [2]-rotaxane, which is able

to change co-conformation under acid-base stimulus, was explored.['%
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4.2 2-CYANO-2-PHENYLPROPANOIC ACID ACTS AS A PROPER FUEL FOR AN ACID—

BASE-OPERATED PARAMAGNETIC MOLECULAR SWITCH

In this work, the use of 2-cyano-2-phenylpropanoic acid 1° and derivatives 3°, 4> and 5° (Figure 4.4)
as fuels for the back and forth motions of a recently proposed bistable nitroxide-containing rotaxane
(Paragraph 1.2.4) able to change co-conformation under an acid-base stimulus was investigated.
The target [2]-rotaxane R1He(PFs)s (Scheme 4.4) contains a crown-ether based macrocycle, which
is mechanically interlocked on a thread having a dialkylammonium (NH2*) and a bipyridinium
(BPY?*) site. In the starting state, the macrocycle is prevalently located on the ammonium station,
because of the formation of hydrogen bonds between the ammonium moiety and the unpaired
electrons of the oxygen atoms of the ring. The displacement of the ring on the secondary site (BPY?*)
can be promoted by treatment with diisopropylethylamine (iPr.EtN),*! leading to compound
R1+(PFé)2.

/m/ O/O?’@

oj R1H«(PFe); £

\l Ck(;,@@
G A, G
Mg

R1+(PF¢),

Scheme 4.4. Acid-base switching of paramagnetic rotaxane R1He(PFs)s.

Successively, the addition of trifluoroacetic acid to rotaxane R1e(PFs)2 restores the initial state,
causing the shuttling back of the macrocycle on the original site. Paragraph 1.2.4 illustrates how
EPR could be employed for monitoring the shuttling process of the rotaxane, in particular by
observing the significant variation of the an value in the rotaxane’s EPR spectrum (from 14.39 G to
14.82 G), before and after addition of iPrEtN.
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With the aim of obtaining a one-only stimulus supplied acid-base switchable rotaxane, acid 1> was
used to perform the full cycle of back and forth motions of R1¢(PFs)2, by a mechanism similar to that
described by Di Stefano and co-workers (Scheme 4.5).

1¢02H : o) = K“
|
K‘ X
\o ©
(Y [R1H+(PFe),]* -
C
Eor,
1)y
state A
co,
N
+
[e) /I\l
o + N
N o g 2PFg
\o o1 state B"
O/ [R1H:(PFg)yl*
//N
C
CH,

@y
Scheme 4.5. Schematic representation of the full cycle of motions of deprotonated rotaxane
R1+(PFs)2 promoted by acid 1°. The first quantitative proton transfer from 1’ to R1¢(PFs)2 (State
A->B’) causes the ring displacement on the ammonium site, forming protonated rotaxane
[R1H«(PFs)2]* and (1) . Decarboxylation (state B>->B’’) followed by the back proton transfer
from [R1He(PFs)2]" to (2°) restores the original position of the macrocycle on the bipyridinium
moiety (state B> A).

In order to perform this process, it was necessary to start from deprotonated rotaxane R1¢(PFs)z2,
where the ring is prevalently located on the BPY?* site. This rotaxane was obtained by treatment of
the protonated form R1He(PFs)s with 1 equivalent of iPr,EtN. Then, the addition of 1 equivalent of
acid 1’ in a CH,Cl; solution of the rotaxane led to the quantitative formation of [R1He(PFs)2]*. As
reported by Di Stefano and co-workers, after fast decarboxylation of (1°)" to (2°), the system
undergoes to a back proton transfer from R1He¢(PFs)2 to (2°) (slow step), restoring the starting
rotaxane R1¢(PFs)2 and compound 2°. In this case, EPR spectroscopy was fundamental for studying
the shuttling process, because it allowed distinguishing the two possible co-conformations assumed

by the rotaxane. In fact, the first addition of acid 1° caused the fast decrease of the hyperfine constant
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an in the EPR spectrum of the rotaxane (from 14.82 G to 14.39 G), related to the formation of
[R1H<(PFs)2]*. Then, a spontaneous slow increment of ay was registered, returning to the original
value during the next 60 minutes (re-positioning of the macrocycle on the BPY?* site). The addition
of a second equivalent of acid 1’ reproduced the same behaviour at EPR, showing a rapid decrease
of an followed by the slow increment without significant variations.

For obtaining reproducible and comparable analysis, the EPR spectra were recorded at regular time
intervals after the first addition of acid 1° plotting the progressive registered values of an as a function
of time (Figure 4.5, inset).

The rate of the final back proton transfer, in absence of alternative processes, determines the rate of
the whole process and it can be influenced by the nature of the para substituents of the aromatic ring
in 1°.28 Thus, the behaviour of the target rotaxane was monitored also in the presence of some para-
substituted derivatives of acid 1°, containing EWG (Cl) and EDG (CH3 and OCHj3) (Figure 4.4).

CN CN
CH@—'—CHG, H304©—'>CH3

5+ COOH %+ COOH
CN
HSCOAQ—'*CH;;
5 COOH

Figure 4.4. Para-substituted derivatives of acid 1°.

Compound 5’ displayed the same behaviour reported by Di Stefano and co-workers, requiring a
shorter time than acid 1” to complete the full cycle of motions and restoring the original value of an.
On the other hand, for derivatives 4’ and 5°, the restore of the original an value (14.82 G) was not
observed, even after many hours after addition of the acid, indicating an uncompleted cycle of
motions of the rotaxane (Figure 4.5). This last result suggested the occurrence of an alternative

process that competed with the final back proton transfer.
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Figure 4.5. Time variation of an after the addition of equimolar quantities of different fuels (1°, 3°,
4’ and 5”) to rotaxane R1¢(PFs)2 in CH2Cly. Inset: an variation in the EPR spectrum of rotaxane as

function of sequential additions of fuel 1°.

It is known that benzylic anions can undergo to formation of benzylic radicals by loss of one electron,
and this effect is favoured if a EDG is present in the para position of the aromatic ring.[2231 |n
addition, dialkyl-bipyridinium units can undergo to mono-electronic oxidation at low potentials (-
0.42 vs SCE in ACN). Thus, a single electron transfer (SET) occurring from the benzylic anion of
state B*’ to the BPY?* cation of the rotaxane was assumed, which can compete with the final back
proton transfer. The assumed SET process should lead to a BPY radical cation and a benzylic radical

that, successively, can react with oxygen to afford a peroxyl radical (Scheme 4.6).

00
co, _ 0,
? A a
CN
N -H* N C  BPY* |
@—C—CHs — C—CHs Q—{ _— - C—CHs
X 3

| |
CO,H X co; X

Scheme 4.6. SET process occurring in the presence of derivatives 4’ and 5°.
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EPR line width is sensitive to the concentration of oxygen in the solution, producing a strong line
broadening on increasing concentration of oxygen (Paragraph 1.2.1).[** Since the SET process led
to the consumption of oxygen, the feasibility of this path was checked by following the evolution of
EPR line width in a close tube containing the rotaxane after addition of acids 4> and 5°. As an efficient
EPR parameter, the peak intensity, I, was chosen, which is reciprocal of the line width and
proportional to radical concentration in solution. Thus, the progressive values of the peak to peak
height (I) in the EPR spectra of rotaxane R1¢(PFs)2 were registered as function of time, after addition
of fuel 4’ (Figure 4.6).
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Figure 4.6. Experimental time dependence of the peak height (I) of the EPR spectrum of rotaxane

R1¢(PFs): after addition of 1 equivalent of 4, at room temperature.

As evident from the plot, the EPR lines intensity initially increased (line width decreased), because
the benzylic radical trapped the oxygen present in the solution (Scheme 4.6, path a).** Once
completed the oxygen consumption the same radical reacted with the nitroxide moiety of protonated
rotaxane [R1He(PFs)2]* (Scheme 4.6, path b) and the EPR line intensity decreased. These results
confirmed the possibility of a SET alternative process competing with the final back proton transfer
and affecting the completion of the cycle of motions. The same experiment was performed using fuels
1’ and 3°, which did not show any experimental evidence of the consumption of oxygen, confirming
that the SET process is favored only in the presence of EDG in the para position of the aromatic ring
of the fuel.

83



Alma Mater Studiorum-Universita di Bologna

4.3 CONCLUSIONS

The paramagnetic rotaxane R1¢(PFs)2 described was able to undergo a full cycle of motions in the
presence of 2-cyano-2-phenylpropanoic acid. Differently from all the cases previously reported, for
which the movement of molecular switches was monitored by more common spectroscopic
techniques (NMR, UV-visible etc..), in this case EPR spectroscopy was employed to demonstrate the
movement. In addition, this work confirmed that 2-cyano-2-phenylpropanoic acid and its derivatives,
with exclusion of those containing para-EDG in the aromatic ring, are able to act as proper fuels for
the back and forth motion of acid-base switchable diamagnetic and paramagnetic molecular

switches.[1°]
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CHAPTER 5:
INVESTIGATIONS ON THE AEROBIC OXIDATION OF
ALCOHOLS PROMOTED BY A SYNTHETIC RADICAL
CROWN-ETHER MACROCYCLE AND ITS INTERLOCKED

DERIVATIVE

5.1 INTRODUCTION

One of the most relevant properties of nitroxide radicals is their ability to perform reversible oxidation

and reduction, forming oxoammonium salts and hydroxylamines, respectively (Scheme 5.1).

. I —
OH ) 0O X
TEMPOH TEMPO TEMPO+

Scheme 5.1. Reversible redox reactions of TEMPO radical leading to hydroxylamine (TEMPOH)
and oxoammonium salt (TEMPO™).

This behaviour makes oxoammonium cations, such as TEMPO®, highly oxidative species employed
for the oxidation of different class of synthetic compounds, such as acetales, alcohols, silanes, amides,
sulfates, heterocycles, esters and so on.[?!

During the past years, the oxoammonium-catalysed oxidation of primary and secondary alcohols to
aldehydes or ketones has been widely explored.BI*l In stoichiometric conditions, one molecule of
oxoammonium salt is able to selectively convert alcohols to aldehydes or ketones, forming the
corresponding hydroxylamine by-product, as shown in Scheme 5.2.
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Scheme 5.2. Selective oxidation of alcohols promoted by TEMPO® in acidic and basic conditions.

If a co-oxidant is added to the reaction, it is possible to recover the oxoammonium salt (TEMPQOY)
by re-oxidation of the hydroxylamine (TEMPOH). In this case, a catalytic cycle arises, which allows

to use the oxoammonium in low amounts (Scheme 5.3).

TEMPO* TEMPOH
R/\OH + ,:j > >(Nj< + R&O
|
OH

I X

oxidant oxidant
TEMPO
L

|
O .

o

Scheme 5.3. Selective oxidation of alcohols promoted by TEMPO™ in the presence of a co-oxidant.

A first equivalent of co-catalyst serves for the mono-electron oxidation of the hydroxylamine to
nitroxide and a second equivalent for the further oxidation of the latter to oxoammonium salt. At
present, there is a wide set of co-oxidants that have been employed in oxoammonium-catalysed
oxidations, such as cerium ammonium nitrate,® sodium nitrite,®! cobaltum and manganese nitrates,’]
polyoxometalatest® or copper (1) and copper (11) free ions or complexed ions.) Among these, Cerium
(1V) salts, in particular cerium ammonium nitrate (CAN), are the most efficient ones, being
characterized by a high reduction potential (1.61 V). Moreover, CAN presents some advantages if
compared to other oxidants, such as low toxicity, low price, solubility in organic solvents, air stability

and easy handling. However, CAN needs to be used in very large amounts in order to obtain
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quantitative and efficient oxidations, especially in reactions carried out in organic solvents. In order
to overcome this problem, some studies explored its use in the presence of a secondary oxidant able
to re-store the Cerium (1V) starting from Ce (I11) form. To this aim, the use of air, an ecological,
inexhaustible and low cost secondary oxidant®® was exploited thanks to the ability of O to convert
the reduced form Ce (I11) back to Ce (IV).

An example of this aerobic oxidative catalytic cycle was reported by Jung and co-workers in 2003
and described the oxidation of benzylic and allylic alcohols to aldehydes promoted by a combination
of CAN and 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO), in aerobic conditions.®! As mentioned
above, the oxoammonium salt (TEMPO), which is formed in situ by oxidation of its precursor
TEMPO, promotes the oxidation of the alcohol, providing the corresponding aldehyde or ketone and
forming TEMPOH as by-product. Thanks to the presence of CAN as co-oxidant, TEMPOH is re-
oxidized to the corresponding TEMPO?, and re-introduced into the catalytic cycle. At this point, Ce
(V) is recovered from Ce (I11) by action of the oxygen present in solution, giving rise to the catalytic

cycle shown in Scheme 5.4.

Lk
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TEMPO
lCAN
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on s L — o Sk
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0 OH
TEMPO* TEMPOH
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0, 0 // "
fw Cet" >(j< Ce (
H,O '}l 0,
(0]

Scheme 5.4. Catalytic cycle of the aerobic oxidation of alcohols promoted by CAN and TEMPO

radical.

These conditions have been employed for the oxidation of a wide range of alcohols, reporting more
than satisfactory results.
The majority of the studies concerning aerobic catalytic oxidations under these conditions are limited

to the use of TEMPO™* and some of its derivatives.!® However, other oxoammonium-based substrates
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could display a better oxidative ability, enhancing the efficiency of these reactions. Our research
group recently reported the synthesis of a new radical macrocycle based on a crown ether structure
including a pyrrolidine-oxyl unit (cis-1, Figure 5.1).1%9 This compound presented interesting
chemical properties, such as high resistance against hydrogen addition by ascorbate (10 times higher
than that of radical TEMPO), solubility in water and stability (Chapter 3).

{O cis-1 O}
Lo

Figure 5.1. Structure of paramagnetic macrocycle cis-1.

Such properties have encouraged us to investigate the possible use of this compound as catalyst for
the aerobic oxidation of alcohols in the presence of CAN, with the aim of evaluating its efficiency

compared to previously reported substrates.
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5.2 THE AEROBIC OXIDATION OF ALCOHOLS PROMOTED BY A NOVEL PARAMAGNETIC

MACROCYCLE
In the first part of this work, the use of macrocycle cis-1 for promoting the catalytic oxidation of 4-
methoxybenzyl alcohol to 4-methoxybenzaldehyde in the presence of CAN and oxygen as co-

catalysts was investigated (Scheme 5.5).

/©/\OH cis-1 /@Ao
—_—
MeO CAN, O MeO

ACN
Scheme 5.5. Oxidation of 4-methoxybenzyl alcohol to 4-methoxybenzyl aldehyde.

The purpose was to clarify the contribute of every reactant involved in the process, in order to verify
the catalytic mechanism assumed (Scheme 5.6), which was similar to the one described for TEMPO

radical in Paragraph 5.1.
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Scheme 5.6. Catalytic cycle of the oxidation of 4-methoxybenzyl alcohol promoted by nitroxide
cis-1 and CAN, in presence of oxygen. The oxoammonium cation cis-10x, formed in situ by
oxidation of cis-1, catalysed the oxidation of 4-methoxybenzyl alcohol to 4-methoxybenzyl

aldehyde, forming the corresponding hydroxylamine cis-1red. This was re-oxidized to cis-10x
thanks to two equivalents of CAN, which in turn was continuously regenerated by oxygen.

Initially, the best conditions to in situ generate cis-1ox from cis-1 were checked by employing EPR
and NMR spectroscopies. The in situ oxidation of compound cis-1 was performed adding 5 eq. of
CAN directly in the EPR tube containing cis-1 and observing the progressive decrease of the EPR

signal of the nitroxide until complete disappearance. Successively, the formation of oxoammonium

cis-1ox was verified by NMR analysis (Figure 5.2).
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Figure 5.2. Partial NMR spectra (5.9-7.5 ppm) of: a) Macrocycle cis-1; b) Macrocycle cis-1ox 20
minutes after addition of 5 equivalents of CAN directly in the NMR tube, in deuterated ACN at 298
K.

After having found the best conditions for the formation of catalyst cis-1ox, GC-MS experiments
were performed on solutions containing 4-methoxybenzyl alcohol, catalytic amounts of nitroxide and
CAN, under oxygen-saturated atmosphere. By observing the evolution of the GC-MS chromatograms
over time, it was possible to monitor the gradual disappearance of the chromatographic peak
corresponding to the alcohol (4.11 min), and the appearance of the peak associated to the aldehyde
(4.00 min) (example in Figure 5.3).

Secondly, it was possible to calculate the conversions in different reaction conditions (see below) by

comparing the peak integrals with an internal standard.
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Figure 5.3. GC-MS chromatograms of a mixture containing 4-methoxybenzyl alcohol (102 M),
1,2-dichlorobenzene (3*10° M), TEMPO (103 M) and CAN (2*10°3 M) in ACN before (a) and
after (b) 3 hours of reaction. Retention times: 2.87 min (1,2-dichlorobenzene, internal standard),
3.37 min (TEMPO), 4.00 min (4-methoxybenzaldehyde), 4.11 min (4-methoxybenzyl alcohol).

Preliminary GC-MS experiments were performed using TEMPO as catalyst and different amounts
of CAN (20% or 40% of the initial alcohol concentration). Since CAN is directly involved in the
recovery of the oxoammonium catalyst, the cycle of oxidation was strongly favoured increasing the
concentration of CAN, leading to higher conversions, as confirmed by the results reported in Table

5.1. The same effect was obtained augmenting the reaction time.

Table 5.1. Conversions calculated by GC-MS experiments performed on solutions containing 4-
methoxybenzyl alcohol (102 M), TEMPO (10 M) and different concentrations of CAN, in ACN.

Experiment [CAN] (M) Time (h) Conversion (%)
1 0.002 1 40%
2 0.002 3 60%
3 0.004 3 85%

In addition, in order to verify the role of oxygen in the catalytic cycle, the same experiments were
carried out under inert atmosphere. In this case, the conversions obtained were significantly lower
(Table 5.2). Since Ce (1V) could not be regenerated from Ce (111) in absence of oxygen, the catalytic
cycle stopped once that all the available Ce (1V) was consumed, strongly penalizing the efficiency of

the reaction.

94



Alma Mater Studiorum-Universita di Bologna

Table 5.2. Conversions calculated by GC-MS experiments performed in absence of Oz on solutions

containing 4-methoxybenzyl alcohol (10 M), TEMPO (10 M) and different concentrations of

CAN, in ACN.
Experiment [CAN] (M) Time (h) Conversion (%)
1 0.002 3 10%
2 0.004 3 40%

Successively, the performance of cis-1 catalyst was explored, reproducing the same reaction
conditions optimized in the case of TEMPO radical. Similarly, the reaction conversion was
influenced by the amount of CAN employed. Conversion grew up to 99% in the presence of CAN
0.004 M, and more than satisfactory results were also achieved using the same oxidant in lower
amounts (Table 5.3). These results evidenced that cis-1 catalyst led to better results in terms of
reaction efficiency, if compared to radical TEMPO.

Table 5.3. Conversions calculated by GC-MS experiments performed on solutions containing 4-
methoxybenzyl alcohol (102 M), cis-1 (10 M) and different concentrations of CAN, in ACN.

Experiment [CAN] (M) Time (h) Conversion (%)
1 0.001 3 60%
2 0.002 3 80%
3 0.004 3 99%

Finally, in order to verify that CAN was not directly involved in the oxidation of the alcohol, further
GC-MS studies were executed in absence of the macrocycle cis-1 (Table 5.4).
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Table 5.4. Conversions calculated by GC-MS experiments performed on solutions containing 4-

methoxybenzyl alcohol (102 M) and different concentrations of CAN, in ACN.

Experiment [CAN] (M) Time (h) Conversion (%)
1 0.001 3 8%
2 0.004 3 25%

The results evidenced significantly low conversions, indicating that CAN was not responsible of the
selective oxidation of the alcohol to aldehyde, which was formed only in the presence of cis-10x. On
the contrary, CAN promoted prevalently the full oxidation of 4-methoxybenzyl alcohol to the
corresponding acid, whose peak was observed in the GC-MS chromatogram (consult Chapter 7 for
more details).

In conclusion, we believe that the novel macrocycle cis-1 can be used as efficient catalyst for the
aerobic oxidation of alcohols in the presence of CAN and oxygen. The hypothesised catalytic
mechanism was verified, and the target compound gave more than satisfactory results, even better
than those obtained with TEMPO radical.
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5.3 FIRST EXPERIMENTS ON THE AEROBIC OXIDATION OF ALCOHOLS PROMOTED BY A

PARAMAGNETIC MOLECULAR MACHINE

The study of catalytic cycle of alcohol oxidation promoted by macrocycle cis-1 was extended to the
bistable rotaxane R1(PFs)2 shown in Scheme 5.7, % in which cis-1 represents the ring component.
In this molecular machine, the ring shuttling over the dumbbell could be promoted by oxidation of

the nitroxide unit to oxoammonium cation.

(8 U N .
*gng@@?k% :(;?@CVQ?X

2PFg”

o o
(¥ )
R1:(PFg), R10x(PFg),NO3
state A state B

Scheme 5.7. Redox-induced switching of rotaxane R1:(PFe)2.

In particular, after oxidation of the nitroxide group, the macrocycle is forced to move from the
bipyridinium (BPY?*) to the electron rich amine (NH) station (state B), because of the repulsion
between bis-pyridinium and oxoammonium cations. Reduction of R10x(PFs)2NOs leads back to the
starting state A, where the paramagnetic wheel is positioned on the BPY?* group.

Based on the results described in Paragraph 5.2, the reaction of rotaxane R1:(PFs)2 with 4-
methoxybenzyl alcohol in the presence of CAN under aerobic conditions, could give rise to the

catalytic cycle shown in Scheme 5.8, analogous to that described for cis-1 (Scheme 5.6).
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Scheme 5.8. Catalytic cycle of the oxidation of 4-methoxybenzyl alcohol promoted by rotaxane

R1:(PFs)2and CAN in presence of oxygen.

In details, rotaxane R1:(PFe)2 in the state A, obtained in situ by basic treatment with di-isopropyl
ethylamine (DIPEA) of the protonated form R1H-(PFe)3*Y is oxidized with CAN to R10x(PFs)2NOs3
(state B). Successively, R1ox(PFs)2NO3 promotes the alcohol oxidation, forming the hydroxylamine
adduct (state B’), which can successively re-form rotaxane R1:(PFs)2 by oxidation with CAN, leading
the ring back to the original position on the BPY?* station (state A). A second equivalent of CAN
restores state B starting again the catalytic cycle. At the same time, CAN is regenerated by oxygen
in continuity.

Unfortunately, the first results obtained using R1(PFs)2 as catalyst in the oxidation of 4-
methoxybenzyl-alcohol were not satisfactory. GC-MS analyses showed low conversion of the starting
alcohol under the same conditions employed with cis-1.

In order to overcome the inhibiting effect presumably deriving from the base employed for the in situ
deprotonation of rotaxane R1H:(PFs)s, the design of an efficient methodology for the preventive

isolation of deprotonated rotaxane R1:(PFs)z2 is still under investigation.
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5.4 CONCLUSIONS

In this project, the oxidative catalytic cycle of 4-methoxybenzyl alcohol promoted by an
oxoammonium salt, cis-10x, and CAN under aerobic conditions, was studied. EPR spectroscopy and
GC-MS studies were employed for monitoring and verifying the contribute of all the reagents
involved in the process, and enabled to determine the optimal reaction conditions. Macrocycle cis-1
displayed an interesting catalytic efficiency, if compared with the one obtained for other reported
catalysts, such as TEMPO radical.

The investigation of the aerobic catalytic cycle of 4-methoxbenzyl alcohol using a bistable rotaxane
based on the paramagnetic macrocycle cis-1 is still in progress.
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CHAPTER 6: SYNTHESIS AND EPR INVESTIGATION
OF A NOVEL PARAMAGNETIC CROWN-ETHER

MACROCYCLE

6.1 INTRODUCTION

Macrocycles based on aza-crown ethers present an interesting biological activity due to their unique
ability to incorporate cations of different size into their cavity and transport them across cell
membranes.*! Due to their suitability for biochemical applications, the investigation of the inclusion
properties of different substrates belonging to this class of molecules has found a lot of interest among
the scientific community.[? Thanks to the ability of nitroxide groups (N-O*) to perform halogen,
hydrogen bonds and other non-covalent interactions,!®] their covalent incorporation in crown ether
structures could be a powerful tool for the preparation of novel multi-featured ionophores, opening
to a plethora of possible applications in the fields of bio-chemistry, metal sensing and radical
molecular machinery. In these cases, EPR spectroscopy acquires a key role in the detection and
monitoring of the binding events, association/dissociation processes, conformational and dynamic
motions affecting the substrates, thanks to its high sensitivity for the chemical environment
surrounding the paramagnetic units (Paragraph 1.2.1). However, there are only few examples in the
literature concerning the synthesis of spin labelled crown ether macrocycles employed as molecular
hosts and the use of EPR spectroscopy as monitoring technique for the study of the target
substrates.[®171 Thus, this work aimed to design, synthetize and study a novel type of crown ether
macrocycle containing a nitroxide unit (AC70*) (Figure 6.1). The incorporation of the paramagnetic
centre in an aliphatic crown ether structure enables its high exposition to non-covalent interactions
with included guests, potentially enhancing the complexing ability of the compound. EPR
spectroscopy was employed for studying the host properties of the target substrate and for calculating
its complexation equilibrium constants (Ka) toward different types of inorganic and organic cationic

guests.
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Figure 6.1. Structure of paramagnetic macrocycle AC70°.

104



Alma Mater Studiorum-Universita di Bologna

6.2 SYNTHESIS AND EPR INVESTIGATION OF A NOVEL PARAMAGNETIC CROWN-

ETHER MACROCYCLE

6.2.1 Synthesis and characterization

A methodology for the synthesis of aza-crown ethers reported by Lai and co-workers in 1985 was
adapted in order to afford the desired compound (Scheme 6.1).[81 The optimized synthetic pathway
involved a first formation of the morfolinone 2°” in basic conditions and a second reduction with
lithium aluminium hydride to give precursor 3”°. Successively, the cyclization step was promoted by
sodium tert-butoxyde base in the presence of a bis-tosylated glycol chain. Finally, oxidation of the
amine AC7 to nitroxide was performed using 3-chloroperbenzoic acid (m-CPBA), affording the final

aza-crown oxyl macrocycle (AC70°) in 30 % yield.

1) NaOH, CHCl3, 0. o LiAIH,THF, HO NaH / f>&<N>y<T m-CPBA, f:><N>X<T
OH Acetone reflux. 6h t-BUOH, N DCM, 0°C, \
WQTN o, 0°C --> rt. j:jz THF, reflux, 3d (0 o 1h o 4 03
N N —_— :
H AC70 °*
2) HClI conc., /\é \>/\ 0O 0
" reflux, 6h 2" 3" <;; _A>
e TsO OTs O\\/ \)O
0
o]
40% 30%

Scheme 6.1. Synthetic pathway affording macrocycle AC70¢.

The critical steps of this synthesis were the cyclization forming compound AC7 and its oxidation to
nitroxide AC70°. The first one led to low yields due to the competitive formation of non-cyclized
by-products. Concerning the last oxidation step, the difficulty was related to the formation of a ring-
opened bright blue by-product due to the over-oxidation of the cyclic nitroxide to the nitroso-
derivative reported in Figure 6.2, which was detected by ESI-MS analysis.

4

\> Ox HO/\\/O\//\O/\\/o\//\o/\\/o\//\O/f7<N:o

AC70°

Figure 6.2. Structure of nitroso by-product deriving from the over-oxidation of nitroxide AC70°.

In order to minimize the nitroso formation, a smaller amount of acid (0.7 eg.) was employed and the

progressive formation of nitroxide AC70* was followed by EPR, monitoring the signal intensity of
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the radical until a plateau. The reaction was then quenched by addition of 1 equivalent of Ba(OH):
and purified by chromatography column, affording the desired macrocyclic nitroxide up to 30%

yields.

6.2.2 EPR studies

The host properties of AC70° were investigated by observing the EPR spectral response of the
compound in the presence of different cationic guests in solution. If the radical moiety is involved
directly in the interaction with the guest, a significant variation of the EPR spectral parameters occurs
after complexation. In particular, a variation of the hyperfine coupling constant (an) was observed in
the EPR spectrum of AC70° after addition of Ca?*, Ba* and Sr?* salts (Figure 6.3b,c,e). This effect
was attributed to a variation of the spin density on the nitrogen atom of the nitroxide moiety, occurring
in the presence of a non-covalent interaction between the N-O°® group and the included guest
(Paragraph 1.2.1). In the case of complexation of metal cations presenting non-zero nuclear spins
() (i.e. 13Cs*, 22Na* and “Li*), the EPR spectrum of macrocycle AC70* presented a further line
splitting into multiplets after addition of the guests, deriving from the coupling of the unpaired
electron with the complexed spin active nuclei (Figure 6.3d,f,g), according to the relationship
Niines=(2nala+1)(2nels+1)...(2nnIn+1) (Paragraph 1.2.1). Furthermore, the complexation of metal
cations that are presents in different isotopic forms in a significant percentage of relative abundance,
as in the case of ®Rb* and 8’Rb", resulted in an EPR spectrum reflecting the interaction of the unpaired

electron with both isotopomers (Figure 6.3h).
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a) AC70- @NH,* b) AC70-@Sr?*

d) AC70-@Cs*

M
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Figure 6.3. Comparison between EPR spectra of free AC70° (centre) and AC70* after addition of:
a) NH4PFs; b) Sr(Picr)2; ¢) ZnClOs; d) Cs(Picr); e) Ca(Picr)z; f) Na(ClOa4); g) Li(ClO4); h) Rb(ClOa)
in ACN at 298K.

h) AC70-@¥"Rb*, Rb*

g) ACTO-@Li*

Differently, no significant spectral variations between complexed and non-complexed form of
ACT70° were observed after addition of K*. However, it was plausible to assume that the inclusion of
K* occurred without direct involvement of the nitroxide function. Thus, EPR titrations were
performed adding a K* salt to samples containing macrocycle AC70° already complexed with cation
Ca?". The spectral response recorded after addition of K* indicated the progressive exit of Ca2* cation
from the host system, evidenced by the observance a EPR spectrum similar to that of free AC70-.
This effect was attributed to the competitive complexation with K*, confirming the formation of
AC70-@K™* complex.

Later on, the complexing behaviour of AC70° in the presence of organic guests, such as
dibenzylammonium cation (DBA), which is representative of many linear components employed for
the preparation of rotaxanes,[ was evaluated in order to investigate possible applications in the field
of radical MIMs. In the presence of DBA salt, the EPR spectrum of AC70° showed a significant
increase of the an constant (from 15.28 to 16.16 G) (Figure 6.4), indicating a strong affinity also with

organic species.

107



Alma Mater Studiorum-Universita di Bologna

Figure 6.4. Comparison of the EPR spectra of AC70* (blue line) and AC70¢ after addition of

excess of DBA (red line), indicating the hosting of the organic cation.

Thanks to these spectral variations, it was possible to calculate the complexation equilibrium
constants (Ka) by using EPR spectroscopy and computer simulations.
The analysis was conducted using constant concentrations of AC70° in the presence of variable

amounts of each guest and extrapolating the ratios between the concentrations of complexed and non-

AC70@M™]

complexed form of AC70° ([ Tic70] ) by using EPR spectra simulations. The Ka values were obtained

considering the angular coefficients of the linear regression plots reporting the calculated values of

[Ac70-@M™]

o] 8sa function of guest concentration. In the presence of a large excess of guest, the value

of Ka was approximated according to the following equation:

[AC70-@M*]  [AC70-@M*]

Ka = TACT0TIM*] ~ TACTOT M T,

Alternatively, when using concentrations of guest comparable to those of AC70¢, the Ka were

obtained considering the complete mathematical treatment:

[AC70-@M™]

Ka [AC70][M*]

[AC70-@M*]
([AC707], — [ACTO-@M*])([M*], — [ACTO-@M™*])

If [AC7T0-@M*] = x, Ka becomes:
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X
([AC707]o = x)([M*]o — x)

K, =

Concerning the complexation of cation K*, for which no spectral variations were observed, the Kk*
was indirectly calculated thanks to competitive titrations with cation Ca2*, performed by adding 4 or
5 different concentrations of a K* salt to samples containing macrocycle AC70° complexed with

cation Ca?*. The corresponding Kk* was estimated by considering the following equation:

[AC70-@Ca®*] K ue+ [Ca?*]
[AC70-@K*] ~ Kg+ [K*]

[AC70-@Ca%™]

croers WS obtained by EPR spectra simulation, K ,z+was known from the previous

Here,

titrations, [Ca%*] was kept constant, while [K*] was approximated to [K*],. A linear regression plot

[AC70-@Ca?*]

4070 OK"] value as a function of [K*], for obtaining the accurate value

was extrapolated by plotting

of Kk*. All the calculated Ka values are reported in Table 6.1.
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Table 6.1. Calculated K, for the complexation between AC70° and different guests in ACN and

acetone (%). The hyperfine coupling constant (an) of AC70° is 15.24 G in ACN and 15.06 G in

acetone.

Cation

Salt Cation Ka/M-1(T=294K) an/G lonic radius (A) | nuclear

spin (1)
LiClO4 Li* 536 16.05 0.76 3/2
NaClO4 Na* 3200 15.45 1.02 3/2
Na(Picr) Na* 3200 15.46 1.02 3/2
K(Picr) K* 30050 15.52 1.38 0
woo |y | Nt | BEC0 | 1 |
Cs(Picr) Cs* 5042 15.75 1.67 712
Ca(Picr)2 Ca* 59600 16.75 0.99 0
Sr(Picr)2 Sr 100000 16.50 0.112 0
NH4PFg NH4* 12334 15.88 1.4 0
(PhCH2)2NH2PFs | (PhCH2)2NH2" 117 16.01 0
Na(Picr)? Na* 612.5 15.27 1.02 3/2
Cs(Picr)? Cs* 1569.8 15.76 1.67 712
Ca(Picr)2? Ca? 61.0 16.53 0.99 0
(PhCH2)2NH2PF¢? | (PhCH2)2NH2* 20.6 16.04 0

The data reported in Table 6.1 show that the affinity of AC70° increased exponentially with the

ionic radius of the guest (i.e. Li* vs Na* vs Cs*) and with the entity of the charge (i.e. Ca®* vs Na®).

However, an exception was noticed for K cation, for which the corresponding Kk* was estimated

over 5 times greater than Kcs*. In addition, the affinity for organic DBA cation was significantly much

lower than that obtained for the inorganic ones.

In order to complete the analysis of the complexation of alkaline and alkaline-earth metal salts, which
were not soluble in pure ACN (i.e. MgCl,, Ba(CH3COQ),, NaCl and CaCl,), supplementary
experiments in ACN/H20 99/1 were performed (Table 6.2).
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Table 6.2. Calculated Ka for the complexation between AC70° and different guests in ACN/H20
99/1. In the same solvent the hyperfine coupling constant (an) of AC70° is 15.34 G.

Salt Cation Ka/M-L (T=294K) an/G lonic radius (A)
NaCl Na* 570.5 15.49 1.02
RbClI 85Rb* (72.12%) 6373.5 15.65 1.52
87Rb* (27.83%) 15.66
CaCly Ca? 9609 16.70 0.99
Ba(CH3COO)> Ba** 2404.8 16.28 1.35
MgCl Mg?* 620.7 16.48 0.72

Once again, the results confirmed that the ion size played a decisive role in favouring the host-guest
complex formation, as evident from comparison between the values of Kca?* and Kmg?* and between
Kna* and Kro*. However, an exception was noticed for Ba?* (ionic radius 1.35 A), whose affinity was
not higher than that found for the smaller Ca?*. This result was plausibly attributed to the high
solvation of Ba?* ion by H,O molecules present in 1% in the mixture, thus, preventing the formation
of AC70-@Ba?* complex. As last, the effect of increasing percentages of H>O on the complexation
properties of AC70- in the presence of NaCl or CaCl» salts (Table 6.3) was checked. Inspection of
Table 6.3 shows that the affinity for Na* cation decreased proportionally to the water amount present
in the solvent mixture. This behaviour was even enhanced for Ca?* cation, for which the hydration
shell around the cation strongly limited the establishment of effective chelating interactions with host
macrocycle. This inhibiting effect of water should be considered when comparing data obtained in

different experimental conditions.

Table 6.3. Complexation ability of AC70- towards Na* and Ca?" guests in different ACN/H.0

mixtures.
Salt Mixture ACN/H20 Ko/M(T=294K) an/G (free) an/G (bound)
NaCl 99.5/0.5 690.6 15.31 15.46
NaCl 99/1 570.5 15.34 15.49
NaCl 98/2 342.3 15.42 15.56
NaCl 96/4 193.2 15.44 15.63
NaCl 92/8 64.5 15.56 15.91
CaCl 99/1 9609 15.35 16.70
CaCl» 98/2 742.7 15.43 16.80
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6.3 CONCLUSIONS

In these preliminary experiments, the inclusion properties of a novel paramagnetic crown ether
macrocycle, AC70¢, toward alkali, earth-alkali metals and few organic guests were tested. Evidence
of the complexation was given by significant variations in the spectral parameters (multiplicity and
hyperfine constants) between the EPR spectra of the complexed and non-complexed form of AC70".
Thanks to these spectroscopic features, the complexation equilibrium constants (Ka) were easily
determined by theoretical simulation of the EPR spectra. The novel macrocycle AC70° showed a
good affinity towards a variety of guests, showing complexation equilibrium constants up to 160000

M-, For this reason, it will be further investigated for possible applications in metal sensing.
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CHAPTER 7: EXPERIMENTAL

7.1 GENERAL INFORMATION

EPR spectra have been recorded on a Bruker-ELEXYS spectrometer by using the following
instrument settings: microwave power 0.79 mW, modulation amplitude 0.04 mT, modulation
frequency 100 kHz, scan time 180 s, 2K data points.™!

'H NMR and *3C-NMR spectra of the target compounds and their precursors were recorded at 298 K
on a Varian Mercury spectrometer operating at 400 MHz or 600MHz in CD3CN, CD3COCDs,
CD3SOCD3 and CDCls solutions using the solvent peak as internal standard (1.94, 2.05, 2.50 and
7.26 ppm). Chemical shifts are reported in parts per million (5 scale).

ESI-MS spectra were recorded on a Waters Micromass ZQ 4000 spectrometer using the following
instrumental settings: positive ions; desolvation temperature: 200° C; capillary voltage: 3.54 kV; cone
voltage: 113 V.

HRMS spectra were recorded on a Waters Xevo G2-XS QTof mass spectrometer with an ESI-APCI
type source and direct sample infusion system.

UV spectra were registered on a JASCO V-550 spectrophotometer operating at a constant temperature
of 25 °C, recording within a wavelength range between 200 nm and 600 nm.

All starting reagents were used without further purification and were commercially available. Dry

solvents were bought dry and used directly.

7.2 CHAPTER 3
7.2.1 Synthesis

Synthesis of compounds 7 and cis-1 was performed according to the literature procedure.

cis-1 7

Scheme 7.1. Molecular structures of compounds 7 and cis-1.
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Synthesis of cis-2:

0] O

cis-2
G
oy
3
Ethyl-lithium 1.5 M in diethyl ether (0.5 mL) was added at -78 °C to a stirred solution of nitrone 7'
(0.030 g, 0.0565 mmol) in THF (3 mL). After 30 minutes the reaction was quenched with saturated
aqueous NH4Cl. The aqueous layer was successively extracted with CH2Cl, dried (MgSOs4),
concentrated and treated for 12 hours with Cu(OAc): (cat. amount) in methanol (7 ml). The resulting
mixture was quenched with a saturated solution of NaHCO3 and extracted with CHCIl3. The organic

layer was concentrated and then purified by column chromatography on SiO2 using CH2Cl,/MeOH

95:5 as eluent mixture (Rf= 0.55), providing nitroxide cis-2 as orange oil in overall quantitative yield.
ESI-MS: m/z 581 (M+Na").

"H NMR (400 MHz, Acetonitrile-d3) & 7.74 (broad, s.), 3.57 (m).

EPR (H20) ay = 15.28 G, gfactor = 2.00575.

Oxidation with Ce(NH4)2(NO3)s of the NMR sample containing the nitroxide gave the corresponding
cis-oxoammonium salt after 5 minutes (see Chapter 3): '"H NMR (400 MHz, Acetonitrile-d3) & 7.48
(t,J=8.1 Hz, 1H), 7.35 (t,J = 8.1 Hz, 1H), 7.16 (m, 2H), 7.08 (d, J = 8.1 Hz, 1H), 6.93 (d, /= 8.1
Hz, 1H), 6.59 (s, 1H), 5.73 (s, 1H), 4.12 — 3.37 (m, 24H), 3.13 (dd, J=13.3, 7.5 Hz, 2H), 2.51 (dd, J
=13.9, 7.3 Hz, 2H), 2.28 — 2.14 (m, 2H), 2.05 (s, 3H), 0.84 (t, /= 7.3 Hz, 3H).
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Figure 7.1. ESI-MS spectrum of cis-2 in MeOH at room temperature.

7.2.2 Kinetic studies
EPR kinetic studies were performed according to the literature procedure.l*! In a typical experiment,
stock solutions containing glutathione (50 mM) and nitroxide cis-1 or cis-2 (0.3 mM) in 50 mM
sodium phosphate buffer (pH 7.4) were prepared. All the stock solutions were purged with nitrogen,
then, the necessary aliquots of ascorbate were added and the evolution of the EPR peak height as a
function of time immediately recorded (Figure 7.1 to 7.6). The kepr values were calculated as the
nitroxidelo

angular coefficient of the linear regression plot reporting the Int

[nitroxide]s

as a function of time for

different concentrations of ascorbate (from 30mM to 111mM). The rate constants k£ were extrapolated
as slope of the dependence of the kzpr value as a function of the concentration of ascorbate, as

described in Chapter 3.
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Figure 7.2. Evolution of the EPR peak height as a function of time of a solution of cis-1 (0.3 mM)
after addition of ascorbate (30 mM) in a phosphate buffer containing glutathione (50 mM) at pH
7.4,
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Figure 7.3. Evolution of the EPR peak height as a function of time of a solution of cis-1 (0.3 mM)
after addition of ascorbate (66 mM) in a phosphate buffer containing glutathione (50 mM), at pH
7.4.
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Figure 7.4. Evolution of the EPR peak height as a function of time of a solution of cis-1 (0.3 mM)
after addition of ascorbate (111 mM) in a phosphate buffer containing glutathione (50 mM), at pH
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Figure 7.5. Evolution of the EPR peak height as a function of time of a solution of cis-2 (0.3 mM)
after addition of ascorbate (30 mM) in a phosphate buffer containing glutathione (50 mM), at pH
7.4.
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Figure 7.6. Evolution of the EPR peak height as a function of time of a solution of cis-2 (0.3 mM)
after addition of ascorbate (66 mM) in a phosphate buffer containing glutathione (50 mM), at pH

7.4,
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Figure 7.7. Evolution of the EPR peak height as a function of time of a solution of cis-2 (0.3 mM)
after addition of ascorbate (111 mM) in a phosphate buffer containing glutathione (50 mM), at pH
7.4.
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7.3 CHAPTER 4
7.3.1 Synthesis

Compound R1He(PFs)sand acids 1°, 3°, 4’ and 5° were prepared following the procedures reported

|
\, o

O\'o ) R1H«(PFe);

CN

in the literature.[24]

1. COOH
CN CN
cw@—kcm H3C—®—FCH3
% COOH s+ COOH
CN
mco—@—#cm
5 COOH

Scheme 7.2. Molecular structures of compound R1He(PFs)s and acids 1°, 3°, 4> and 5°.

7.3.2 EPR kinetic studies for the fuel-driven reversible cycle

A solution of R1He(PFs)3 (0.1 mM) and diisopropylethylamine amine (0.1 mM) was introduced (ca.
50 uL) into a capillary tube with the internal diameter of ca. 1.85 mm. An EPR spectrum was recorded
to verify the complete deprotonation of R1He(PFs)3 to R1¢(PFs)2. Subsequently, 1 mol. eq. of the
proper fuel (1°, 3°, 4> or 5°) was added and EPR spectra were registered at regular time intervals.
Oxygen consumption studies were performed by a similar procedure. In this case, the sample was
closed by introducing into the sample tube a second capillary tube (external diameter of 1.60 mm)
sealed at one end and leaving very little dead volume space. The decrease of the nitroxide
concentration and the oxygen uptake was followed by EPR spectroscopy.
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7.4 CHAPTERS
7.4.1 Synthesis

Compounds cis-1 and R1He(PFs)3 (see Schemes 7.1 and 7.2) were prepared following the procedure

reported in the literature.[?l

7.4.2 EPR analysis of the in situ formation of oxoammonium salts

A solution of nitroxide (TEMPO, cis-1, R1H¢(PFs)3) (0.1 mM) in ACN was treated with an excess
of CAN (5 mol. eg.) and then introduced (ca. 50 L) into a capillary tube with the internal diameter
of ca. 1.85 mm. An EPR spectrum was recorded and compared to that of the starting radical to verify

the complete oxidation of nitroxide to oxoammonium salt.

7.4.3 GC-MS analysis

The GC-MS analysis were conducted using a Network GC-system 6890N (Agilent technologies) with
a time delay of 2.00 minutes, flow rate of 2 ml/s, starting from an initial temperature of 50 °C up to
270 °C, through a speed ramp of 30 °C/min. A solution of 4-methoxybenzyl-alcohol (0.01 M) and
nitroxide TEMPO, cis-1 or R1+(PFs)2 (0.001 M) in ACN was prepared and fluxed with oxygen.
Then, the necessary aliquots of CAN (0.002 M or 0.004 M) were added and the mixtures refluxed
while stirring and fluxed by pure oxygen for all the time of reaction. Stock samples of the mixture
were collected at regular time intervals performing GC-MS analysis for following the reaction. In the
reactions conducted under inert atmosphere the mixture was fluxed with nitrogen.

The conversions were calculated by comparing the integrals of the chromatographic peaks related to

alcohol and aldehyde, in the presence of an internal standard (1,2-dichlorobenzene, DCB, 0.003 M).
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Figure 7.8. 1) GC-MS chromatograms of a mixture containing 4-methoxybenzyl alcohol (102 M),
DCB (3x10 M), TEMPO (10 M) and CAN (2x10 M) in ACN before (a) and after (b) 3 hours
of reaction. 2) GC-MS chromatograms of a mixture containing 4-methoxybenzyl alcohol (102 M),
DCB (3x10 M), TEMPO (10 M) and CAN (4x10 M) in ACN before (a) and after (b) 3 hours
of reaction.
Retention times: 2.87 min (1,2-dichlorobenzene, internal standard), 3.37 min (TEMPO), 4.00 min
(4-methoxybenzaldehyde), 4.11 min (4-methoxybenzyl alcohol).
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Figure 7.9. 1) GC-MS chromatograms of a mixture containing 4-methoxybenzyl alcohol (102 M),
DCB (3x10 M), TEMPO (10 M) and CAN (1x10= M) in ACN before (a) and after (b) 3 hours
of reaction under inert atmosphere. 2) GC-MS chromatograms of a mixture containing 4-
methoxybenzyl alcohol (102 M), DCB (3x10° M), TEMPO (10 M) and CAN (4x10° M) in ACN
before (a) and after (b) 3 hours of reaction under inert atmosphere.
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Figure 7.10. 1) GC-MS chromatograms of a mixture containing 4-methoxybenzyl alcohol (102 M),
DCB (3x107 M), cis-1 (10 M) and CAN (1x10° M) in ACN before (a) and after (b) 3 hours of
reaction. 2) GC-MS chromatograms of a mixture containing 4-methoxybenzyl alcohol (102 M),
DCB (3x10 M), cis-1 (10 M) and CAN (4x10 M) in ACN before (a) and after (b) 3 hours of

reaction.
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Figure 7.11. GC-MS chromatograms of a mixture containing 4-methoxybenzyl alcohol (102 M),
DCB (3x10° M) and CAN (4x10°3 M) in ACN before (a) and after (b) 3 hours of reaction.

Retention times: 7.87 min (4-methoxybenzoic acid).
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Figure 7.12. GC-MS chromatograms of a mixture containing 4-methoxybenzyl alcohol (102 M),
DCB (3x107 M), R1H:(PFe)3 (10 M), DIPEA (5x107 M) and CAN (4x102 M) in ACN before (a)

and after (b) 3 hours of reaction.

7.5 CHAPTER 6

7.5.1 Synthesis
The synthesis of 2” and 3” was performed according to the literature procedure.!

2“ 3"

Scheme 7.3. Molecular structures of compounds 2 and 3”.

Synthesis of AC7

X
0
e AC7 o)
<,
In a 250 mL three-necked round bottom flask fitted with a reflux condenser and flashed with N, was

added t-BuOH (0.183 g, 2.48 mmol) and dissolved in 20 mL of THF. NaH (0.100 g, 2.48 mmol) was

added portion-wise to the mixture over a period of 30 minutes. The mixture was left under stirring
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for 2 h at room temperature. After this period a mixture of 3” (0.200 g, 1.24 mmol) in THF (20 mL)
was added dropwise and left reacting for 20 minutes. Then, a solution of ditosylate (0.731 g, 1.24
mmol) in 40 mL of THF was added dropwise to the reaction mixture and left stirring under reflux (65
°C) for 3 days. The solvent was evaporated in vacuo and then water was added (100 mL), extracting
the organic phases with CH2Cl2. The collected extracts were dried over MgSO4 and evaporated in
vacuo. The crude was purified by chromatography over a SiO> column (from CH2Cl>:MeOH 9:1 to
7:3 as eluent), obtaining AC7 as a pale yellow oil (0.100 g, 20 % yield).

IH NMR (400 MHz, CDCls) &: 3.76 — 3.49 (m, 24H), 3.18 (s, 4H), 1.12 (s, 12H)
13C NMR (100 MHz, CDCls) &: 81.68, 71.19, 70.94, 70.80, 70.76, 70.69, 70.48, 54.10, 27.34.

ESI-MS: m/z 408 (M+H)*, 430 (M+Na)*
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Figure 7.13. *H NMR spectrum of AC7 in CDCl3 at room temperature, 400 MHz.
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Figure 7.14. 13C NMR spectrum of AC7 in CDCls at room temperature, 100 MHz.
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Figure 7.15. ESI-MS spectrum of AC7 in MeOH at room temperature.

Synthesis of AC70:

£
SR

O Ac7o0r O
. J
o J
In a 50 mL three-necked round bottom flask, a solution of m-CPBA (0.0183 g, 0.0992 mmol) in 6
mL of anhydrous DCM was added to a mixture of AC7 (0.100 g, 0.124 mmol) in 30 mL of DCM
using a syringe pump, over a period of 1 h. The mixture was then treated with a saturated solution of
Ba(OH),, extracted three times with 100 mL of DCM, dried over MgSO. and evaporated in vacuo.
The crude was then purified by chromatography over SiO; (DCM:MeOH from 97:3 to 95:5),
obtaining AC70: as an orange oil in 30% yield.

EPR in ACN: an = 15.09 G, Qfactor = 2.00584.
UV-visible: e=760 M cm™, Amax=239 nm, ACN, rt.
HRMS: calcd. (%) for C20HaoNOs 422.2743, obs. 422.2673.
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Figure 7.16. EPR spectrum of AC70: in Acetonitrile at room temperature.
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Figure 7.17. UV-visible spectrum of a solution of AC70: in Acetonitrile at room temperature.
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Figure 7.18. HRMS spectrum of AC70: in MeOH at room temperature.

7.5.2 EPR complexation studies

The exact concentration of AC70- was accurately determined by comparing the integral of the
experimental EPR spectrum of AC70: and the integral of the spectrum originating from a standard
solution of TEMPO. The Ka were calculated employing the mathematical equations described in
Paragraph 6.2. The EPR simulated spectra were obtained using well-established procedures based

on the density matrix theory!l and assuming a two-jump model.

Acetonitrile
Salt Cation KoM an/G [Host](10° M) [Guest](103 M) Method

LiClO,4 Li* 536 16.05 49 0.4-9.0 Linear
NaClO, Na* 3200 15.45 10.0 0.04 -8.19 Non linear
Na(Picr) Na* 3200 15.46 5.9 0.036-6.4 Non linear

K(Picr) K* 30050 15.52 3.7 0.036 - 6.4 Linear
RbCIO, Rb* Non determ. 15.65 5.0 i Qualitative

15.59

Cs(Picr) Cs* 5042 15.75 4.9 0.144 — 1.296 Linear
Ca(Picr)2 Ca* 59600 16.75 I I Non linear
Sr(Picr); Sr2* 100000 16.50 5.2 0.005 - 0-125 Non linear
NH4PFs NH.* 12334 15.88 1 I Non linear

(PhCHz)zNHzPFs (PI’]CHz)zNHz+ 117 16.01 1 I Linear
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1) LiClO4

Figure 7.19a. AC70: in the presence of LiClIO4 2 mM in ACN.

IOt

[LiCHO4] (M)

Figure 7.19b. Regression plot reporting the in/out ratio ([AC70-@Li*]/[AC70]) as

function of guest concentration.
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2) NaClO4

N |

Figure 7.20. AC70:- in the presence of NaClO4 0.33 mM in ACN.

Non-linear regression plot.

3) Na(Picr)

Figure 7.21. AC70: in the presence of Na(Picr) 0.36 mM in ACN.

Non linear regression.
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4) Cs(Picr)

)

Figure 7.22a. AC70- in the presence of Cs(Picr) 0.288 mM in ACN.
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Figure 7.22b. Regression plot reporting the in/out ratio ([AC70-@Cs?*]/[AC70]) as function

of guest concentration.
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5) Ca(Picr)

Figure 7.23. AC70: in the presence of Ca(Picr)2 0.058 mM in ACN.

Non linear regression.

6) Sr(Picr).

Figure 7.24. AC70- in the presence of Sr(Picr), 0.0625 mM in ACN.

Non linear regression plot.
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7) NH4PFe

Figure 7.25. AC70- in the presence of NH4PF¢ 0.0625 mM in ACN.
Non linear regression plot.

8) (PhCH2)2NH2PFs

Figure 7.26a. AC70: in the presence of DBA 1.2 mM in ACN.
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Figure 7.26b. Regression plot reporting the in/out ratio ([AC70-@DBA]/[AC70]) as function

of guest concentration.

Acetone
Salt Cation KM an/G [Host](10° M) [Guest](10° M) Method
Na(Picr) Na* 612.45 15.27 10.7 0.75-16 Linear
Cs(Picr) Cs* 1569.8 15.75 /1 0.25 - 3.66 Linear
Ca(Picr)2 Ca? 61.0 16.53 1 0.66 — 29.70 Linear
(PhCHz)zNHzPFe (PhCHz)zN Hy* 20.6 16.04 1 1.0-250.0 Linear
1) Na(Picr)

Figure 7.27a. AC70: in the presence of Na(Picr) 14 mM in Acetone.
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Figure 7.27b. Regression plot reporting the in/out ratio ([AC70-@Na*]/[AC70]) as function of

guest concentration.

2) Ca(Picr).

Figure 7.28a. AC70- in the presence of Ca(Picr)2 0.058 mM in Acetone.
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Figure 7.28b. Regression plot reporting the in/out ratio ([AC70-@Ca?*]/[[AC70]) as function of

guest concentration.
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3) Cs(Picr)

Figure 7.29a. AC70- in the presence of Cs(Picr) 3.66 mM in Acetone.
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Figure 7.29b. Regression plot reporting the in/out ratio ([AC70- @Cs*]/[AC70]) as function of

guest concentration.
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