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ABSTRACT

Supramolecular chemistry is a multidisciplinaryldievhich impinges on various other disciplines,
referring to the area of chemistry beyond the mdes; which focuses on the chemical systems
made up of a discrete number of assembled moleaubunits or components. The forces
responsible for the spatial organization are intdetular interactions (bonds), of a reversible
nature, to form a supramolecular aggregate. Thetermolecular bonds include electrostatic
interactions, hydrogen bondinggTt interactions, dispersion interactions and hydrdydoor
solvophobic effects, so, while traditional chemjidiocuses on the covalent bond, supramolecular
chemistry examines the weaker and reversible na@lenvinteractions between molecules.

It can be split into two broad categoriégst—guest chemistgnd self-assemblyThe difference
between thestwvo areas is a question of size and shape. If asleaule is significantly largethan
another and can wrap around it then it is termed'ibst’ and the smallenolecule is its ‘guest’,
which becomes enveloped by the host.

The supramolecular architectures | was interestatlring my PhD are Rotaxanes and Catenanes;
a rotaxane is a mechanically-interlocked molecalahitecture consisting of a "dumbbell shaped
molecule” which is threaded through a "macrocycleg stoppers at the end of the dumbbell are
larger than the internal diameter of the ring amdvent disassociation (unthreading) of the
components. A catenane consists of two or morerlatieed macrocycles which cannot be
separated without breaking the covalent bonds.

This Thesis, organized into six Chapters, descrilesnly some synthetic strategies of new
molecular paramagnetic mechanically interlocked glexes; the aim is actually to introduce one or
more paramagnetic units: this allows to use the EBEctroscopy to investigate complexation
properties of these systems cause this techniqulkswio the same time scale of supramolecular
assemblies.

Chapter 1 underlines the main concepts upon which supramtdechemistry is based, clarifying
the nature of supramolecular interactions, the nminciples of host-guest chemistry and the
concept of molecular device, one of the possibldiegtions of supramolecular chemistry within
the field of nanochemistry.

In chapter 2 it is pointed out the use of ESR spectroscopy westigate the properties of purely
organic non-covalent assemblies in liquid solutbynspin labels and spin probes. Nitroxides are
widely used as spin labels or spin probes thankise@ensitivity of the nitroxide functionality s
surroundings; then magnitude of 8l hyperfine splitting constanta(N) andg-factor, depend on
the polarity of the environment, while the linesagd of the EPR spectra reflect the probe’s



motional dynamics. Further advantages in using EpdRtroscopy are the sensitivity of the method,
the possibility of obtaining kinetic information ithe submicrosecond time range, the ability to
measure tumbling rates on the nanosecond timescaledistances between spin labels in close
proximity.

The chapter 3 deals with the synthesis of a new class teélectron-deficient tetracationic
cyclophane ring, cyclobis(paragyaphenylene), carrying one or two paramagnetic saithes
based on 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPmoiety, by the clipping approach in the
presence of 1,5-dimethoxynaphthalene (DMN), antedaerich template which allows the isolation
of the complex. The two new receptors based on CBR&racation bringing one or two
paramagnetic substituents on the paraphenylens reptesent promising hosts in the synthesis of
more complexed paramagnetic supramolecular art¢hres; rotaxanes or catenanes, employed as
molecular magnetic devices.

In the chapter 4, the Huisgen 1,3-dipolar cycloaddition is explditeo synthesis of rotaxanes
having paramagnetia-cyclodextrins as wheels; the choice of a bulk sugaiety (lactose) as an
end cap group and a decane axle revealed to batieste form radical rotaxanes as both the
saccharidic group and the alkane chain length esghtire solubility in water of the half threads and
the affinity for the host molecule, respectively, the synthesis of the first diradical rotaxane was
achieved, in which both the components of the aBggmacrocycle and axle, brought a TEMPO
moiety. First ESR studies on the behavior of tld@® ispecies indicate that the two radicals are spin
exchanging and these results are in accord witlpeamolecular structure which possesses features
of a magnetic molecular switch.

In the chapter 5, the catalysis of Huisgen’s cycloaddition by CBj6]exploited to synthesize
paramagnetic CB[6]-based [3]-rotaxanes having tBBIFPO unit as stoppers. Firstly a [3]-rotaxane
having an aromatic core was synthesized and tie sigucture, in which the movement of the rings
upon the axle isn’'t allowed, made possible to obfar the first time the exact distance between
paramagnetic centers using PELDOR technique. ThéPIR trace is in agreement with a distance
of 30.6A between the two terminal units. Then, in ordeslitain a pH-driven reversibile molecular
switch, a paramagnetic CB[6]-based [3]-rotaxaneiftp@a decyl spacer was synthesized. NMR
spectra at different pH confirmed that this rotaxd&®haves as a pH-driven reversible molecular
switch and exhibits conformational changes caugeth® movement of rings under base, acid and
heat stimuli from one location to another.

In the chapter 6 | reported the first preliminary studies of Actidoseries as a new class of
templates in catenanes’ synthesis; Metal ion teteplalayed a key role in the development of
macrocyclic ligand chemistry and its derivative mingries, constituting a multifunctional center



about which molecular turns of various kinds aradiy oriented. Metal ions with a range of
different two- and three-dimensional coordinaticaogetries have been used as a template for the
synthesis of catenanes and rotaxanes; bielnlgck elementsso having the property of expanding
the valence state, they constitute promising catd&las chemical templates offering the possibility
of create a complex with coordination number beyéndlectron-rich ligands of the necessary
geometry were synthesized and studied in their ¢exagion properties with Ti(CJ) a cation

having similar electronic properties.
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Chapter 1. Concepts

1.1 Introduction

The desire to design, using functional small-mdkedwilding blocks, new synthetic materials
that feature even more useful ensemble propertireanating directly from nanoscale and
microscale ordering and the need for improved nimization and device performance in the
microelectronics industry has inspired many ingzgtons into supramolecular chemistry, which
deals with the chemistry and collective behavidusrganized ensembles of molecules.

As one of the modern frontiers in chemistry, supytular chemistry heralds many promises that
range from biocompatible materials and biomimetitalysts to sensors and nanoscale fabrication

of electronic devices.

1.2  Whatis Supramolecular Chemistry?

Supramolecular chemistrinas been defined by one of its leading propondetsn-Marie Lehn,
who won the Nobel Prize for his work in the areali®d87, as the ‘chemistry of molecular
assemblies and of the intermolecular bond’. Moiéqaially this may be expressed as ‘chemistry
beyond the molecule’. Other definitions includegdas such as ‘the chemistry of the non-covalent
bond’ and ‘non-molecular chemistry’. Originally samolecular chemistry was defined in terms of
the non-covalent interaction between a ‘host’ arigugst’ molecule as highlighted in Figure 1.1,
which illustrates the relationship between molecalad supramolecular chemistry in terms of both
structures and function.

These descriptions, while helpful, are by theirumatnoncomprehensive and there are many
exceptions if such definitions are taken too lilgra he problem may be linked to the definition

of organometallic chemistry as ‘the chemistry oinpmunds with metal-to-carbon bonds’. This
immediately rules out Wilkinson’s compound, RhCI(BB, for example, which is one of the most
important industrial catalysts for organometallianisformations known in the field. Indeed, it is
often the objectives and thought processes of bieencst undertaking the work, as much as the
work itself, which determine its field. Work in mewch supramolecular chemistry encompasses not
just host-guest systems but also molecular dexaoelsmachines, molecular recognition, so called
‘self-processes’ such as self-assembly and seHrosgtion and has interfaces with the emergence

of complex matter and nanochemistry.
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Figure 1.1.Comparison between the scope of molecular and sugegular chemistry according to Lehn.

As a distinct area, supramolecular chemistry dasek to the late 1960s, although early examples
of supramolecular systems can be found at the begjrof modern-day chemistry, for example, the
discovery of chlorine clathrate hydrate, the in@uasof chlorine within a solid water lattice, byrSi
Humphrey Davy in 1810.

So,what is supramolecular chemis®ylt has been described as ‘chemistry beyond thecnt#’,
whereby a ‘supermolecule’ is a species that is hajgther by non-covalent interactions between
two or more covalent molecules or ions. It can &lsaescribed as ‘lego™ chemistry’ in which

each lego™ brick represents a molecular buildinaclland these blocks are held together by
intermolecular interactions (bonds), of a reveesibhture, to form a supramolecular aggregate.
These intermolecular bonds include electrostateractions, hydrogen bondintgs- 1t interactions,
dispersion interactions and hydrophobic or solvdpheffects.t

Supramolecular chemistry is a multidisciplinaryldievhich impinges on various other disciplines,

such as the traditional areas of organic and imacgehemistry, needed to synthesise the precursors
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for a supermolecule, physical chemistry, to undedtthe properties of supramolecular systems
and computational modelling to understand complgxramolecular behaviour. A great deal of
biological chemistry involves supramolecular corisepnd in addition a degree of technical
knowledge is required in order to apply supramdbacsystems to the real world, such as the
development ohanotechnologicatlevices.

Supramolecular chemistry can be split into two Hdroategorieshost—guest chemistrgnd self-
assemblyThe difference between these areas is a question of size and shape. If arlequle is
significantly largeithan another and can wrap around it then it iséerthe ‘host’ and the smaller
molecule is its ‘guest’, which becomes envelopedhayhost (Figure 1.2(a)).

One definition of hosts and guests was given bydhbi©Cram, who said’he host component is
defined as an organic molecule or ion whose bindiitgs converge in the complexThe guest
component is any molecule or ion whose binding siteerge in the compléXA binding siteis a
region of the host or guest thatokthe correct size, geometry and chemical natiateract with

the other species. Thus, in Figure 1.2(a) the @entbl synthesised host has four binding sites that
converge on a central guest binding pocket. Hoststgcomplexes include biological systems, such
as enzymes and their substrates, with enzymes beénigost and the substrates the guest. In terms
of coordination chemistry, metal-ligand complexas be thought of as host—guest species, where

large (often macrocyclic) ligands act as hostavetal cations. If the host possesses a permanent

" i

==

Covaient
synlhesas

Small molecules Larger molecule {host) HOS*‘QUGST complex
(solution and solid state)

Larger

molecule .

- - I I -
Small

molecule ()

o | - . . .

Lattice-inclusion host-guest complex or clathrate
(solid state only)

) ! I I m
l Couaient Spontaneous
synthes:s
Small molecules Larger molecule

Self-assembled aggregate
(solution and solid state)

Figure 1.2.The development of a supramolecular system froneoutdr building blocks (binding sites represented b
circles): (a) host—guest complexation; (b) latiiegusion; (c) self-assembly between complementaojecules. (From
reference 1)
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molecular cavity containing specific guest bindgitgs, then it will generally act as a host both in
solution and in the solid state and there is aomaisle likelihood that the solution and solid state
structures will be similar to one another. On thkeo hand, the class of solid state inclusion
compounds only exhibit host—guest behaviour adaltyse solids since the guest is bound within a
cavity that is formed as a result of a hole in plaeking of the host lattice. Such compounds are
generally termed clathrates from the Greek klethreaning ‘bars’ (Figure 1.2(b)). Where there is
no significant difference in size and no specieadsng as a host for another, the non-covalent
joining of two or more species is termed self-addgmStrictly, self-assembly is an equilibrium
between two or more molecular components to produteaggregate with a structure that is
dependent only on the information contained witthia chimica building blocks (Figure 1.2(c)).
This process is usually spontaneous but may beenfiled by solvation or templation effects or in
the case of solids by the nucleation and crysditis processes.

Nature itself is full of supramolecular systemg, éaample, deoxyribonucleic acid (DNA) is made
up from two strands which self-assemble via hydnogends and aromatic stacking interactions to
form the famous double helical structure (see Ghapt Section 3.2.4). The inspiration for many

supramolecular species designed and developeddmyists has come from biological systems.

1.3. Supramolecular interactions

Non-covalent interactions represent the energias libld supramolecular species together. Non-
covalent interactions are considerably weaker ttwralent interactions, which can range between
ca. 150 kJ mol-1 to 450 kJ mol-1 for single boridisn-covalent bonds range from 2 kJ mol-1 for
dispersion interactions to 300 kJ mol-1 for ‘iom‘icnteractions. However, when these interactions
are used in a co-operative manner a stable supeamlal complex can exist. The term ‘non-

covalent’ includes a wide range of attractions agpllisions which are summarized in Table 1.1

and will be described in more detail in the follagisub-sections.

Table 1.1 Summary of supramolecular interactions

Interaction Strength (k] mol™) Example

lon—ion 200-300 Tetrabutylammonium chloride

lon—dipole 50-200 Sodium [15]crown-5

Dipole—dipole 5-50 Acetone

Hydrogen bonding ~ 4-120 (See Table 1.2)

Cation—m 5-80 K™ in benzene

7 0-50 Benzene and graphite

van der Waals <5 kJ mol™ but variable Argon; packing in molec-
depending on surface ular crystals
area

Hydrophobic Related to solvent-solvent  Cyclodextrin inclusion
interaction energy compounds




1.3.1. lonic and dipolar interaction$

lonic and dipolar interactions can be split inteeth categories: (ipn-ion interactions (ii) ion-

dipole interactions and (iii) dipole-dipole interactions which are based on the Coulombic
attraction between opposite charges. The strongeshese interactions is the ion-ion (Figure
1.3(a)), comparable with covalent interactions.-ilmm interactions are non-directional in nature,
meaning that the interaction can occur in any ¢aiggon. lon-dipole (Figure 1.3(b)) and dipole-
dipole interactions (Figure 1.3 (c)), however, harentation-dependant aspects requiring two
entities to be aligned such that the interactiomsia the optimal direction. Due to the relative
rigidity of directional interactions, only mutuallgomplementary species are able to form
aggregates, whereas non-directional interactionsstabilise a wide range of molecular pairings.
The strength of these directional interactions ddpeupon the species involved. lon-dipole
interactions are stronger than dipole-dipole intéoas (50-200 and 5-50 kJ rifplrespectively) as

ions have a higher charge density than dipolespiebeing the weakest directional interaction,
dipole-dipole interactions are useful for bringspecies into alignment, as the interaction requres

specific orientation of both entities.

(a) (b)
M J) o7
O-.._.. .-0O
N* Cl- ;Ng*
(r N ;O{ P
o o
a_ HSC I”r'—O
(©) HSC e () = === l or HSC : :
H C(‘— 3 (|:|_|.“\\. CHS
3 HsC CHg 5 5:.' CH,4

Figure 1.3. Examples of electrostatic interactions: (a) ion-iateraction in tetrabutyilammonium chloride; (on-
dipole interactionin the sodium complex of [15]cre®; (c) dipole-dipole interactions in acetone



Electrostatic interactions play an important rateuinderstanding the factors that influence high
binding affinities, particularly in biological syans in which there is a large number of recognition
processes that involve charge-charge interactiomdeed these are often the first interactions

between a substrate and an enzyme.

1.3.2. Hydrogen bonding

The hydrogen bonds arguably the most important non-covalent inteoa in the design of
supramolecular architectures, because of its dtiegnyd high degree of directionality. It represents
a special kind of dipole-dipole interaction betweeproton donor (D) and a proton acceptor (A).
There are a number of naturally occurring ‘buildivigcks’ that are a rich source of hydrogen bond
donors and acceptors.g. amino acids, carbohydrates and nucleo bases).oggdrbond donors
are groups with a hydrogen atom attached to arrefesgative atom (such as nitrose or oxygen),
therefore forming a dipole with the hydrogen ataryging a small positive charge. Hydrogen bond
acceptors are dipoles with electron-withdrawingnadoy which the positively charge hydrogen
atom can interact, for example, carbonyl moietigégyre 1.4).

(@) R 5+ & R (b) R + 5 R

_ _\ S

& N—H------- OoO— &t 5 /D—H ——————— A— 9

R R R R
Donor Acceptor

Figure 1.4.A carbonyl accepting a hydrogen bond from a seagndmine donor (a) and (b)

The strength of hydrogen bonds can be very diffetegtween various systems and is not
necessarily correlated with the Brgnstead aciditghe proton donor. It depends on the type of
electronegative atom to which the hydrogen atomattsched and the geometry that the hydrogen
bond adopts in the structure.

Typically, the strengths range from 4 to 120 kJ Thakith the vast majority being under 60 kJ
mol™ and scales of hydrogen bond acidity and basicityehbeen developédThe types of
geometries that can be adopted in a hydrogen bgrudimplex are summarized in Figure 1.5.

The geometries displayed in Figure 1.5 are terimechary hydrogen bond interactions this
means that there is a direct interaction betweerdtmorgroup and the acceptor group. There are

also secondary interactionbetweenneighbouring groups that must be considered. Thi&apa



charges on adjacent atoms can either increaseintdmdp strength by virtue of attraction between

opposite charges or decrease the affinity duepolsen between like charges.

(a) (b) () A
A )/
D—H----A D—H" D—H
A
A
(@ @) ) 0 §
M ; /H
D\ \’A D— H----A D\ A
H/, \_\\ H’/
A .
A

Figure 1.5.Various types of hydrogen bonding geometries: i@alr; (b) bent; (c) donating bifurcated; (d) adoep
bifurcated; (e) trifurcated; (f) three-centre bfated.

A real-life example of hydrogen bonding is the deubelix of DNA. There are many hydrogen
bond donors and acceptors holding base pairs tegetis illustrated between the nucleobases
cytosine | and guanine (G) in Figure 1.6.

The CG base pair has three primary interactiaest(aditional hydrogen bonds) and also has both

attractive and repulsive secondary interactions.

@) H (b) B- 8+

OF"--H N — Ammmmm=H— )

_H 5+/ 8-
backbone I D_HT:"TTA ]

/>7N \):; "

s backbone N

/ H -0 L D —Hemmmee A
H
Guanine Cytosine

Figure 1.6. (a) Primary and secondary hydrogen bond intenastlmetween guanine and cytosine base-pairs in DNA
and (b) a schematic representation.



The highly directional nature of hydrogen bondintgractions, together with the specific alignment
of hydrogen bond donors and acceptors, has provebeta fruitful asset for the design of

supramolecular systems.

1.3.3.1=Interactions

There are two mairmrinteractions that can be found in supramoleculatesns, namely (i)
cation-t interactions and (iijeTttinteractions. Catiorreinteractions are well known in the field of
organometallic chemistry, whereby olefinic group® dound to transition metal centres, for
example, ferrocene and Zeise’s SHRtCL(N*C,H.)]), but these are not regarded as non-covalent

interactions’

Figure 1.7 (a) Six or more water molecules can fit arountl Whereas (b) there is space for only two benzene
molecules.

However, alkaline- and alkaline-earth metals algonf interactions with double-bond systems,
typically between 5 and 80 kJ mblFor example, the interaction of potassium ionthwienzene
has a similar energy to the KOH, interaction. The potassium cation is more solimleater than

in benzene, however, as it is not sterically pdssib fit as many benzene molecules around the
metal ion as water molecules (Figure 1.7).

The two types oftTtinteractions aréace-to-face whereby parallel ring-systems, separated by ca.
3.5 A, are offset and the interaction is betwean d¢bntre of one ring and the corner of another
(Figure 1.8(a)), andedge-to-face whereby a hydrogen atom from one ring interactsai
perpendicular orientation with respect to the aermdf another ring (Figure 1.8(b)). Themen
interactions arise from the attraction between tlegatively chargerrelectron cloud of one

conjugated system and the positively chargdamework of a neighbouring molecule.



<> v

Figure 1.8 The two types oft-Ttinteractions: (a) face-to-face; (b) edge-to-face.

The layered structure of graphite is held togetheweak, face-to-face-interactions and therefore

feels ‘slippery’ (Figure 1.9). It is because of 8ippage between layers that graphite can be ased
a lubricant (albeit in the presence of oxygen)etdattions involvingresystems can be found in

nature, for example, the weak face-to-face intevastbetween base-pairs along the length of the

double helix are responsible for the shape of DNA.

@ - . (b)

Figure 1.9(a) Top and (b) side views of the layered structfrgraphite, held together by face-to-faeateractions.

1.3.4. van der Waals interaction%

Van der Waals interactions are dispersion effdatéd tomprise two components, namely the
London interactiorand theexchange and repulsianteraction.
Van der Waals interactions arise from fluctuatiohshe electron distribution between species that
are in close proximity to one another: as the sdectloud moves about a molecule’s momentary
location, an instantaneous dipole is formed witthie molecule. This ‘flickering’ of electron
distribution (or dipole) between two adjacent spesanwill align the molecules such that a partial
positive charge from one species will be attradieda partial negative charge from another
molecule (Figure 1.10); therefore, the two instaatais dipoles attract one another and produce a

London interaction whose strength is dependanthenpblarisability of the molecule; the more
9



polarisable the species, then the greater thegitref the interaction. The potential energy of the
London interaction decreases rapidly as the distéetween the molecules increases (this depends
on the reciprocal of the sixth power of the disene- an ¥ dependence). These interactions are
non-directional and do not feature highly in supoéeoular design, but van der Waals interactions
are important in the formation of inclusion compdsnin which small organic molecules are
incorporated into a crystalline lattice, or whengadl organic molecules have been encapsulated into

permanent molecular cavities.

Electron
Nucleus
cloud

Figure 1.10A London interaction between two argon atoms. THi# ef the electron cloud around the nucleus

produces instantaneous dipoles that attract eden.ot

In the solid state, species tend to align so tleeeemaximum number of interactions between each
molecule, which minimises the lattice energy of #wid state structure. This close packing
arrangement has been rationalized by Kitaigorodskii classic treatiseAs molecules ‘grow’ into

a crystal, they arrange themselves so that aHe¥bid space is occupied, to achieve the maximum
interaction with their neighbours and hence thetratable lattice energy for the crystal. This close
packed arrangement is achieved by most solid statetures but there are a few examples were
there is a void spacee. zeolites and channel coordination polymers, whieeerigid framework is

strong enough to withstand external forces.
1.3.5. Hydrophobic effect¥’

Hydrophobic effects arise from the exclusion of 4patar groups or molecules from aqueous
solution.
Water molecules interact with themselves or witheotpolar groups or molecules preferentially
(e.g. between dichloromethane and water whichramiscibile).and the organic solvent is forced

away as the intersolvent interactions between #dtemmolecules themselves are more favourable

10



than the ‘hole’ created by the dichloromethane. idgtiobic interactions play an important role in
some supramolecular chemistry, for example, thdibgof organic molecules by cyclophanes and
cyclodextrins in water.

Hydrophobic effects can be split into two energebmponents, namely an enthalpic hydrophobic
effect and an entropic hydrophobic effect.

Enthalpic hydrophobic interactions occur when asgueplaces the water within a cavity. This
occurs quite readily as water in such systems doemteract strongly with the hydrophobic cavity
of the host molecule and the energy in the systehigh. Once the water has been replaced by a
guest, the energy is lowered by the interactiorihef former water guest with the bulk solvent
outside the cavity (Figure 1.11). There is alsoeatropic factor to this process, in that the water
that was previously ordered within the cavity beesndisordered when it leaves. An increase in

entropy increases the favourability of the process.

Figure 1.11 The displacement of water molecules from a hydrbphaavity is responsible for the enthalpic
hydrophobic effect.

Entropic hydrophobic interactions come about wheerd are two or more organic molecules in
agueous solution, the combination of which creatémle in the water to form a supramolecular
complex (Figure 1.12). There is less disruptione(twle in the aqueous phase instead of multiple
holes) and hence an entropic gain, as the oveealldnergy of the system is lowered.

The hydrophobic effect is also very important inlbgical systems in the creation and maintenance
of the macromolecular structure and supramole@daemblies of the living cell or the formation of
amphiphilic structures such as micelles, where tghitic ‘heads’ assemble in a roughly spherical

geometry and lipid bilayers where the heads megterend.

ﬁﬁwfd aii‘@ﬁ

W0 “Wr,

i’w b‘ @"'bv‘“

Figure 1.12Two organic molecules creating a hole within anesys phase, giving rise to the entropic hydrophobic
effect — one hole is more stable than two.
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1.4. Solution host-guest chemistry

1.4.1. Binding constants

The binding of a guest by a host species, or ttexantion of two or more species by non-covalent
bonds, is an equilibrium process, whose equilibricomstant is called thbinding constantor
association constant

The equilibrium that exists for a simple 1:1 hostegf system is shown in Figure 1.13 and the
binding constant is calculated by Eq. (1.1), usihg concentrations of the species present at
equilibrium: host (H), guest (G) and the resultoamnplex (H-G). The final value, K, has units of
mol dnmi® or M. These values can range from near zero to vegg land so for convenience a log
scale is utilised and values are commonly seeneguas log K. Binding constants are calculated
from experimental data (from titrations monitorgdMMR, UV-Vis or fluorescence spectroscopy,
for example), which supply information about thesition of the equilibrium.

Host + Guest ‘:‘ Host - Guest

Figure 1.13.The equilibrium between a host—guest complex hadree species.

B [H-G]
@0 A =1Hq]

Frequently, host—guest complexes do not form ekalisin a straightforward 1:1 ratio. In such
cases, there is more than one binding constanttsgegquent guests bind to the host.

1.4.2. Guests in solution

In the case of anion and cation binding, the tweid® go hand-in-hand since the electrostatic
charge on any ion must be balanced by a correspgmdiunter-ion. Thus a ‘cation’ or ‘anion’ host
is always, in effect, a host for an ion pair (efitbentact or solvent-separated) unless the hadf its
bears a formal net charge.

So the binding equilibrium becomes a competitiacten between the existing counter-ion
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and the host and the measured binding constargsems the competitiveness of the host over and
above a specified counter-ion. In practice, theafbf the counter-ion is sometimes ignored or
assumed to be negligible, particularly if weaklienacting counter-ions are used.

There are a number of successful ion-pair bindiogts) moreover, ion-pairing can be used to great
effect in phasetransfer catalysis. In generals#iective inclusion of guests by a host molecule

in solution is subject to an unprecedented levededign and control based on supramolecular
principles. This allows the preparation of tailoregstems for a wide range of applications,

including sensing, food additives, drug delivenpaging, biological modelling and in cosmetic

therapy.

1.4.3. Macrocyclic and acyclic hosts

There are two major classes of host: acyclic (pddpand cyclic (macrocycles, macrobicycles or
macrotricycles).

Acyclic hosts are linear or branching chain specieth two or more sets of guest-binding
functional groups positioned on the spacer unguoh a way as to chelate a target guest species to
maximise guest affinity. Podands containing sevesttable bonds generally have less intrinsic
affinity for their guests than hosts that are magelly preorganised because of the unfavourable
enthalpic and entropic effects associated withctienge in host conformation upon binding.
Podands generally have a high degree of flexibditgl on binding to a guest the conformational
change that occurs to produce a stable host—goesplex, may result in allosteric effects (the
binding of a guest at one binding site that isueficed by the binding of a second guest).

In general, host flexibility is a very importantatere, especially in biological systems, in which
recognition of a substrate results in a confornmatiechange that may be of major significance.
Flexible, podand-type hosts generally exhibit lowerding constants than cyclic analogues, which
have binding sites positioned in a closed-ringrageanent.

As a result, cyclic systems are more preorganisednence form more thermodynamically stable
complexes because less conformational changeugeequpon binding.
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1.5. Supramolecular architectures

1.5.1. Rotaxanes

The word “Rotaxane” is derived from the Latin wdrdta’ meaning wheel andaxis meaning
axle. |n]-Rotaxanes (Figure 1.14) are a class of molecdhechv consist f if-1) macrocycles
encircling a large linear component (referred tottagad) terminated by bulky stoppers which
prevent the macrocycle from slipping out (unthregjli as they are larger than the internal diameter
of the ring and this would require significant diston of the covalent bonds. Rotaxanes without
such physical barriers, in which the ‘thread’ calip sout of the ‘needle’, are termed

pseudorotaxanes, which are frequently necessacyns@s to both rotaxanes and catenanes.

Macrocycle

Dumbbell shaped molecule

Figure 1.14.Graphical representation of a [2]-Rotaxane.

The two components of a rotaxane are kineticalppged so it represents an example of a
mechanically-interlocked molecular architecture.

Rotaxanes can behave as molecular shuttles betteusgacrocycle is free to glide over the thread:
a non-covalent interaction (hydrogen bonding, migaih complexation etc.) between the two
components usually is the driving force for thegatlsesis and the macrocycle resides near a
location on the thread callestatiori; a rotaxane can have more than one station atldsrcase the
macrocycle can switch between these two positibtiey are both the same. If the two stations are
different, the macrocycle is more likely to be e station which has a greater interaction with it.
This movement can be controlled with external inljkg pH gradient (see chapter 5), light and

electric current.
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1.5.2. Catenanes

Catenane (Figure 1.15) is derived from the Latiatena meaning "chain" and it is another
example of a mechanically-interlocked moleculah#decture consisting of two or more interlocked
macrocycles which cannot be separated without brgathe covalent bonds; generally they are
named according to the number of interlocked rimggatenane nomenclature, a number in square
brackets precedes the word "catenane” in ordemdizate how many rings are involved. Discrete

catenanes up to a [7]catenane have been synthesidadolated.

Figure 1.15.Graphical representation of a [2]-catenane

There are two primary approaches to the organithegis of catenanes. The first is to simply
perform a ring-closing reaction with the hope thaine of the rings will form around other rings
giving the desired catenane product. This so-cdbéatistical approach” led to the first successful
synthesis of a catenane; however, the method igyhigefficient, requiring high dilution of the
“closing” ring and a large excess of the pre-formeg, and is rarely used.

The second approach relies on supramolecular paemation of the macrocyclic precursors
utilizing non-covalent interactions like hydrogeanling, metal coordination, hydrophobic forces,
or coulombic interactions which offset some of éméropic cost of association and help position the
components to form the desired catenane upon tle fing-closing. This "template-directed”
approach (see chapter 6), together with the udegbfpressure conditions, can provide yields of

over 90%, thus improving the potential of catendnespplications

1.6. Conclusions

Supramolecular systems have a wide variety of uses) as trapping molecules within solid
state lattices, sensing and remediation of spetea solution, understanding biological self-
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assembly and nanotechnological devices and medigniaterlocked molecole (MIMs), which
have been integrated into nanoelectromechanic&egs(NEMSs). Together, these topics form the
core concepts upon which supramolecular chemistbased.

For over 100 years, chemistry has focused primanlynderstanding the behavior of molecules
and their construction from constituent atoms. mbee current level of understanding of molecules
and chemical construction techniques has given cth&idence to tackle the construction of
virtually any molecule, be it biological or desigheorganic or inorganic, monomeric or
macromolecular in origin. During the last few deesdchemists have extended their investigations
beyond atomic and molecular chemistry into themead supramolecular chemistry. Terms such as
molecular self-assembly, hierarchical order, angosaience are often associated with this area of
research.

Nanochemistryefers to the synthesis and study of chemical systgith features and functionality
on the multi-nanometre length scale and materiéls f@atures of size of the order of 1-100 nm as
nanomaterialsVery broadly there are two approaches to the szale dimension — ‘synthesising-
up’ and ‘engineering-down’. The engineering dowrpraach includes the latest in modern
techniques for producing electronic components @iginates in a bulk sense. Engineering down
to the nanoscalenénotechnology involves doing the same sorts of things that agireeer or
artisan does on a macroscopic scale but using @ed techniques in order to miniaturise. In
contrast the synthesising-up approactanpochemistry is modelled on biology, particularly
biological self-assembly, and aims to produce neaesfunctional components (perhaps with
molecular device or molecular scale computing apgilbns in mind) by chemical synthesis. Indeed
the very first reports of functional molecular camipg using supramolecular species have already
begun to appear.

In summary, principles of supramolecular chemistan be applied to the facile synthesis of new
mesostructured assemblies featuring long-ranger aadé displaying useful functional behavior
(molecular recognition and sensing, biomimetic lggata, size and shape selective molecular
transport, etc.).

Moreover, the introduction of paramagnetic centarshe different supramolecular architectures
(e.g. rotaxanes composed of different building kédcoffers the completely new possibility of
using EPR spectroscopy for detecting these systbeiag very sensible to the environment of
paramagnetic centers and being able to follow @m®E® in the nanoseconds scale, as for

supramolecolar assemblies.
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Chapter 2. EPR investigations of organic non-covaig¢ assemblies

with spin labels and spin probes

2.1 Introduction

The object of the present chapter is to review aheles appeared in the literature in the
last few years describing the use of EPR spectmsto investigate the properties of purely

organic non-covalent assemblies in liquid solutiignspin labels and spin probes.

2.1.1 Content and scope

Electron paramagnetic resonance (EPR) methods bege extensively used for detecting
and identifying non covalent assemblies in soluteamd for clarifying their structure and
properties. This body of work, which is usually edon the use of nitroxides as spin labels or
spin probes, is largely driven by the sensitivity the nitroxide functionality to its
surroundings, as the magnitude of th¥N hyperfine splitting constants(N) and g-factor,
depend on the polarity of the environment, while timeshapes of the EPR spectra reflect the
probe’s motional dynamic$urther advantages in using EPR spectroscopy aredhsitivity of
the method; the possibility of obtaining kinetiddarmation in the submicrosecond time range;
the ability to measure tumbling rates on the nacoseé timescale and distances between spin
labels in close proximity.

The object of the present report is to review ERBeeiments that have been used for, and are
relevant to, pure organic non-covalent assembhebquid solution published in the last few
years. For less recent works on this field, thedeeas invited to read previously published
reviews?

Very recently a review regarding the use of EPBcswscopy to investigate the properties of

self-assembled monolayers protecting gold nanaglastihas also been reported.

2.2 Host-guest Chemistry: Cyclodextrins

a, B, andy-Cyclodextrins (CDs) are cyclic oligosaccharidesdmap of 6, 7, or 8 D-glucose
units, respectively, bonded through-(1-4)-linkages (see Figure 1). The oligosaccharidg
forms a torus, with primary OH groups of the glueossidues positioned at the narrower end of

these tube-shaped molecules, while the secondanppyranose OH groups are located around
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the wider opening. The chiral internal cavity o€® is hydrophobic, while the external surface
of the torus is hydrophilic. In aqueous solutio<Lform a broad range of complexes with
guest molecules fitting, at least partially, inteethydrophobic cavity. For this reason, CDs are
regarded as practical enzyme models and have fapplications in the pharmaceutical science

as well as in the area of separation sci¢hce.

||[|---- aanQ =
n
a-CD: n=6

BCD: n=7
OH y-CD: n=8

Figure 1 Cyclodextrins structure

In the last 40 years, many EPR studies, providimgartant structural and thermodynamic
information, have been reported on supramolecutapiexes between CDs and various
nitroxide spin probe<. To expand the range of inclusion complexes thattmstudied by EPR

spectroscopy, two different approaches have bedowed in the last years: the use of very
sensitive spin probes based biAbenzyltert-butyl nitroxide and the synthesis of of several
spin-labelled cyclodextrins, in which one or twdrakide functionalities are attached to the CD

molecule?
2.2.1N-benzyltert-butyl nitroxide (BTBN).

BTBN has been largely used as paramagnetic guest spEmiestudying complexation
behaviour of CDs and related host systems, becaluseio the sensitivity of its spectroscopic
parameters (in watea(N) = 16.69 G,a(2Hp) = 10.57 G,g = 2.0056)° to the polarity of the
environment, and to conformational changes, aftelusion in the3-CD cavity, it shows large
variations of the hyperfine splitting constantsbath nitrogen and benzylic protong(N) =
15.74 G,a(2Hp) = 7.88 G,g = 2.0058) Thus, EPR spectra of this radical in the presesfca
suitable host system show signals clearly diffefentthe free and included species, and their
ratio provides the value of equilibrium constant foe formation of the inclusion complex. In
addition, because the lifetimes of the two spe@es comparable to the time scale of EPR
spectroscopy, as suggested by the strong dependentee temperature of the spectral line
width, this technique permits one to obtain infotima on the kinetics of association and
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dissociation of the inclusion complex.

With the aim to broaden the range of observati@ported in the literature on the behaviour of
binary complexes between cyclodextrins and organigstrates in the presence of alcohols of
different size and lipophilicity and in particular determine their influence, barely investigated
in the past, on the dynamics of the inclusion pssca systematic study was undertaken on the
effects of 14 different alcohols (linear, cyclicnda branched) on the inclusion in aqueous
solutions of the radical guest N-benzgrt-butyl-ds-nitroxide (BTBN-dg) in CDs, by using
EPR® In this study, theert-butyl hydrogens were deuterated to improve thesperesolution
and, thus, to get more accurate values of the kinette constants. Figure 2 shows the
increasing resolution of the EPR lines of the fraed included species observed upon
deuteration of BTBN.

Global analysis of EPR data allowed the authorgxplain the CDs binding behaviour: the
formation of a ternary complex, where alcohol aadical guest are co-included into CD cavity
was discarded in all cases, while EPR data weradauore consistent with the formation of a
binary complex alcohol@CD competing with the moret complex nitroxide@CD.

Figure 2 EPR spectra of-benzyliert-butyl nitroxide (a) andN_benzyltert-butyl-dy-nitroxide, (b), both recorded in
\ivfé,eé%g,gv%im igetprﬁigsrﬁ%eg?iﬁrb%férl?cghzcwé\/lr%iﬁgfjsc%/gilgthexanol (14mM). Reproducemfd. Phys. Chem.,A2008,
Both kinetic and thermodynamic analyses of the exrpental results revealed that the presence
of alcohols affects to a larger extent the dissomnarather than the association of radical probe
and CD and that the former process is of great@onance in determining the stability of the
complex, this confirming the reliability of the ceetition model proposed. This competition
has been used for the indirect determination ofstladility constants of complexes between CD
and examined alcohols. By using a similar appro@ctvas shown that EPR spectroscopy can
be considered a rapid and accurate technique &stigate the CDs binding behaviour toward
different nonradical guests.

The combined use of BTBN and EPR spectroscopyalss been proved to be suitable for
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studying the partitioning rate of a given substrat€D—micelle systems. The method is based
on the significant differences in the EPR paransetiown by BTBN when it experiences
water, CD cavity or sodium dodecyl sulfate (SDS}efiar environments (see Figure’3).

Fig. 3EPR spectrum of BTBN recorded in water at roomperature in the presence®fCD and SDS micelles

Actually, the partitioning of nitroxide probes iha hydrophobic environment of SDS micelles
gives rise to a reduction of the value of bothagen and3-protons splittings, respect to the
values of the nitroxide dissolved in water. Howevirese differences are more pronounced
when BTBN is included in the cavity of CD due totlbgolar and conformational changes
occurring upon complexation. Because of these wiffees in the EPR parameters it was
possible, for the first time, the direct and simnkous measurement of the concentration of an
organic spin probe in the three different “pseyglmses” (namely SDS micelles, CDs and
water)’

From an applicative point the residence time of phebe in each environment determined by
EPR was employed to predict the electrophoreticabetur of the diamagnetic carbonylic
analogue of BTBN, benzyert-butyl ketone, in CD-micellar systems when the amoSDS
micelle acts as a carrier and the inclusion ofdbkites into the neutral CD cavity is a process
in competition with the partitioning into the mitef

2.2.2 Spin-labelled cyclodextrins

Attaching a paramagnetic moiety to cyclodextrin eskt possible to expand the scope of
EPR studies to complexes of CDs with unlabelledenoles. Except for one early study which
did not probe host—guest complexatiospin labelling of cyclodextrins has been exploosdy
in the last few years.

lonita and Chechik reported the synthesis and tR® Eharacterisation of new spin-labelled
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cyclodextrins which were prepared in two or threeps starting fron8-CD (see Figure 4% In
particular,-CD was monotosylated at the C6 positand the resulting ®-p-toluenesulfonyl-
B-CD was converted into 6-deoxy-6-mercaft&D in order to obtain compound (by
reaction with 4-(2-bromoacetamido)-TEMPO; TEMPQj8,6,6-tetramethylpiperidine-1-oxyl)
and 2 (by reaction with 4-maleimido—TEMPOQO). CD-labelle8l was obtained by direct
substitution reaction of &-p-toluensulfonyl-CD with 4-NH—-TEMPO.

N-O

Figure 4 Schematic representation of spin-labelled QE3s

The aqueous solutions of the above spin-labelled €ibws typical nitroxide EPR spectra with
the high field line broadened due to restricted liling. Although the EPR parameters of these
materials are not very sensitive to the complexatwd small molecules, formation of large
host—guest complexes leads to substantial reductidhe rate of tumbling. Complexation 8f
with an adamantane functionalised dendrimer leadmtincrease of rotational correlation time
rfrom 5.87 x 10" to 13.48 x 10'° s (at dendrimer an@ concentrations of 5.4 x Iband 5 x
107® M, respectively) this being an indication that rsfabelled cyclodextrins are suitable
probes for studying formation of large supramolacudssemblies by measuring lineshape
variations in the corresponding EPR spectra.

By using an approach similar to that one usedrtb@ supramolecular complexation with
resorcinarené$ and calixarené$ lonita and Chechik synthesized and characterisedEBR
two spin-labelled CD biradicals in which two 4-caxy-TEMPO groups were attached to
adjacent glucose unitd)(or separated by two glucose uni.{®
As expected, the presence of two paramagnetic mesiat bis-labelled CD4 and5 lead to the
appearance of additional lines due to a spin—spich&nge interaction (characterised by
exchange coupling constadit For both4 and5 isomers,J is much greater thaa(N), and the
EPR spectra of biradicals in a dichloromethanetsmiushow five lines (Fig. 5b and 5c¢). On the
contrary, the biradical spectra do not show thensgpin exchange interaction in aqueous
solution (Fig. 5d and 5e). Because the strengtihn@fexchange depends on the rate of collisions

between the radicals, the absence of such interadias been attributed to a more open
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conformation adopted by the biradicals in waterusoh. By increasing temperature (which
leads to reduced viscosity and increased mobilgg)n—spin interactions were observed4an
water (Fig. 5f), while foi5 were still not present.

Y

106

Figure 5 EPR spectra of: a mono spin-labelled CD 4ajb) and5 (c) in dichloromethanet (d) and5 (e) in water at
room temperatured (f) in water at 350 K. Reproduced fradew J. Chem.2007,31, 1726, with permission of Royal
Society of Chemistry.

At room temperature, addition of known strong gadst CDs such as adamantane derivatives
or methyl orange did not lead to any significanarpes in EPR spectra 4fand5. However, at
temperatures higher than 323 K, that is at tempesadt which exchange lines are visibledé
suprd, the formation of inclusion complexes dfin water can be monitored by following
changes in the spin—spin interactions. Actuallysthguest interactions between the CD
biradicals and small-sized guests is expected toease the conformational rigidity of the
assembly, which in turn would affect the strengthexchange. Spin—spin interactions #in
water at 323 K, however, were not affected by thhesence of adamantane derivatives
(adamantane amine, adamantane carboxylic acid)ligpethylene oxides (containing 1-4
repeat units). It can be conceived that bindinghese guests does not significantly change the
steric environment around the lower rim of the tgvihis lack of conformational change upon
complexation means that EPR could not detect thmdtion of inclusion complexes betweén
and small guests. The spin—spin interactiond imas strongly affected only in the presence of
an adamantane end-capped diethylene glycol. Theostlmomplete disappearance of the
exchange lines in this case suggests that the drexyuof collisions between the TEMPO units
is significantly reduced upon complexation, preshipaue to steric hindrance in the complex.
Complexation properties of spin labelled CD$ have also investigated by electron spin-echo

envelope modulation (ESEEM) spectroscdpihis method, which is usually used in colloidal
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or biological systems, is in principle highly suita for structural studies of supramolecular
assemblies. Actually, when used with nitroxide latfg@obes, ESEEM reports on the number of
nuclear spins around the nitroxide group and thelear spin-nitroxide distancés.This
sensitivity to local concentration of nuclear spa@ be exploited to probe the accessibility of
the nitroxide group to the solvent molecules. Fastance, accessibility can be assessed by
monitoring interactions of the nitroxide group withe solvent®H nuclei if the spin-labeled
structure is dissolved in a deuterated solventuBion of a nitroxide probe inside the cavity of
a CD give rises to reduction in the number of sptveagnetic nuclei in the vicinity. The
complexed nitroxide will therefore give ESEEM traceith reduced modulations as compared
to the uncomplexed one. The modulation depth camcdeprovide quantitative structural
information about the environment around the spobp.
During this investigatiolf it was shown that ESEEM provided complementarprimfation to
cw-EPR and was proved more sensitive to the hossigeomplexation. Nonetheless, the
requirement for frozen samples introduces a compba for systems in equilibrium, in terms
of the uncertainty of the temperature at which #wiilibrium has been broken. Moreover,
ESEEM traces report on solvent accessibility inr@zén solution, and hence cannot provide
information about the dynamics of complexation, aanformational changes that do not
significantly change solvent accessibility.

Bardelang et al. also reported the synthesismabao spin-labelled permethylated C6) énd
analysed the self-inclusion process of the paramtgmoiety covalently attached to the CD

corel618

(MeO)e/

Figure 6. Spin labelled methylated cyclodextén

In aqueous solution, the EPR spectrunéahows a very pronounced asymmetric shape due to
a strong broadening of the two lines resonatingigher magnetic field. A good simulation of
this spectrum could be achieved only by assumiegettistence of two nearly equally populated
species that are undergoing a fast exchange. Pasies were identified as those having the
nitroxide moiety outside of the inner cavity or thitroxide moiety located amidst the methoxy

crown of the narrow rim of the CD cavity, as illceged in Figure 7.
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Figure 7. Two possible geometries for nitroxiée

It is important to note that, nitroxiderepresented a good model for the development laad t
synthesis of nitrone-appended cyclodextrins char&gsg#d by spin adduct with improved
stability}"19-2°

While in all previously examined cases, the pargmesic label was found to be located
outside the ring cavity or weakly included in th® €avity, Franchi et &* reported the first
example of a spin labelled cyclodextrin in whicke thitroxide functionality is mechanically
trapped inside the cavity of CD by a covalent hith one of the CD rims, that is, by formation

of [1]rotaxane®

Figure 8 Spin-labels7-10

The structurally assignment of [1]rotaxanevas made possible by comparing its EPR spectra
with those of the spin-labelled CB having the paramagnetic arm located outside thvityca
(see Figure 8). Actually, the 0.45 &a(N) decrease between and the corresponding free
thread9 measured in water was considered compatible wdkamnetry in which the piperidine
ring is strongly self-included within the hydrophobcavity of the3-CD with the nitroxyl
pointing toward the bulk water. On the other hatid smallerAa(N) (0.20 G) betwee® and

10 does not agree with an interlocked radical spedies with a weak self-complexing
nitroxide similarly to what found by Bardelaeg al.*®

This hypothesis was also supported by the analysithe EPR spectra variation observed

after the addition of 2,6-dD-Me-f3-cyclodextrin (DM$-CD) or SDS as external competing
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host or guest, respectively. Whereas the EPR spaotf 8 recorded in the presence of DI#i-
CD 0.1 M showed a significant decrease indfi¢) value, that recorded in the presence of SDS
is characterized bg(N) value comparable to that of the free threadsTihdicated that ir8 the
nitroxide fragment can be reversibly trapped bythao host or displaced by guest competing
for the CD cavity (Figure 9). Differently, the spaeaon of 7 did not show any variation in the
presence of the competing species, thus confirrtiirgrreversible nitroxide trapping inside the

cavity of CD.

ay= 17.00

Figure 9 Schematic representation of equilibria involvinggoxide 8, SDS and DMB-CD

2.3 Host-guest Chemistry: Cucurbit[n]urils

Cucurbit[n]uril$*?" (CBn, n = 5-8, 10) are a family of macrocycles mafdom the
condensation reaction of glycoluril and formaldedyid acid. Their hydrophobic cavity and
hydrophilic carbonyl portals allow the macrocyckesform a range of host—guest complexes
with organic and inorganic compounds. Similar to SC@he hydrophobic interior of CBn
provides an inclusion of various small moleculesluding pharmaceuticaf§;unlike CDs, the
polar carbonyl groups at the portals also allovbited ions through charge—dipole interactions,

so providing a significant increase of the gengrpbbor CB solubility in water solution.

Fig. 10 Cucurbitp]uril structure

The first EPR investigation exploring the bindingpperties of this relatively new class of
macrocyclic hosts was conducted on CB7, by udifizenzyltert-butyl nitroxide(BTBN)?° The
EPR spectrum at 298 K of BTBN recorded in the pmeseof CB7 (Figure 11) was
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characterized by the presence of additional sigrmdside those due to the free species, which
were attributed to the radical included in the hazstity (BTBN@CB?7).

Figure 11 EPR spectrum of BTBIdt 298 K recorded in water in the presence of CBHM.

The values of the nitrogen splittinga(N), and of B-proton splitting, a(2Hg), decrease
significantly upon inclusion into the less polavegonment of the CB7 host cavity, giving rise
to the remarkable differences in the resonanceufaqies for the M2Hg) = %1 lines of the
included and free species. Because of this diffezelh was concluded that the nitroxide is
included in the CB7 cavity from thtert-butyl side. Actually, this geometry results in @egly
inclusion of the NO group in the internal apolavieonment of the host cavity, while inclusion
from the phenyl side is expected to leave the N@ugrexposed to water. The EPR results were
corroborated by'H NMR studies carried out otert-butyl benzyl ketone, the diamagnetic
analogue of BTBN.

Unexpected EPR results were observed for the compten of BTBN with CB7 in the
presence of alkali cations (Table 1). Addition afakali chloride, MCI (M=Li, Na, K or Cs) to

a solution containing 10 mM CB7 caused the appeaah signals of a new species (Figure 12)
and a significant decrease of the EPR signals et fand BTBN@CB7 complex. The
unpredicted species was identified as the radioatdd in the CB7 cavity in which one metal
cation is in close contact with the nitroxidic oxygand two neighbouring portal oxygen atoms
with thetert-butyl group of the guest included inside the hesstity, BTBN(M")@CB?7.
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Table 1. EPR parameters of BTBN at 298 K in water.

Nitroxide a(N) / G a(2Hp) / G g factor
BTBN 16.80 10.70 2.0056
BTBN@CB7 15.60 9.57 2.0061
BTBN(Li)@CB7 17.12 14.82 2.0058
BTBN(Na")@CB717.08 15.28 2.0059
BTBN(K)@CB7 16.64 14.65 2.0060
BTBN(CS)@CB716.52 13.90 2.0061

The formation of the coordination complex resuftsai substantial increase in the electron spin
density on the nitrogen in inverse order with resge the size of the cation owing to increased
localisation of negative charge on the oxygen atmm bonding to the alkali cation. The EPR
spectra showed selective line-broadening effecta assult of metal exchange between bulk
water and the coordination complex. Analysis of tBBR linewidth variations allowed to

measure, for the first time, the corresponding keate constants (Figure 12).

¢ e« & K=2.5x1010 (-1 51 . e L )
+ Na*
—
- Na*
k=3.0x107 s

Figure 12. Schematic representation of Nexchange between bulk water and the coordinationptex. The EPR
spectra of BTBN at 298 K were recorded in watethia presence of CB7 7.0 mM in the absence (left) ianthe
presence (right) of NaCl 0.4 M. Rate constants vamtermined by theoretical simulation of spectreorded in the
presence of variable amount of NaCl.

Taking CB7 as a model host, these results led gerseral picture describing the interplay

between the association of metal ions and the cexaplon of organic guests - included those
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having a coordinating lone pair which form stat#enary metajuest—-CB complexes generated
by a template effect of the cation - which mustthken into account when discussing the
complexation behaviour of cucurbituril derivativiesthe presence of salts.

In order to study possible applications of CB7aakost for pH-sensitive nitroxides probes,

inclusion complexes of CB7 with different nitroxileeported in Figure 13 were investigaf@d.

R R

HMP, R = OH ATI, R = NH,
AMP, R = NH, MTI, R = CHy
TAMP, R = N*(CHs)3 ,

Figure 13 pH sensitive and related nitroxides investigatecef 30.

Mixing of ATI and MTI with CB7 gave rise to EPR spea that were found to be pH
dependent. At pH close to th& palue, the EPR spectra of ATI in the presence o7 GBowed

the superposition of signals of three nitroxidesy(iFe 14c).

+CB7, K+ |/
pH 3.8

346 347 348 349 350 2 346 347 348 349 350
Magnetic field / mT Magnetic field / mT

Figure 14 EPR spectra of nitroxide ATl or AMP (0.25 mM) @&K recorded in deionized water: (a,f) nitroxides
the absence of CB7 at pH 3.8. ATl in the presericde®mM CB7 at (b) pH 3.8, (c) pH 6.7, (d) pH 9ahd (e) pH 3.8,
and the addition of 0.1 M KI. AMP in the presendddc mM CB7 at (g) pH 3.8, (h) pH 9.0, (i) pH 134dnd (j) pH

3.8, and addition of KI (0.1 M). Simulated spedra displayed with dotted lines. Reproduced ftbriehys. Chem. B,
2010,114, 1719, with permission of American Chemical Society.
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Two of them were clearly assigned to the protonaied nonprotonated forms of the nitroxide.
The third one having lower hyperfine interactionF{H constant than the protonated form
ATIH", and the rotational correlation time obtained freimulation of the EPR line close to
those observed for the HUP@CB7 complex, was atteithtio the ATIH@CB7 complex.

Similarly to HMP, the EPR spectrum of AMP was fduto be sensitive to CB7 addition at
any pH in the pH range of 2-14. However, the EPRapeters of the complexes formed in
strongly basic and in neutral or acidic solutionsrevdifferent. In strongly basic medium the
formation of AMP@CB7 occurs, whereas at pK9 another complex is formed
(AMPH"@CB7). Formation of both complexes was accomparbgdsimilar increase in
correlation time.

As a general behaviour it was found that reveesifdrmation of inclusion complexes
AMP@CB7, AMPH@CB7, HMP@CB7, ATIH@CB7, and MTIH@CB?7 is accompanied by
a decrease od(N) of the nitroxide group, and by a 5-7-fold inase of rotational correlation
time monitored by EPR. The binding constants ofoxide@CB7 complexes were determined,
and the influence of alkali metal ions and pH oe éguilibrium between free and encapsulated
nitroxides was studied. The EPR spectra of CB7 umed with protonable nitroxides were
found to be more sensitive to pH changes than pleetsa of pure nitroxides, and the apparent
pK of these mixtures was found to increase with CB#cemtration. In agreement with the
general pattern of CB7 complexation with organibstances, the nitroxides with cationic
functional groups show much stronger binding thiamlar uncharged compounds, owing to the
considerable dipolar interaction of CB carbonyltats with ammonium ions. Interaction with
CBY7 stabilizes the protonated form of the nitroxighereasing the apparenKf the mixture.

EPR has also used to investigate the complex foomeetween cucurbit[8]uril (CB8), a
larger component of cucurbituril family, and steflg hindered nitroxided® The results were
compared with those previously reported for the plaxes with CB7? Unexpectedly, the
change of the cavity size gives rise to completifferent results.

CB8 is known to be essentially insoluble in wat®n the contrary mixing an aqueous
solution containingl3 and CB8 caused the complete dissolution of thd hosvater, while
treatment oflL1, 14 or benzyltert-butyl nitroxide with CB8 did not give rise to a§PR signal

from the radical included in the macrocycle ligamdhich remained as an undissolved solid.
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Figure 15 Nitroxides11-17

The formation of a strong complex between nitroxideand CB8 is expected on the basis of
the strong interaction between the ammonium sitd the carbonyl oxygen atoms of CB8, as
already found with protonated amin&dt is very likely that this complex is much mordsue
than free CB8, thereby “pulling” CB8 into solutiohhe EPR spectrum of this solution given in
Figure 16b, was nicely simulated by assuming thes@nce of three different species, the first
species due to the radical dissolved in bulk wél8.:) and the second species ascribed to the
1:1 inclusion complex of the radical with the mayde (L3cgs). The signals due to the third
species were instead completely unexpected andstedsof seven equally spaced hyperfine
lines separated by 5.1 G (g=2.0063) with a relaintensity of 1:3:6:7:6:3:1. This species,
never observed with the smaller macrocycle CB7, wssigned to a nitroxide triradical in
which each electron divides its time equally betwéleree nitrogen nucleilByimer). Since the
three radicals are not directly linked through aCCesystem framework, it was assumed that
the spin exchange between the three nitroxide usiteperating through space due to the
formation of a noncovalent supramolecular orgamsat

The supramolecular assembly was confirmed by tmmdtion of a long fibrous millimetres
sized network obtained by slow cooling the aqueesakition of CB8 andl3 from room
temperature to 5 °C. Cucurbiturils are known tanfdibres. Kim and co-workers showed that
intermolecular CHO interactions were responsible for self-assemblyGB7 in acidic
solutions, leading to water gelatidhwhile Bardelanget al. have reported that molecules of
CB8 are able to form water-filled channels conseggtiof one-dimensional macrocycle
nanotubes? In the same way, it was supposed that mixingl®fwith CB8 may lead to the
formation of a supramolecular organisation of thacrmcyclic hosts containing radical units
that assemble into a long fibril, in which the okide behaves as glue to form non covalent

building unit.
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The noncovalent and reversible nature of thedroa was evidenced by following the EPR
spectral variations observed by addition of aniimichloride in the pH range from 3 to 7, as
illustrated in Figure 16. Around pH 3 the EPR spact of a solution containing CB8 and
anilium chloride (Figure 16c) showed only the signdue to the radical dissolved in water, this
being an indication that the radicals are compjethsplaced from the macrocyclic cavity by
the aromatic ammonium cation. Increasing the basaf the solution to pH 7 with NaOH, the
signal due to the radical in water was suppresseldthe spectra of the monoradical complex
and of the triradical were instead observed (seer€i 16a). This observation strongly suggests

that the deprotonated aniline is released froncthaty being replaced by the nitroxide guests.

1 3water] =9% [13

M3cs1= 1%
[1 3mmer] = 90 O/D

]1=100%

water.

M3.501=7 %

M3pge]=2 %
ca8 (13 ymer] =93 %

[13,e ] =98 %

trimer

Figure 16 Experimental (solid lines) and simulated (dottegk$) EPR spectra df3 in the presence of CB&) initial
Shioride at pH-3 Showing the dispiacement of Uee fradicalls andd) speciiuma i the presande of aniium ahloride

at pH 7. The simulations were obtained by usingdperted relative amounts of nitroxidic species.

This spectrum consisting of seven lines is compatiith a radical showing three electron spin
exchangesJi,, Ji3 andJys) in which the three spins are placed either ilymaretric triangular
arrangementJ, = J;3= J23) or in linear fashionJi, = Jis% Jo3). Attempts to obtain structural
informations of the triradical in the solid stateléd because slow evaporation of solutiorl8f
with CB8 did not afford suitable crystals for X-rayystal structure determination. In the main
time, by using nitroxidd4 having a methoxy group as substituent at 4 pasifimrdo and co-
workers® were able to obtain the X-ray crystal structurethd complex (Figure 17). Orange
prismatic crystals suitable for X-ray crystalloghgpvere grown from a solution d4 and CB8

in water over a period of one month. The asymmetriat of 14@CB8 contains six
cucurbiturils, and the nitroxide inside each appdato be disordered. The host-guest couples
are arranged in supramolecular equilateral triamdleigure 17) to form layers with water
molecules in between. In each triangle, the distanmetween the oxygen atoms of the three
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nitroxides are in the range 8.4-9.0 A, with an agervalue of 8.7 A; this is expected to lead to
three almost equivalent spin-spin interactions WatigeJ values.

When 14@CB8 crystals were dissolved in pure water, an KebBPR signal was observed
composed of the superposition of the expected thneespectrum from fred4 and a seven-
line spectrum. This additional spectrum exhibitedl:8:6:7:6:3:1 seven-line pattern with a
hyperfine coupling constar#(N) of 5.13 G, in agreement with the “trinitroxidsupraradical
[14@CB8}.

Figure 17 a) X-ray structure of thd4@CB8 inclusion complex; b) supramolecular triangl®wing a three-spin-
system interaction in the solid state. Reproduagednfl. Am. Chem. So0c2009, 131, 5402, with permission of
American Chemical Society.

The high stability of nitroxide@cucurbiturii compleprompted Tordo and coworkers to
investigate the effect of CB7 on the nitroxide retion process by sodium ascorbaté very
high resistance was observed, with a half-lifg;)( of ca. 254 min (i.e., a 60-fold increase
respect to the free nitroxide), in the presenc@ aiM ascorbate anion with CB7, in agreement
with a slow kinetics of decomplexation. For compan, usingB-CD as the host led to an
increase by a factor of less than 2. CB8 also skosvgnificant activity towardL4 protection,
albeit to a lesser extent, presumably because wfeaker binding constant and the axial
orientation of the nitroxide inside the cavity.
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Supramolecular complexation behaviour of CB7 an@@Bs investigated also in the presence
of cationic probes, i.e. 4A(N,N-trimethylammonium)-2,2,6,6-tetramethylpiperidinytoxyl
bromide (@5), and related nitroxides, and the aggregation aitaristics of host-guest
complexes in water were examined By NMR and EPR® Both CB7 and CB8 form a 1:1
complex with15. The structure of the complexes in the solid statge inferred by X-ray
diffraction studies (Figure 18) and in the gas ghlag computation (B3LYP/6-31G(d)). In solid
state, both complexes display the nitroxide plaaethe center of the cavity with the nitroxide
N-O group inside the portals of the macrocycle #ma pendant trimethyl ammonium group of
15 exposed outside the portals of the host. Such géwes were confirmed by computational
results which highlighted the differences betwebr tlimension of the two portals of the
complexes with the top (toward which the nitroxigimup was oriented) being larger than the

bottom oxygen portals.

(2) (b)

Figure 18 Side and front views ol5@CB7 obtained from X-ray crystal structure solutid®eproduced from
Langmiur,2009,25, 13820, with permission of American Chemical Stcie

The EPR spectrum dI5@CB8 consists mainly of three lines being charastierof a single
nitroxide radical, similarly to that of thEB@CB7 complex.

(i) ‘J\[—J\FJ\F (ii) "/\{/—j\{//\/f
(i) (iv)
106G

Figure 19.EPR spectra of th#5@CB8 (1:1) complex at different concentrations:1(ix 10°, (i) 5 x 107, (iii) 1
x 10 and (iv) 1 x 10° M. Reproduced fronhangmiur,2009,25, 13820, with permission of American Chemical
Society.

35



In the case of CB8, however, in addition to the eotpd three-line spectrum, an additional
spectrum consisting of seven lines was recordegu(€i 19), the contribution of the seven-line
spectrum to the total spectrum being dependenherconcentration of the complex and added
salt (NaCl) to the aqueous solution. Similarly tbaw found with nitroxided3 and 14 in the
presence of CB8.>° the spectra are consistent with the presence tofadical [L5@CB8}.
The only manner which reproduces the observed spégt simulation is by assuming a spin
exchange among three nitroxide radicals includethiwi CB8 interacting in a triangular
geometry that leads to spin exchange between thee thadical centres. The authBrs

established, with the help of 13 additional exarapthat this was a general phenomenon.

2.4 Non covalent interactions: halogen bonding

Interest in nitroxide radicals stems from their pioent role as spin labels in biology,
biochemistry, and biophysics to monitor the struetand the motion of biological molecules
and membranes, as well as nanostructlies.mentioned before, labeling of specific sites by
nitroxide probes allows effective structural andndwic analyses by means of EPR
spectroscopy, thanks to the sensitivity of someme#ig parameters (e.gg;factor and nuclear
hyperfine tensors) to interactions with the surmiing molecules and to the polarity of the local
environment.

In this contest, the ability of the NO moiety toteract with hydrogen-bond donors is
particularly significant, since it leads to a fitming of the physicochemical properties of
nitroxides under controlled conditiof§3® The hydrogen atom is the most common electron-
acceptor site, and hydrogen bonding (HB) is the tmiosquently occurring noncovalent
interaction in chemical and biological processealolgen atoms equally work as acceptors and
the interaction, which they give rise to, is chaeaized by several properties similar to those of

the hydrogen bontf The term halogen bond (XB) is generally used fefirdng such

noncovalent interaction involving halogens as etattacceptors. The general scheme Y
thus applies to XB, in which X is the halogen (Lewaicid, XB donor), D is any electron donor
(Lewis base, XB acceptor), and Y is carbon, nitrggbalogen, etc.: halogen bonding to
different XB donors can show a strength comparablehydrogen bonding (in terms of
equilibrium constants and other thermodynamic patens).

36



/CF3
N—O‘\HHH'—C{_' N—O’\mm' F
CF3
F F
TEMPO-C3FgHI TEMPO-CgFsl
R F
N—Qm | ImmO—N
F F
(TMIO)-DITFB

Figure 20 Some of Xbonded nitroxides investigated by EPR

The interaction of the stable TEMPO radical (2,@-&tramethylpiperidindN-oxyl) with
several iodine-substituted fluoroalkanes and flbermenes in solution has been recently
investigated by EPR spectroscoffySuch an approach complements other analytical adsth
used till now to detect XB formation, to define rature, to establish its strength and structure,
and to reveal the similarities between XB and HBtHis papel’ the presence of a X-bonded
nitroxide is demonstrated by analysis of the cqroesling EPR spectrum. In particular, the
formation of a X-bonded TEMPO was manifested pritlgaas an increase in the isotropic
nitrogen hyperfine coupling(N) (see Figure 21), with a minimal effect on thevalue @iso).
The substantial increase of the nitrogen split{ieg., 15.37 G in g, 16.17 G in @F17l), is
consistent with an increase in spin density atrtiiegen nucleus of the nitroxide, because the
ionic resonance structure of TEMPO becomes slighitye stable through the halogen bonding

of the N-Oe« moiety with the iodine nucleus.
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Figure 21. Experimental dependence &) for solutions of TEMPO in hexafluorobenzene88 K, as a function of
iodopentaflurobenzene {&sl) concentration.
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The isotropicg-value of TEMPO was also slightly affected, incliegsfrom 2.00597 to
2.00619. Interestingly, the experimentgl values of the TEMPO complexes with iodine
derivatives are larger than those generally showmitroxides dissolved in hydrogen bonding
donor solvents. This behaviour can be related & dhange in the distribution of the spin-
density between three atoms: nitrogen, oxygen,iagitie. The electronig tensor is dominated
by contributions from the amount of unpaired electon a given atom and from spin-orbit
coupling. Since the spin-orbit coupling constant thee iodine atom (4303 ¢ is much larger
than for nitrogen (73.3 cif) and oxygen (151 cif), a small transfer of the unpaired spin
density from the nitroxidic moiety to the iodineoat is expected to increase theensor value

as demonstrated by DFT computatidhs.
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Figure 22.EPR spectra of DPNO recorded igFg(a) and in GFsl (b). In the latter case the nitroxide concentnathas
been raised to get a better signal to noise ratio.

A more convincing evidence for the formation of tiredogen-bonded complex was provided by
the marked broadening of the EPR lines observedchwhe nitroxide spectra were recorded in
iodoperfluorocarbon solvents. This effect is paiéely evident in the EPR spectra of
diphenylnitroxide (DPNO), whose hyperfine structweampletely disappears upon addition of
the iodoperfluoro derivatives (see Fig. 22). Thiior of the line broadening may result either
from unresolved iodine't’l; 1=5/2) hyperfine coupling or/and an increasetire rotational
correlation time, a consequence of the increasedrdgynamic radius of the X-bonded
nitroxide species.

In a following? paper Micallef and coworkers investigated the EB&hviour of an
isoindoline nitroxide (1,1,3,3-tetramethylisoinde2-yloxyl, TMIO) in the presence of

pentafluoroiodobenzene. Also in this case, the EP&ctrum obtained in the X-bonding donor
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pentafluoroiodobenzene exhibited a dramatic in@eas line width, with a concomitant
reduction in signal intensity. Estimation of thedngdynamic radii of TMIO (6.78 A) and
TMIO-pentafluoroiodobenzene (15 A) from the crystastructure of (TMIO)-
diiodotetrafluorobenzene, produces a value'ofwhich is very similar to the value determined
by simulating the experimental spectrum by usingef§on’s line width modél? This would
suggest that the line broadening arises from aefargtational correlation time, a consequence
of an increased hydrodynamic radius of the TMIOtagunoroiodobenzene X-bonded species. If
this is correct, then the delocalization of theradide unpaired electron onto the iodine atom
(**1; 1=5/2) of the solvent through X-bonding interimcts must be small, although not
negligible.

Since the rate of formation and breakdown of XBvesy fast in the time scale of EPR
spectroscopy, the experimental spectrum represbetgoncentration-weighted average of the
spectra due to the free and halogen-bonded nitesxidUnder these conditions, the ratio
between the free and the complexed species and thesequilibrium constants for the
formation of the complex, can be obtained by simiaiaof the experimental spectra in the fast
exchange regime by using the intrinsic EPR linepshéor the X-bonded nitroxid®. The
strength of the XB between TEMPO and the differ@daoperfluoro derivatives was obtained
for the TEMPO/GF.71 complex, by measuring the variation of the edwilim constant
determined by EPR spectra analysis, in the temperatange between 298 and 328 K. The
corresponding thermodynamic parameters were olitaasgH® = 7.0 £ 0.4 kcal/mol andIS® =
18.1 + 1.4. The EPR value of enthalpy of formatigh kcal/mol) is quite remarkable and
indicates that iodoperfluoro compounds form with MO interactions whose strength is
similar to those formed with strong HB donors. lHwtance, a value of 5.75 kcal/mol has been

measured for the formation of TEMPO-hexafluroprogdrnydrogen-bonded complex.

2.5 Self-organised architectures investigated by E®Pspin probes

Self-assembly is a powerful tool for the prepanatiof assemblies of well-defined
(nano)architecture and for obtaining materials wihiored physicochemical properties (in
particular, electronic and optical propertié$)This approach has been used to obtain different
materials, for example, gels, liquid crystals andcrete assemblies, with potential broad
practical applications. A great effort has beenaleg to the investigation of self-organised
architectures based on directional, multiple hyéro¢ponding interactions. In particular Rebek

and colleagué$ have pioneered the use of self-assembly to prochalecular capsules seamed
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together by hydrogen bonds. In most cases the Hasiding blocks of capsules are hosts
related to resorcinarenes, which are bowl-shapddhrmeric macrocycles formed by the
condensation of resorcinol derivatives with aldetg/ih an acidic mediurfy.

OH

18: R = -(CH,)10CH3
OH

Figure 23. Strucure of the resorcinare hde® (left) and crystal structure of hexam®&8:-8H,0O in a ball and stick
representation (right). Reproduced frdmAm. Chem. Sqc2004,126, 2939 with permission of American Chemical
Society.

Kaifer and co-workef§*’ have applied EPR techniques to investigate thendtion and
properties of large molecular capsules that refsaih the self-assembly of resorcinared@sin
nonpolar media, such as chloroform and dichloromue¢hsolutions. They used nitroxide spin
probes (TEMPO or derivatives) as potential guestsehcapsulation by resorcinareh& The
EPR spectra were recorded in water-saturatedGGHsolutions in order to provide the water

molecules that are necessary to complete the hgdrbgnd network required for capsule

5 Gauss
—_5 d)
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0:1
/free
b) e)
12:1 \
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Figure 24. Experimental EPR spectra in water-saturated@@Hat 293 K. a)12 0.10 mM, b)12 0.10 mM +18 1.20

mM, c¢) 12 0.05 mM +18 2.70 mM d)15 0.10 mM, €)15 0.10 mM +18 1.20 mM, f)12 0.05 mM +18 2.70 mM.

Reproduced from E. Mileo, S. Yi, P. Bhattacharyal aa E. Kaifer, Probing the Inner Space of Resane

golgﬁugrcCaEéualleAs with Nitroxide Guestsngew. Chem. Int. Ed2009, 48, 5337. Copyright Wiley-VCH Verlag
m 0. .

formation.
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The addition of increasing amounts of resorcinaré®eto 4-amino-TEMPO 12)/CH,CI,
solution leads to significant changes in the EPRct@a (figure 24). In the region that
corresponds to the high-field line, two differesyperimposed signals are present. a sharp
signal, due to the free nitroxide probe that undesyfast motion, and a much broader line
(Figure 24b) due to the encapsulated radical. Téfilects the decreasing tumbling rate of the
nitroxide probe upon encapsulation inside the hext@nassembly. Similar results were also
obtained for nitroxide45 and 16, while EPR spectra of tempone were substiantiatigffected

by the presence of resorcinarene.

The EPR spectroscopic data collected in this watkpported the hypothesis that
encapsulation of guests witl8; is affected by the electrostatic nature of thesgsienvolved.
Electrostatic surface potential plots of the nitdexprobes revealed that their encapsulation is
enhanced by surfaces with positive charge densitgh as those of nitroxide2, 15, and16. In
contrast, a probe such as tempone, whose surfgoedominantly laced with negative charge
density, fails to undergo encapsulation. This falus probably due to the electrostatic
complementarity between positively charged gueststhe mostly aromatic, inner walls of the
resorcinarene capsules.

In order to assess to what extent the motion ef ttapped probes may reflect the overall
motion of the entire assembly, the approximate gk volumes were calculated from the
rotational correlation times for the encapsulaté@doride probes. Molecular volumes of 4700,
19000, and 39000 &for encapsulated nitroxidel?, 15, and 16, respectively were estimated.
Since the overall volume of the hexameric molecwaapsule is expected to remain constant
regardless of the sequestered guest, these vaddlestrthe relative levels of probe motion
inside the capsule.

Figure 25. Structure of the host investigated in ref.s 48-B@produced fromLangmuir 2009, 25, 3473, with
permission of American Chemical Society.

The Turro and Ramamurthy research groups have slioatrspin probes yield very interesting

data on the properties of dimeric molecular capsdtemed by a deep-cavity cavitand in
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aqueous solutiof®™° In particular, the cavitand studied, reported igufe 25, has shown to
readily form dimeric capsule in watgt.

The walls of molecular flasks are not necessatiynpletely insulating, and interactions
between incarcerated guests and external moleadasoccur through the phenomenon of
superexchange. Enabled by employingNtlabeled incarcerated nitroxideZ and a"*N-labeled
free nitroxidel5 in the external aqueous phase, Ramamurthy and Taported an example of
the simultaneous observation, by EPR spectroscopyhe electron spin-spin superexchange
between an incarcerated paramagnetic nitroxide catdeand a nitroxide molecule present in
the external aqueous phd8en this example, no new host—guest or guest—ginéstactions
occur, but the host instead facilitates interactiard the enclathrated guest with the outside
environment. They showed how this communicationweenh an incarcerated guest and
molecules in the bulk solvent can be controlledshipramolecular factors such as Coulombic
attraction and repulsion between a charged guess@iwnplex and charged molecules in the
bulk aqueous phase. In addition to observationl@fteon spin-spin interactions, the EPR data
provide direct information on the motion and thdapity of a *°N-labeled incarcerated guest

and*N-labeled free molecule in the bulk solvent.

2.6. Switching of the spin-spin interactions.

One valuable feature of supramolecular self-assgnwlits dynamic nature, due to the
reversibility of the non-covalent interactions. $hdynamic nature leads to the preparation of
functional materials, the physical properties ofiethcan be tuned and controlled by external
stimulii, for example, light®

Switching of the spin-spin interactions in orgamadicals is of particular interest for the
development of molecular-scale magnetic deviddhen the spin exchange occurs only
through-space, complete control of this interactc@m be obtained by modifying the spatial
arrangement of radical centr&a/Vhereas spin-spin coupling via covalent bonds reenhbwell
studied strong through-space interactions between orgadicals are more difficult to achieve

because unpaired spins have to be located at adistance.

2.6.1 Self-assembled cages

In an unconventional approach, Fujita and co-waketilized cagel9 to organize and
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manipulate the through-space interactions of omyamidicals’® In solution, free nitronyl
nitroxides 20 exhibit no particular intermolecular interactiooeing characterised by a sharp
EPR signal, which is split into a 1:2:3:2:1 quintkte to coupling with two nucleus spins of
nitrogen atoms (Figure 27a). When an excess of po&dil9 was suspended in an aqueous
solution of20 at 20 °C for 1 h the clathrate compourd®s(20),, containing in the molecular

cage two nitroxidic units is formed.

Figure 26 Molecular cagd.9 and nitroxide®0-22investigated by Fujita et al.

The remarkable feature is that the enclathrati@dethe cage induces intermolecular spin-spin
interaction between two guests, which is clearlgasbed by EPR. Actually, the spectrum of
19(20), in solution at 293 K is characterised by an add@l broad signal assigned to a
dimeric aggregate of radic&l0 in a triplet state that stems from intermolecul@insspin
interaction (Figure 27). A reliable evidence foetimtermolecular spin-spin interaction comes
from the clear observation of a forbidden transitidtms=2, at half the magnetic field dfms=1
(1600 G). The distance between radical centersestimated by point—dipole approximation to
be 5.9 A. X-ray crystallographic analysis confirmtiet the two radical centers 80 are held

in proximity, with an average intermolecular distarof 5.8 A.
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Figure 27. EPR spectra of (a) radicaD (saturated) and (b-e) clathrate compléx(20), (5 mM) in water at various

temperatures. (f) Powder EPR spectra of clathrateptex 19+(20), at 103 K. Signals with an asterisk are of a*Mn

eSxternaI reference. Reproduced frdmAm. Chem. SoQ004,126, 16694, with permission of American Chemical
ociety

The use of the dimethylamino derivati2é led to a pH-responsive host—guest system, and the
spin—spin interactions could be controlled by atijgsthe pH valué? The two guest radicals
interact in neutral solution, and the EPR of thatlulate shows a triplet state. When the pH
value is lowered by the addition of acid (HROthe dimethylamino group is protonated and the
cationic nitroxide has a lower affinity for the hig positive cagel9. The radical guests exit the
host cavity and the EPR triplet signal is replaceg a doublet, which indicates no
intermolecular interactions. This process is reNses neutralization with KCO; results in re-
encapsulation and the reappearance of the triggatk This pH-controlled switching of a spin-
spin coupling between two organic radicals placed self-assembled cage represented the first
example of reversible control by an external stwmsulover an intermolecular spin-spin
interaction in solution.

Radical cages with unpaired electron spins inrtirameworks are seldom prepared and their
properties - with the exception of cagelike clustempounds that have unpaired electrons at
metal centers - particularly the interactions with radical guesare largely unexplored. This is
mainly because of difficulties in introducing stabbrganic radicals at the core of the host
frameworks. Only very recently, Fujita and cowok@reported the self-assembly of a radical

cage containing multiple spin centres around atgasuitable for guest inclusion. They showed
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that verdazyl radical-cored ligar&B is quantitatively self-assembled into the largesyage24

upon treatment with a Pd(Il) complex (Figure 28).
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Figure 28 Schematic representation of spin c2gdormation.

The four spin centres of spin cagé show intramolecular magnetic interactions. Whigahd
23 shows nine sharp signals derived from four nitrogaclei (Figure 29a), which indicates that
intermolecular exchange interactions are considgrakeak compared to the hyperfine
interaction &(N)=5.6 G), the EPR spectrum &4 shows only one broad signal (Figure 29b).
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Figure 29.EPR spectra of a) ligarZ3 (295 K, CHC}MeOH 4/1), b) cag@4 (293 K, HO); c) cage?4 (113 K, frozen
H,0); d) complex22:24 (113 K, frozen HO); e) recovere@4 after extraction o2 with CHCL from 22:24 (113 K,
frozen HO). The insets show the forbidden transitichmE2). Spectra are normalized. Reproduced from K.
Nakabayashi, Y. Ozaki, M. Kawano and M. Fujita, AlfSAssembled Spin Cagé&ngew. Chem. Int. Ed2008,47,

2046. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

The broadening of the signal is independent of eatration and temperature, and thus
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intermolecular interactions and motional broadensag be discounted. The signal broadening
was ascribed to the proximity of the four spin ceaton the ligands within the framework of
24. The observation of Ams=2 transition also supports the presence of inttamdar spin—
sSpin interactions.

Similar to the analogous triazine-cord® complexes? spin cage24 is capable of binding
neutral guests within the cavity in aqueous meWaen radical guests are accommodated in
the cavity of24, spin—spin interactions between the host and tlestgare observed by EPR and
the magnetic character of the spin cage is affetigdhe enclathration. Actually, when an
excess of powdered nitrosyl radi@® was suspended in an aqueous solutioB4oét 20°C for

1 h it gave, after filtration of surplus radicalest, the clathrate compou2@-24 This complex
showed a considerably enhancAds=2 transition, compared to empty cagd, and thus
indicates the proximity of spin centres on the hansdl the guest in the cavity (Figure 29d). The
original EPR spectrum of the cage was reproduceceboving the radical guest (Figure 29e).
Thus, a unique spin cage whose magnetic propestiede modulated by inclusion of a radical
guest, was obtained. The water solubility of thansage will allow studies on organic radicals
in agueous media to enable the development of guaable spin materials, such as new spin

probe reagents and MRI contrast agents, that wovkaiter.

2.6.2 Lipophilic Guanosines

A different example of open-shell moieties ordebgca supramolecular architecture showing
new magnetic properties and based on lipophilicngsaes has been reported by Graziaho
aI.57

Lipophilic guanosines are very versatile self-asiskng units. In the presence of alkali
cations they spontaneously self-associate to givertgt-based columnar structuréds it is
possible to functionalise the guanosines in th@dtpn and/or at the sugar hydroxy functions,
they are ideal scaffolds to locate functional unitspre-programmed positions, inside highly
ordered architectures.

Graziano et al’ showed that the scaffolding of the persistentaaldinit 4-carbonyl-2,2,6,6-
tetramethylpiperidine-1-oxyl, can be achieved bkirtg advantage of the ‘Ktemplated self-
assembly of the guanosine derivatB®into highly directional hydrogen bonded networBy.
combining NMR, CD and EPR data it was shown thathie presence of potassium ions this
compound can form in fact a;Bymmetric octameric assemi®p@K" in which the nitroxyl

moieties show a weak electron spin—spin exchangerdotion. Reversible interconversion
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fuelled by cation release and complexation alloles gwitching between discrete quartet-based
assemblies and molecularly dissolv2d thus controlling the intermolecular weak spinspi
interactions (Figure 30).

25
Figure 30. Schematic representation@f-symmetric octamer formed from paramagnetic guanredizs.

The next step was that to increase the spin ex@hdiiterence between the two states to obtain

drastic magnetic changes before and after adddfcthe metal cation. Neviamit al>®

reported
on the self-assembly properties of derivatdEwhere two TEMPO units are connected to the
guanosine deoxynucleoside at the’ @dd O3 positions (Figure 31). This target molecule was
simply chosen because in the metal templated adedmdpecies of26 the number of

paramagnetic units doubles, possibly leading taifant enhancement of magnetic coupling.

Figure 31 Room temperature EPR spectra26f(0.5 mM) before (a) and after (b) K-Picrate exti@t

In the absence of metal cations, the spectrum aadterized by three equally spaced lines
with a broadening between them, this being an etiba that intramolecular spin exchange is
occurring (Figure 31a). In sharp contrast, the E&pectrum recorded after solid-liquid
extraction of potassium picrate shows mainly onealr signal whose integrated intensity
corresponds to the initial amount of radicals (Feg81b). The broadening (peak to peak line

width = 12 G) of the signal is independent of carication and temperature, and thus
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interassembly interactions and motional broadentag be discounted. This spectrum is
reminiscent of those obtained from very concentratigroxide solutions (>0.05 M). Since the
spectrum was obtained at 0.5 mM concentration, digmal broadening is ascribed to the
proximity of spin centers 026 within the framework of the octamer. This signalyntantain
not only a triplet transition but also other muléptransitions from higher spin states arising
from multiple interactions between the 16 radicaitet At 77 K in CHCI, glass, the spectrum
of the octamer showed only a featureless singl& peahe g~ 2 region and a wealins|= 2
peak at 1660 G. The observation of Zang| = 2 transition also support the presence of
intermolecular spin-spin interaction. However, #ignal of Ams|= 2 transition is very weak,
indicating that these transition probabilities ax¢remely small as a result of a smalvalue of
the high spin-spin states from the octamer. Accaylyi to previous investigatiGh on
symmetric tetraradical, this feature was attributieel lack of resolvable zero field splitting to
the time-averaged symmetry of the complex.

Although metal-induced magnetic exchange couplmgaramagnetic azacrowns have also
been reported* the above work should be regarded as the firsmgka of a radical-armed self-
assembling scaffold showing drastic magnetic chanigg addition-removal of diamagnetic

alkali metal cations.

2.7. Conclusions

The reported examples showed that EPR has provedetan important tool for the
investigation of non-covalent assemblies and weeekphat this technique will continue to
represent an important tool in the field of suprésvalar chemistry. In particular, the
characterisation of sophisticated spin traps basethe coupling of nitrones with macrocyclic
will require extensive use of EPR spectroscopy. BRIRremain also the fundamental tool to
follow the reversible introduction-suppression pirsspin exchange in a self-recognizing and
self assembling stable free radicals. A developnoéniulsed or multi-frequency experiments
(at the moment largely unexplored) for the chanass¢ion of host-guest complexes is also
desired in the next few years.
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Chapter 3. Synthesis and characterization of a paraagnetic

receptor based on cyclobis(paraquap-phenylene) tetracation

The majority of this chapter has been published in:
-A. Margotti, C. Casati, M. Lucarini, E. Mezzingetrahedron Lett.2008 49, 4784-87.

3.1. Introduction

The termcyclophandncludes all molecules that contain a bridged atamang. Many types of
bowl-shaped molecules fall into this category, suabk carcerands and hemicarcerands,
cryptophanes and hemicryptophanes and calixareesstcinarenes and rigidified recorcinarenes.
One of the first examples of a cyclophane molesudss [2.2]metacyclophandld), which was
synthesized in 1899 by Pellegrin (Figure 1). Crard &teinberg introduced the modern concept of
a cyclophane in 1951 by re-synthesizing cyclophdae along with 1b, termed meta and
paracyclophanesrespectively, in which two aromatic rings aredh&gether rigidly by ethylene

bridging groups.

[2.2] metacyclophane (Végtle/Neumann)

1,3 (1,3)-dibenzeneacyclohexaphane (IUPAC)

Side view
la
ﬁ [2] [2.2] paracyclophane (Vogtle/Neumann)
O 1,4 (1,4)-dibenzeneacyclohexaphane (IUPAC)
Side view
1b

Figure 1. The cyclophanes, [2,2]metacyclophad@)(and [2,2]paracyclophanélf), showing the original (Vogtle and
Neumann) and IUPAC nomenclatures.
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Vogtle and Neumann broadened the definition of aychnes to include every molecule that
contains one aromatic ring and at least mmeembered bridged group, with> 0. In 2003, IUPAC
produced other rules for the definition of highbneplex molecular ring systems, as follows:

1. A cyclophane is a compound that has a MANCUDTg 8ystem, that is to say,MA ximium
number oNonCUmulativeDoublE bonds, or assemblies of MANCUDE ring systems.

2. Cyclophanes contain atoms and/or saturated saturated chains as alternate components of
larger ring systems{ compounddaandlb).

3.2 Charge-transfer cyclophanes

In addition to cyclophane hosts based on hydroghabd hydrogen bonding recognition, a wide
range of cyclophanes and cages have been prepased bn charge-transfer interactions. A series
of electron-rich cyclophanes-benzo crown ethenaéities was demonstrated to be able to form
attractively coloured charge transfer complexeshwite herbicide paraqual,N-dimethyl-4,4-
bipyridinium) and related electron deficient pyndim type compounds. The host-guest
interactions arise from face-to-face charge transfgacking and CH---O hydrogen bonding.

We can readily turn the polarity of this interaation its head to give an electron deficient paraqua
derived cyclophan®@ capable of binding electron rich aromatic guestshsas derivatives of-
dimethoxybenzene.

Compound, prepared by the group of Sir J. Fraser Stoddasbothwestern University,

USA, is perhaps one of the most famous cyclophansspramolecular chemistry. It is known as
the ‘blue box’ because of Stoddart's colour codsygtem of filled blue circles for electron
deficient and red for electron rich aromatic rirfggure 2). Blue is an appropriate choice because
of the violet-blue colour of the radical cationrfegd upon one-electron reduction of many paraquat
derivatives; a colour that gives them the namelogens’. The blue box has proved to be an
amazingly versatile component of many supramolecalssemblies, notably catenanes and
rotaxanes. It forms host-guest complexes with aewahge of electron-rich guests, it has extensive
redox chemistry involving both one- and two-eleotreduction of both paraquat moieties (Scheme
la), and useful photophysical properties making handy probe of electron transfer theory, a
useful photosynthesis mimic, and a component &it la;nd redox-activated molecular devices. The
blue box has been developed further by incorpanatioextra recognition sites as in the chigal
Compound3 is capable of shape-selective molecular recogniioa single enantiomer of DOPA
[3-(3,4-dihydroxyphenyl)-DL-alanin€j.
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2 Stoddart representation 3

"blue box" with included

pdimethoxy benzene

Figure 2 Paraquat, the electron deficient ‘blue box’ develbpy Stoddart and co-workers and a later derigativ
Electron deficient aromatic rings are coloured blted is used for electron rich rings, neutral logdrbons are
coloured black while green is used for other megtuch as tetrathiafulvalene.

DOPA resolution is important because L-DOPA is uaea drug in the management of Parkinson’s

disease.
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Figure 3. Redox chemistry of (a) viologens and (b) tetratliizdlene

Another very versatile cyclophane component capablerming charge-transfer compounds is the

tetrathiafulvalene (TTF) moiety. Like paraquat, TH&s an extensive redox chemistry summarised
in Figure 3b, however TTF is an electron donoraroklectron acceptor. This redox activity means
that it has been incorporated into a range of acgawolecular electronic devices.

In terms of cyclophane chemistry, TTF-derived cptlanes and cages are well known and have

interesting properties.
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3.3. Content and scope

The present chapter deals with the synthesis @vaatass ofrrelectron-deficient tetracationic
cyclophane ring, cyclobis(paragyaphenylene), carrying one or two paramagnetic saithes
based on 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMRNoiety, which has been achieved in five
steps starting from 2,5-dimethyl benzoic acid. Tpessibility of exploiting the proposed
cyclophanes as hosts in rotaxane-like structurestested preparing the monoradical receptor by
the clipping procedure in the presence of 1,5-dmmegnaphthalene (DMN). The addition of

template allows the isolation of the monoradicahptex with DMN.

3.4. A new paramagnetic CBPQT"-based host

Many areas of chemistry take advantage of the mmébion obtained by the combination of
molecules of open-shell configuration and chenmstalbility, owing to the properties displayed by
long lifetime radicals to be isolated as pure coonmuts and observed by conventional spectroscopic
methods. Stable radicdlsave been used to obtain structural, dynamic aadtivity information
using electron paramagnetic resonance (EPR) spgeopy, and for this reason have been
introduced in techniques such as spin labefligin trapping and EPR imaginas well as in the
development of new materials displaying magnetit @nductivity propertie5or in metal-radical
hybrid solid investigation towards molecule-baseaynets
Amongst the open-shell species, nitroxide®dN@& represent the most well-known class of stable
radicals’ The versatility of these radicals is further duethe opportunity of behaving like a
‘normal’ diamagnetic compound, with the possibildf performing diverse organic reactions on
molecules carrying a nitroxide group without affegt the radical site itself. Supramolecular
chemistry® and host—guest chemisttymay benefit by this possibility, since introductiof a
paramagnetic centre into a molecule acting as gpoasnt of the ‘supermolecule’ is potentially
attractive to modulate the behaviour of moleculavides. Recent literature examples of
macrocycles carrying paramagnetic centres are septed by paramagnetic calix[4]areffesr
cyclodextrin-labelled nitroxides.

In this section there is the synthetic procedurette preparation of a new class eklectron-
deficient tetracationic cyclophane rirayclobis(paraquap-phenylene) (CBPQT, carrying one or
two paramagnetic side-armsal and1b*®, respectively) based on 2,2,6,6-tetramethylpifeeidN-
oxyl (TEMPO) moiety as depicted Figure 1'* The electron-deficient macrocycle was chosen
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because of its use as ‘molecular shuttle’ in mbésh® molecular devices proposed by Stoddart and
co-workers" The reported radical-armed (CBPQT)nacrocycle represents a promising host for
the preparation of paramagnetic supramoleculantasthres, in which spin-spin interactions can be
reversibly switched on—off by the movement of tlegmagnetic shuttle.

In order to obtain the new macrocycles the bisgigiim precursors salts, either in the
unsubstituted §a) or in the one-armed6b) form, were linked with a benzylic dibromide
containing the nitroxide functionality.

Scheme loutlines the synthesis & Ester2, obtained by the acid-catalyzed treatment of 2,5-
dimethylbenzoic acid with ethanfiwas subjected to an NBS radical bromination witB)Xlas

the initiator to afford the benzylic dibromid Reduction of3 using diisobutylaluminium hydride
(DIBAL-H) as the reducing agent, gave the corresioog alcohol in good yields. Subsequent
esterification o# with 4-carboxy-TEMPO (4-COOH-TEMPO) afforded thierdamide radicab.

The modified dipyridinium sal6b was prepared by stirrin§ with 2 equiv of 4,4’-bipyridine in
DMF at room temperature according to the reactmrddions reported in thBcheme 1
Chromatography by silica gel column (MeOH/ME¥MeNQO,) afforded6b as a reddish solid in
good yield. Formation of the cyclophanes showrFigure 4was achieved using the clipping
methodology consisting in mixingand sal6a or 6b in refluxing acetonitrile for 24—-48 I5¢heme

2).
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__—NOs - 11/ = CH,OC(O)TEMPO

Figure 4. Structure of the paramagnetic macrocydlasand1b®®.

57



Br Er Br

I
COOEt COOEL CH,OH CH,OCTEMPO

NBS DIBAL-H 4-COOH-TEMPO
AIBN, CCly toluene, 0°C, 3h DMAP, DCC
reflux, 4 h CHzclz. rL, 24 h
40% 0% 50%
Z Br 3 Br 4 Br 5
H, Hp H'g H,
EI‘ .@ \
a SO
4 =N DMF — —
a . 2 13,4872h o
Q 3 NH.PFaH,0 a
.'DN P LA -
3 - tm \
Hax Br 1“-N /
ax (g
5 Eb H,-[' H“'H ||.' u'
Scheme 1.
&/ \
NN Yy
: o 1) MeCN
A, 24-48 h
2PFs 5 B
2) NH,PFgH.O g
Nf N/ \N 13-15%
@y ¥
6a-6b
aR=H
b, R'=RB = CH;OC({O)TEMPO
Scheme 2.

Compoundd.a® and1b®® were recovered by precipitation from the reactitirture, and isolated
without chromatography after exchanging theddlinterions of the cyclophane with saturated
agueous NEPFs, as an orange-brown solid.

Structural assignment of the new CBPQT-based mgcies1a® and 1b°** was justified on the
basis of ESI-MS (Figure 8) and 1D, 2D NMR analydesFigure 5, théH NMR spectrum ofLa"
(trace a) is reported.
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Figure 5. '"H NMR spectra (600 MHz, CIZN, 298 K) of the monoradical ho$g® (a) and its complex with 1,5-
dimethoxynaphthaleng® (b). The signals were assigned on the basis ofREEESY experiments using the labels
reported inFigure 4 The dashed lines indicate the most pronounceathbgghifts of the complex relatively to the free

host.

Because of the paramagnetic units the NMR specshows a very low spectral resolution. In

particular, the spectrum is characterized by tlk & the radical heterocyclic signals, and by very
broad signals due to the CBPQT protons. In ordeetmler the paramagnetic host suitable for a
complete characterization by NMR, it was necessaguantitatively convert it to the analogous N-
hydroxy amine derivativesl@-OH) by adding directly inside the NMR sample stoichedric

amounts of phenylhydrazirfé. -
OCH,

a a
® ® 4-H
Has N ‘p LN ‘ Hq:
A A
Hg Hg
, 4PFg ,
HB = = Hﬁ'
' \ \ U
Hg N Ng Ha o
b b
T T T T T T T T T T T T T T T T T T T
1a-OH 8 6 4 2

Figure 6. '"H NMR spectra (600 MHz, CIZN, 298 K) (a) of the complex with DMNa-OH , (b) 1a-OH obtained

after in situ reduction offas and lae with phenylhydrazine, respectively. Star symbadéer to the signals of
phenylhydrazine. The signals were assigned ondbkes lof 2D ROESY experiments by using the labgisnted in the

molecular structure. The dashed lines indicatesitpeal shifts of the complex relatively to the fieast.
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The spectrum ofa-OH (see Fig. 6, trace b) shows well resolved sigf@lghe viologen protons
(Ha and H); the presence of the radical arm in the strudtisvident by the peak shift of {¢lose

to the substituent (assigned by 2D ROESY experimehRig. 7), andy the splittings of the
methylene signals (a and a’) of the pdra-phenylenaunit (see contour plots in Fig. 7), as a
consequence of the arm-modified symmefrCBPQT"*. Detection of new sharp signals relative to

the piperidinemoiety emerging after radical reduction allows tbemplete'H picture of the

macrocycle.
H, CeH,y
Hg H' ; H! Hg H! i
s H’, CeH, b,b - p.HE, |
Hg H'g a H. Hy H'g -
a [l H, | Hy, | Hy
I .'\_)I\..-_-“\_
= "'I
- CH,0 -~ ™ G
| o]
| ]
i ||.§
[ ]
| 'Y
f‘//‘;\\l hlhl‘-':'_:. l.l: E? "'TT_'?
\\d\_/)}‘l a .\I 8.1 -
ae, ] @ z
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Figure 7. Partial 2D ROESY (600 MHz, @, 298 K) spectra ofa-OH - 4Cl. The contour plot shows the region of
intramolecular connections involving the cyclopharieg which allowed the assignment of tlpara-phenilene
methylene protons (a and a’) and the protons ofvibi®gen ring H- next to the radical-substituted phenyl ring (ring
A). The signals were assigned by using the lalegisnted in the molecular structure.

511.2
100%

[1as- 2PR]2*

, 5117

50% #

Figure 8. Positive ESI spectrum of a MeCN solution containirsg. The spectrum has been recorded by using the
following instrumental settings: positive ions; destion gas () 230 L/h; cone gas (skimmer): 50 L/h; desolvation
temp. 120° C; capillary voltage: 3.0 kV; cone vgka30 V.
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In Figure 9 (trace ais instead reported the spectrum of the diradid@PQT 1b*°. It should be
noted that it exhibits separate signals gfdahd Hg per viologen unit, and a couple of methylene
proton resonancéga and a’), due to the presence of a radical dubsiti ineach phenyl ring of the
tetracationic cyclophane. In the spectrminthe paramagnetic host appears also one setakspe

belongingo the nitroxyl heterocyclic ring, despite the ¢aixe of a paramagnetientre'®

(NOH)
1b-OH
NOe

HU
a
Ha /N‘p Hm#
\ \
Hg
X N
N

8 6 4 2
Figure 9. *H NMR spectra (600 MHz, CD3CN, 298 Kj) of 1bes - 4PF6, (b) of 1b-OH obtained after in situ reduction
of 1bee with phenylhydrazine. Star symbols refer to ttgnals of phenylhydrazine. The signals were assigmethe
basis of 2D ROESY experiments by using the labsterted in the molecular structure. In CD3CN sangbld. b-OH
most of proton peaks dR-hydroxypiperidine moiety are splitted into couplek signals, while in the diradical
(spectrum a)lbee only one set of signals is detected for the comadmg protons. The same behaviour is found in
samples oflb-OH recorded in DMSG#.
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Figure 10. Partial 2D ROESY (600 MHz, GIGN, 298 K) spectra dfb-OH - 4PF;. The contour plot shows the region
of intramolecular connections involving the cyclapk ring which allowed the assignment of rera-phenilene
methylene protons (a and a’) and the protons ofvtblegen ring Hg next to the radical-substituted phenyl ring. Star
symbols refer to the signals of phenylhydrazines $ignals were assigned by using the labels regportdhe molecular
structure.
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The possibility of using the proposed receptorsaasomponent in rotaxane-like structure was
verified by repeating the clipping procedure foegaration of the macrocycles in the presence of
1,5-dimethoxynaphthalene (DMN), as it is well efitdled that the latter is an effective guest for
electron-deficient CBPQff-based cyclophanés Actually, addition of the template favours the
clippage at room temperature between the bis-pyidi salt6a and the radical dibromid® in
DMF, and affords a powder after 5 ddysSeparation of the TLC purple spots of the crudeaon
silica gel column (MeOH/NECI (2M)/CH3NO, 4:4:2) and product isolation after treatment with
saturated aqueous NPFK; give [1aDMN] (7) complex as a purple solid in 33% yiel@ihe

schematic representatiSof 7: is reported irFigure 7

Wl

o

. 7\,
\/ £ e/
”‘O \\,_::CR \, .

H

a

Figure 11.Schematic complex structure

Proof of the formation of the host-guest compleotathas been attained by UV-Vis and NMR
measurements. The absorption spectrum (Figure 13 recorded in water at 298 K shows a broad
band in the visible region\fax = 530 nm,e = 275 M* cm?) resulting from charge transfer
interaction between DMN and theelectron-deficient bipyridinium units of the cyploanela®
and DMN.

Two main features may be outlined looking attHeNMR spectrum of the radical complexigure

5, trace b). i) The viologen host signals ¢Hand H) are significantly shifted towards lower
frequencies4d = 0.2, 0.45 ppm). The most pronounced shifts ecerded for i, which owing to
their central location in the macrocycle are mdtcéed from the inclusion of the guest. Also the
guest undergoes proton displacements after invawenm the complex, substantial upfield shifts
being measured for all the aromatic protomg.All the radical host signals in the complete form
(trace b) show much better resolution than thosth@ffree macrocycle (trace a), the signals f H
and H being splitted in four and two sets of resonanoespectively. Because line broadening of

nuclear magnetic resonances in spin-labelled mtgeds distance dependéfithe last observation
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must be related to the position assumed

by thecabdirm in the free macrocycle and in the
complex.

=]
(%]

400 500 &00 700
Wavelength (nm)

Figure 12.Spectrum UV-Vis of the complgXa®]4Br in H,O (0.8 mM). In the same spectral regiat does not
show any significant absorption.

In the former case, the broadening of the linescatds that the nitroxide could be located in a
position close to the macrocyclic receptasimilar to that found by Cooke et al. in their atne
CBPQT* derivative containing a pyrrole moietyReasonably, complexation displaces the radical
substituent from its original position to a new itios in which the free radical part is fartherrmno
the macrocycle, thus resulting in an improvemergpactral resolution.
Further support for the hypothesis that the hejalecposition changes upon complexation comes
from the observation of downfield shifts for th@@iidine protons when passing from the reduced
free macrocyclda-OH to the corresponding diamagnetic comple®®H (the NMR signals due to
the heterocylic protons are too broad to be dedect¢he spectrum dfa® and7a’).
EPR spectra of C#N solutions containinga® or 7a° were also recorded. The spectra show
typical nitroxide EPR signals with the high fieldd slightly broadened due to restricted tumbling.
Quite unexpected, the two radicals show very sinifld hyperfine splittingsay (15.82 G forla®

and 15.75 G for7a’), indicating that the complexation does not sigaifitly affect the spin
distribution on the nitroxide moiety.
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Figure 13. ESR spectra of monoradichkde (a) and diradicalbee (b) recorded at 298 K in MeCN and in DMSO,
respectively.

Attempts to isolate the complex between the di@di€BPQT" (1b°®) with DMN were
unsuccessful, thus indicating that formation ofthgaest complex with DMN is considerably less
favourable in this case, presumably owing to tleeisthindrance of the two arms opposing to the

insertion of the guest.

3.5. Conclusions

The two new receptors based on CBPQT tetracationgibg one or two paramagnetic
substituents on the paraphenylene units represemhiging hosts in the synthesis of more
complexed paramagnetic supramolecular architegturetsxanes or catenanes, employed as

molecular magnetic devices.
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Moreover, the monoradical recepfiais able to complex eletron-rich molecules. The clexp

with DMN, isolated by flash chromatography, proadevidence that replacement of the radical
arm with DMN in the complex imparts a drastic changon the spectral proton signals of the
cavity, that appear well resolved and separateaty&y to what happens in the free receptor which
displays broad signals, therefore, the radical aomld even act as a probe to detect inclusion

complex formation.

3.6. Experimental section

All reagents were commercially available and wergedu without further purification.
Compound®,%° 3%° 4" 6a® were prepared according to literature procediBebzents were used
as purchased unless otherwise noted. Analytical WaS performed on silica gel plates 634F

Column chromatography was performed using silid&@e

Synthesis of 5.A solution of the alcoho#t (0.86 g, 2.92 mmol), 4-carboxy-TEMPO (0.585 g,
2.92 mmol), 1,3-dicyclohexylcarbodiimide (DCC) (0% g, 2.92 mmol), and 4-
dimethylaminopyridine (DMAP, catalytic amount) (8X0g, 0.584 mmol) in C}Cl, (100 mL) was
stirred for 12 h at room temperature under nitrogémosphere. The resulting suspension was
filtered, and the filtrate was evaporated and subg to column chromatography ($j07:3
petroleum ether/ethyl acetate) to furntshs a thick orange-brown oil in 50% yiefti NMR (400
MHz, CDClk, 298 K):6 = 7.40-7.60 (m, 3H, H-3, H-4, H-6), 5.37 (br s,,28H,0), 4.64 (br s, 2H,
CH.Br), 4.54 (br s, 2H, ChBr); Positive ESI-MSm/z498.8 [M+Na].

Synthesis of 6bMethod A:A solution of5 (0.178 g, 0.37 mmol) in anhydrous acetonitrilen(y
was added dropwise to a refluxing solution of 4#yridine (0.142 g, 0.91 mmol) in anhydrous
acetonitrile (5 ml), and heating was continuedZém under nitrogen. After the solution was cooled
to room temperature, the brown precipitate wasriitl off and washed with acetonitrile (5 ml) and
Et,O (5 ml) before being dissolved in water. The agigesolution was subjected to silica gel
chromathography (lenght 10 cm, i.d. 2 cm) elutinghwleOH-HO-saturated aqueous NE
solution (5:4:1). The salt-containing fractions ewexrombined, and the solvent was removed in
vacuo. The residue was dissolved in water, anduaagad aqueous solution of WP was added
until no further precipitation was observed. Affdtration, the precipitate was washed with water
and dried, yielding an orange-brown solid. Yiel@%2 ‘*H NMR (400 MHz, CROD, 298 K):5 =
9.06-9.16 (m, 2H, K), 8.94-9.05 (m, 2H, K, 8.76-8.86 (m, 4H, |, Hy), 8.45-8.60 (m, 4H, K
Hp), 7.90-8.04 (m, 4H, i, Hjg), 7.78-7.84 (m, 1H, k), 7.64-7.70 (m, 1H, k), 7.48-7.54 (m, 1H,
Ha), 6.05-6.20 (br s, 2H, a’), 5.90-6.00 (br s, 2H,5a30-5.45 (br s, 2H, CGJ@; Positive ESI-MS:
m/z774.2 [M-PR]*, 314.1 [M - 2 PF*".

Treatment of the NMR sample containiélg with phenylhydrazine gavéb-OH: *H NMR (400
MHz, CD;0D, 298 K):6 =9.25 (dJ = 6.8 Hz, 2H, H), 9.12 (dJ = 6.6 Hz, 2H, H), 8.80-8.88 (m,
4H, Hy, Hyy), 8.55-8.65 (m, 4H, B} Hg), 7.90-8.10 (m, 4H, i, Hp), 7.82 (bs s, 1H, i, 7.70-
7.78 (m, 1H, H), 7.48-7.55 (m, 1H, ), 6.14 (s, 2H, &), 6.02 (s, 2H, a), 5.33 (s, €H0), 2.54-
2.66 (m, 1H, 4'-H), 1.70 (br d,= 10.8 Hz, 2H, K, 1.52 (br tJ = 10.8 Hz, ), 1.11 (s, 6H, Me),
1.01 (s, 6H, Me).
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Method B:A solution of5 (0.3 g, 0.63 mmol) and 4,4’-bipyridine (0.242 g53 mmol) in dry
DMF (30 ml) was stirred at room temperature for728h under nitrogen. The solvent was removed
in vacuo and the residue subjected to column chimgnaphy (SiQ, 4:4:2 MeOH/NHCI (2
M)/CH3NO,) (length 10 cm, i.d. 3 cm). The fractions contagnithe product were combined
together and concentrated under vacuo. The residsalissolved in water and a saturated aqueous
solution of NHPFK; was added to furnisBb. The precipitate was washed with water and dried,
affording the salt in 65% yield.

Synthesis of 1& A solution of6a (0.240 g, 0.34 mmol) an8 (0.164 g, 0.34 mmol) in dry
acetonitrile (50 ml) was heated under reflux forlkMore dibromides (0.071 g, 0.14 mmol) was
added and the reaction mixture was refluxed foa@daitional 24 h. After the solution was cooled
down to room temperature, the precipitate wasrétleoff and washed with acetonitrile (10 ml) and
Et,O (10 ml). The solid was dissolved in water andted with a saturated aqueous solution of
NH4PFs until no further precipitation was observed. Theegpitate was filtered off and washed
with water, MeOH, BEO and dried, affording a reddish powder (0.058 .49 mmol) in 13%
yield.

Elemental Analysis : calcd (%) fors@150F24Ns03P;: C 43.00%, H 3.84%, N 5.33%; found C
43.35%, H 3.68%, N 5.16%.

'H NMR (600 MHz, CRCN, 298 K):5 = 8.80-9.20 (m, 8H, i H'q, Ha'), 8.30-8.50 (m, 8H,
H'g, Hg), 7.40-7.80 (m, 7H, K, GsHa), 5.75-6.10 (m, 8H, a, &, b, b’), 5.20-5.35 (hr2si,
CH,0); positive ESI-MSm/z1167.7 [M-PR]*, 511.2 [M-2Pg]".

Reduction of the NMR sample containidge in CDsCN by addition of equimolar amount of
phenylhydrazine gave thidé-hydroxy derivativela-OH.

1a-OH: *H NMR (600 MHz, CRCN, 298 K):3 = 8.99 (bs s, 6H, H H'), 8.91 (d,J = 6.0 Hz, 2H,
Hq), 8.42 (br's, 8H, B His, Hg'), 7.56-7.68 (M, 7H, K Hm, Hp, CeHa), 5.97 (s, 2H, &), 5.88 (s, 2H,
a), 5.86 (s, 4H, b, b’), 5.20 (s, 2H, &), 2.54-2.66 (m, 1H, 4-H), 1.72 (brdi= 14.0 Hz, 2H, H),
1.50 (br tJ = 14.0 Hz, H,), 1.09 (s, 6H, Me), 1.00 (s, 6H, MéJC NMR (145 MHz, CRCN, 298
K) (see Fig.)d = 175.58, 151.49, 146.88, 146.68, 145.97, 137195,50, 135.25, 133.64, 132.65,
132.23, 131.30, 128.53, 64.97, 64.35, 64.24, 6580,1, 42.20, 35.45, 32.56, 19.66.

(W
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o ppm

Figure. *C NMR spectrum ofla-OH obtained after in situ reduction baswith phenylhydrazine. Star symbols refer
to the signals of phenylhydrazine.
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Compound fa¢] - 4CI' was analyzed also in-D before PEcation exchangeH NMR (600 MHz,
D-0, 298 K):4 = 9.00-9.20 (m, 8H, K H's, Ha, Hw), 8.40-8.80 (m, 8H, kK H}, Hg', Hp"), 7.40-
7.80 (m, 7H, H,, CsH,), 5.80-6.30 (m, 8H, a, a', b, b"), 5.20-5.35 (i1, ZH,0).

Reduction of the NMR sample containifige in DO by addition of Ng5,0, gave theN-hydroxy
derivativela-OH. *H NMR (600 MHz, DO, 298 K):5 = 9.18 (bs s, 6H, H Hy, H'y), 9.11 (s, 2H,
Hq), 8.58 (br s, 8H, K His, Ha, Hi), 7.76 (s, 1H, ), 7.63 (br s, 4H, ), 7.63 (m, 1H, H),
7.43 (m, 1H, K", 6.14 (s, 2H, a"), 6.02 (s, 2H, a), 5.98 (s, BHY"), 5.33 (s, 2H, C}D), 3.00-3.08
(m, 1H, 4-H), 2.05 (dJ = 13.5 Hz, 2H, K, 1.63 (t,J = 13.5 Hz, 2H, K, 1.39 (s, 6H, Me), 1.38
(s, 6H, Me).

Synthesis of 18°. A solution of6b (0.140 g, 0.15 mmol) anfl (0.071 g, 0.15 mmol) in dry
acetonitrile (23 ml) was heated under reflux forl24After the solution was cooled down to room
temperature, the precipitate was filtered off aramed with aceto nitrile (10 ml) and,&t(10 ml).
The solid was dissolved in water and treated wilatarated aqueous solution of N until no
further precipitation was observed. The precipitaée filtered off and washed with water, MeOH,
Et,O and dried, affording a brown powder (0.036 g268.6hmol) in 15% vyield.

Elemental Analysis ofbee: calcd (%) for GgHesF24NsO6Ps: C 45.68%, H 4.49%, N 5.51%; found
C 45.36%, H 4.60%, N 5.60%.

'H NMR (600 MHz, CRCN, 298 K):5 = 8.98 (br s, 4H, H), 8.90 (br s, 4H, H)), 8.43 (br s, 8H,
Hg, H'g), 7.20-7.80 (m, 6H, K), 5.75-6.10 (m, 8H, a, a’ ), 5.10-5.40 (br s, @H,0), 2.92-3.20
(m, 1H, 4-H), 2.02-2.12 (m, 2H,e), 1.64-1.76 (M, 2H, &), 1.44 (s, 12H, Me).

Reduction of the NMR sample containidgpes in CD;CN by addition of equimolar amount of
phenylhydrazine gave thé-hydroxy derivativelb-OH. *H NMR (600 MHz, CRCN, 298 K):3 =
8.98 (s, 4H, ), 8.91 (s, 4H, H), 8.43 (br s, 8H, | Hjp), 7.50-7.72 (M, 4H, & H,), 7.24-7.38 (m,
2H, Hy), 5.98 (s, 4H, a"), 5.88 (s, 4H, a), 5.15-5.30 4, CHO), 2.92-3.02 (m, 1H, 4-H), 2.70-
2.82 (m, 1H, 4-H), 2.02-2.12 (M, 2HH 1.82-1.90 (m, 2H, K), 1.64-1.76 (m, 4H, i), 1.44 (s,
12H, Me), 1.23 (s, 6H, Me), 1.14 (s, 6H, MEC NMR (145 MHz, CRCN, 298 K) (Fig.):5 =
173.66, 152.13, 151.87, 151.64, 151,49, 146.99,7D46137.24, 135.28, 131.43, 128.54, 64.75,
62.06, 59.23, 37.53, 30.25, 24.57, 20.92.

180 160 140 120 100 80 60 40 20

Figure. *C NMR spectrum oilb-OH obtained after in situ reduction dbee with phenylhydrazine. Star symbols refer
to the signals of phenylhydrazine.
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Compound Lbee] - 4CI" was analyzed also in.D before PEcation exchangéH NMR (600 MHz,
D-0, 298 K):6 = 8.90-9.20 (m, 8H, Kk HY), 8.40-8.60 (m, 8H, f H}), 7.20-7.70 (m, 6H, K Hnm,
Hp), 5.80-6.10 (m, 8H, a, a'), 5.10-5.35 (m, 4H,,0H

Reduction of the NMR sample containirigpee by addition of NgS,0, gave theN-hydroxy
derivative 1b-OH. *H NMR (600 MHz, DO, 298 K):5 = 9.20 (bs s, 4H, &, 9.12 (s, 4H, H),
8.58 (br s, 8H, Kkl Hp), 7.20-7.70 (m, 6H, K Hm, HpT), 6.14 (s, 4H, &), 6.02 (s, 4H, a), 5.33 (s, 4H,
CH;0), 2.95-3.15 (m, 2H, 4-H), 2.00-2.15 (m, 4H1.64 (m, 4H, H), 1.41 (s, 12H, Me), 1.39
(s, 12H, Me).

" The H,, Hm, and H refer to the position of the phenyl protons refely to the radical substituent.

Synthesis of 7as¢A solution containingsa (0.1 g, 0.14 mmol)5 (0.066 g, 0.14 mmol), DMN
(0.079 g, 0.42 mmol) and Nal (0.007 g) in dry DM (ml) was stirred at room temperature for 5
days under nitrogen. The solvent was removed wetarum and the residue was chromatographed
over a silica gel column (length 6 cm, i.d. 1.5 aming a mixture of MeOH/NKLI (2M)/CH3zNO,
(4:4:2) as eluent. The fractions containing the plax, indicated by purple spots of TLC analysis
(Rf 0.40), were combined together and concentrateccuo. The residue was dissolved in water
and a saturated aqueous solution of,RIFJ was added to afforda. The precipitate was washed
with water and dried, furnishing the complex asugpfe solid in 33% yield'H NMR (600 MHz,
CDsCN, 298 K):6 = 8.88 (d,J = 4.8 Hz, 2H, H;), 8.86 (d,J = 4.8 Hz, 2H, H;), 8.83 (s, 2H, H),
8.75 (s, 2H, g ), 7.99 (s, 6H, K H'g), 7.93 (s, 2H, | ), 7.78 (br s, 1H, k) 7.67 (s, 4H, €H.),
7.48 (br s, 2H, H, Hp), 6.86 (m, 2H, H-3"), 6.67 (dl = 7.2 Hz, 2H, H-2" ), 5.88-5.98 (m, 2H, a’),
5.80 (s, 2H, a), 5.77 (s, 2H, b) 5.76 (s, 2H, BP55.65 (m, 2H, H-4"), 5.37 (br s, 2H, gB), 3.98
(s, 6H, OMe).

Reduction of the NMR sample containiff@e in CD;CN by addition of equimolar amount of
phenylhydrazine gave thé-hydroxy derivative7a-OH. *H NMR (600 MHz, CRCN, 298 K):3 =
8.80-8.95 (m, 6H, K HY), 8.77 (br s, 2H, K), 7.90-8.05 (m, 8H, Kl H'g, Hp'), 7.72-7.80 (m, 1H,
Ho), 7.69 (s, 4H, €H,), 7.50-7.56 (m, 2H, K Hp), 5.89 (br s, 2H, a'), 5.78 (br s, 2H, a), 5.769b
4H, b), 5.32 (s, 2H, C¥D), 3.98 (s, 6H, OMe), 2.85 (m, 1H, 4-H), 1.87 @bd = 13.7 Hz, 2H, H,),
1.64 (brtJ=13.7 Hz, H,), 1.18 (s, 6H, Me), 1.15 (s, 6H, Me).
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Chapter 4. The application of CuUAAC ‘click’ chemisty to a-
Cyclodextrin-based paramagnetic 2-Rotaxanes’ syntlses

4.1. Introduction?

Examination of nature’s favorite molecules revealstriking preference for making carbon-
heteroatom bonds over carbon-carbon bonds, sumlgumprise given that carbon dioxide is
nature’s starting material and that most reactamesperformed in water.

Taking the cue from nature’s approach, great aternwas focused on the development of a set of
powerful, highly reliable, and selective reactidas the rapid synthesis of useful new compounds
and combinatorial libraries through heteroatomdif-X-C), an approach called ‘click chemistry’.
Click chemistry is a modular synthetic strategy doa¢ the assembly of new molecular entities
which relies mainly upon the construction of carbogteroatom bonds using spring-loaded
reactants. Its growing number of applications anentl in nearly all areas of modern chemistry
from drug discovery to materials science.

In 2001, Kolb, Finn and Sharpless published a Laar#tnmeview describing a new strategy for
organic chemistry, or as the authors also puttite”reinvigoration of an old style of organic
synthesis”. The name click chemistry (CC) was edirto describe this ‘guiding principle’ - a
principle born to meet the demands of modern daynistry and in particular, the demands of drug
discovery.

Since the foundations of CC were laid, there hasnban explosive growth in publications
describing a wealth of applications of this praadtiend sensible chemical approach.

The copper(l)-catalysed 1,2,3-triazole forming teec between azides and terminal alkynes has

become the gold standard of click chemistry dugsteeliability, specificity and biocompatibility.

4.2. The Click chemistry philosophy

Examination of the molecules created by nature @tnatessential chemist), reveals an overall
preference for carbon—heteroatom bonds over cadawben bonds; for example, nucleic acids,
proteins and polysaccharides are condensation mos/mf subunits linked through carbon—
heteroatom bonds. This strategy of making larggoatiers from relatively simple building blocks
can be described as nature’s way of performing @oandrial chemistry with remarkable
modularity and diversity. All proteins are createdm 20 building blocks that are joined via

reversible heteroatom links
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Following nature’s lead, the aim is to generatestardices by joining small units together with
heteroatom links (C-X-C). The goal is to develop expanding set of powerful, selective, and
modular ‘blocks’ that work reliably in both smadlnd large-scale applications.

Click chemistry serves as a powerful strategy & guest for function, and can be summarised
neatly in one sentenceall searches must be restricted to molecules thaeasy to make

The definition of a set of stringent criteria tlafrocess must meet to be useful in this context
termed the foundation of this approach whose thadaests exclusively on highly energetic ‘spring
loaded’ reactants.

The reaction must benodular, wide in scopg give very high vyields generate onlynoffensive
byproducts and bestereospecifi¢but not necessarily enantioselective).

The required process characteristics inclsigdeple reaction condition@deally, the process should
be insensitive to oxygen and wateBadily available starting materials and reageritse use oho
solvent or a solvent that is benigsuch as water easily removedandsimple product isolation.
Purification, if required, must be by non-chromatgghic methods, such as crystallization or
distillation, and thgoroduct must be stable under physiological conaigtio

Click reactions achieve their required charactiesdty having a high thermodynamic driving force,
usually greater than 20 kcal mfolSuch processes proceed rapidly to completioratsmitend to be
highly selective for a single product being goverbg kinetic control and being highly reliable and
selective processes. (these reactions are ‘spoedded’ for a single trajectory).

Ideally, starting materials and reagents for ‘Clidactions should be readily available, and iais
convenient coincidence that unsaturated-hydrocatiased organic synthesis is currently at the
heart of this powerful approach, since these natedare readily available from nature or can be
obtained by steam cracking of alkanes in the pb&wcal industry.

Although meeting the requirements of a ‘click’ reac is a tall order, several processes have been
identified which step up to the mark (Scheme 1):

* cycloadditions of unsaturated species, especibbydipolar cycloaddition reactions, but also the
Diels—Alder family of transformations;

* nucleophilic substitution chemistry, particulantiyng-opening reactions of strained heterocyclic
electrophiles such as epoxides, aziridines, amitudiions, and episulfoniumions;

* carbonyl chemistry of the ‘non-aldol’ type, su@s formation of ureas, thioureas, aromatic

heterocycles, oxime ethers, hydrazones, and anadels;
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* additions to carbon-carbon multiple bonds, espécioxidative cases such as epoxidation,
dihydroxylation, aziridination, and sulfenyl halideldition, but also Michael additions of Nu-H

reactants.

Q
wo{ ) 7 o
Diels-Alder / C=C Additions

Cycloaddition Catalyst lNUC
=
R
R 'Nj'/ Matural Sources HO>—(
|
Cu(l) [0] R’ Nuc

Nucleophilic

\> I Ring Opening

Y

1,3-Dipolarcycloaddition
Cu(l) catalysed Huisgen

Non-Aldol
Carbonyl Chemistry

Scheme 1A selection of reactions which match the Click Cletrg criteria.

4.2.1. The cream of the cropthe Huisgen 1,3-dipolar cycloadditio

Huisgen 1,3-dipolar cycloadditiohare exergonic fusion processes that unite two uresd
reactants and provide fast access to an enormaiasyvaf five-membered heterocyclés.
Of all the reactions which achieve ‘click statusie Huisgen 1,3-dipolar cycloaddition of alkynes
and azides (the CUAAC reaction) to yield 1,2,3zmias is undoubtedly the first example of a click
reaction and the most useful member of this family.
The ease of synthesis of the alkyne and azide ifuradities, coupled with their kinetic stability @n
tolerance to a wide variety of functional groups agaction conditions, make these complementary
coupling partners particularly attractive. Sincoes to control this 1,4- versus 1,5-regioselattiv
problem have so far met with varying succeiiswas the recent discovery of the dramatic rate
acceleration of the azide—alkyne coupling eventeurdpper(l) catalysis and the beneficial effects
of water that have placed this reaction at thet@estage’ of click chemistry (Scheme 2). This new
reaction process requires no protecting groups,paoceeds with almost complete conversion and
selectivity for the 1,4-disubstituted 1,2,3-triszdhnti-1,2,3-triazole). No purification is gendyal
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required. This ‘near perfect’ reaction has becoymsymous with click chemistry, and is often
referred to as ‘The Click Reaction’.
This powerful bondforming process has proven exélgmaersatile, and has driven the concept of

CC from an ideal to a reality.

N’:'N\
\\{N_R'
e
R’ N:I‘ﬁ{
+ /k/
" > L N—pq
N=N R R

\ : | __
R""’k\/N“‘R' Exclusive (Anti)1 4-disubstituted-

1,2, 3-triazole

Scheme 2.The Cu(l) catalysed Huisgen ‘click reaction’ resuh exclusive formation of the 1,4-triazole, veithe
therma_llly induced Huisgen cycloaddition usuallyutes in an approximately 1-1 mixture of 1,4- and-frjazole
stereoisomers.

Ironically, what makes azides unique for click che&ny purposes is their extraordinary stability
toward HO, O,, and the majority of organic synthesis conditibii$e spring-loaded nature of the
azide group remains invisible unless a good dijpplaite is favorably presentéd.

Even if a number of copper(l) sources can be ugedtty, the catalyst is better prepared in situ by
reduction of Cu(ll) salts, which are less costly arften purer than Cul salts (Cu$&H,O serves
well). As the reductant, ascorbic acid and/or sedascorbate proved to be excelfesitowing the
preparation of a broad spectrum of 1,4-triazoledpots in high yields and purity at 0.25-2 mol%
catalyst loading.

The triazole formed is essentially chemically inerreactive conditions, e.g. oxidation, reduction,
and hydrolysis, and has an intermediate polarity widipolar moment of 5 &.The basis for the
unique properties and rate enhancement for trigboheation under Cu(l) catalysis should be found
in the highAG of the reaction in combination with the low chaeaatf polarity of the dipole of the
noncatalyzed thermal reaction, which leads to aickemable activation barrier.

The reaction appears to be very forgiving and da#gequire any special precautions, proceeding
to completion in 6 to 36 hours at ambient tempeeain a variety of solvents, including aqueous
tert-butyl alcohol or ethanol and, very importanptiyater with no organic co-solvent. Although
most experiments were performed at near neutralglties, the catalysis seems to proceed well at
pH values ranging from approximately 4 to 12.
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Scheme 3Proposed catalytic cycle for the Cul-catalyzedtlma

The mechanistic proposal for the catalytic cyclshewn in Scheme 1. It begins unexceptionally
with formation of the copper(l) acetylidé'l(as expected, no reaction is observed with interna
alkynes); extensive density functional theory chatans? offer compelling evidence which
strongly disfavors—by about 12-15 kcal- the coremk{2+3] cycloaddition (B-direct) and points to
a stepwise, annealing sequence (B-1 then B-2 th@nHgnce the term ‘ligation’), which proceeds

via the intriguing six-membered copper-containimgimediate 1I{*

4.3. The application of CUAAC ‘click’ chemistry to rotaxane synthesi§'

The copper(l)-catalysed azide—alkyne cycloaddifitve CuAAC ‘click’ reaction) is proving to
be a powerful new tool for the construction of mewbally interlocked molecular-level
architectures because of the high selectivity far functional groups involved (terminal alkynes
and azides) and the mild experimental conditionsclwhare compatible with the weak and
reversible intermolecular interactions generallyedido template the assembly of interlocked
structures.

Since the CuAAC reaction was introduced as a meansaking rotaxanes by an ‘active template’
mechanism in 2006, it has proven effective for #ymthesis of numerous different types of

rotaxanes, catenanes and molecular shuttles bivpasswell as active template strategies.
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4.3.1. Synthetic strategies

A quarter of a century after the first templatetigsis of a mechanically interlocked molectile,
there now exists a lot of strategies for the camsion of mechanically bonded molecular-level
structures.

Rotaxanes, catenanes, knots and links have all dsmssed via template methods using a diverse
range of recognition motifs, such as electron-rebetron-poorrestacking systems, hydrogen
bonding and metal ion coordinatibhThese molecules, in which some of the componergs a
connected mechanically rather than by covalent $onduld potentially find application in the
modification of physical and chemical propertt2gncapsulating and delivering substrates (such as
dyes and drugs);'® as smart materials with switchable surface pragett® and in molecular
electronicé“#?and other types of molecular machinéty.

Three distinct approachésave been devised for the template synthesistakaoes and catenanes
(Scheme 4):

(i) The capping (or threading-followed-by-stoppegi method® involves the covalent capture of a
threaded supramolecular complex (a pseudorotaxanaltachment of two bulky units at each end
of the linear thread to give the correspondingxate. The bulky ‘stoppers’ prevent disassociation
(dethreading) of the macrocycle and, since liheaking of a covalent bond is then required to

disassemble thgtructure, the rotaxane is a molecule not a supiema@rcomplex?*

-

Capping: 0 ———— & i’-{.\; ~
)
0 epe oo

Clipping:+ o/

0N ® = ®
e 0}T e —vleo-vie

{adalyiic wersion |

Scheme 4Template strategies for the synthesis of rotaxanescatenanes.

(i) The clipping approacf’ in which the interlocked structure is obtainedrbgcrocyclisation of

an acyclic ligand around the template site of aeaaly stoppered thread (rotaxane) or another
macrocycle (catenane).

(iii) The active metal template stratefywhere the substrate used as a template also gegstive

role in promoting the crucial covalent bond forroatused to capture the interlocked structure.
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To date the CUAAC reaction has been used in catenad rotaxane synthesis in four different
ways: to build hard-toobtain structures by linkitagether small fragments into bigger and more
complex structures or covalently capturing threaslggtamolecular complexes, the modification of
pre-existing structures (including decoration amdtpynthetic functionalisation), the combination
of both of these approaches where the CuAAC is usedink building blocks and as a
functionalisation tool, and finally the use of prehed triazole rings as ligands for the assembly of
and to play a role in controlling the dynamicsragchanically interlocked architectures.

4.4. Cyclodextrins: Introduction®

Cyclodextrinsare a class of chiral, cyclic oligosaccharides tiate molecule-sized cavities.
They are preorganised and have a defined bowl stiegids held together by an intramolecular

hydrogen bonding network.

4.4.1 Properties and applications

The most common, most studied and cheapest conmatigravailable hosts, the cyclodextrins
are the most widely used receptors in host—guedtision chemistry, with a broad range of
applications and industrial production of over aukand tons per annum. They are used in the food
and cosmetics industries and the pharmaceuticabrses stabilising agents, and for the slow
release of drugs. Their existence has been knowa fong time, but they were merely scientific
curiosities until the latter part of the 20th Cewgturhe explosion in their use in recent yearsus d
to a number of factors. Cyclodextrins are semi#@dtaompounds — they are synthesised from
starchvia a simple enzymatic conversion. As a consequenedgetthnology employed to synthesise
cyclodextrins on a multi-ton scale is both chead anvironmentally friendly. Cyclodextrins are
effective complexing agents for a wide range ofenalar guests but have negligible toxicity which
can be eliminated by selecting the appropriatevdevie for a particular application. The
importance of cyclodextrins is such that a magazZiyelodextrin Newsis dedicated to all areas of
research on cyclodextrins. The total number of ayektrin related papers is over 30 000 as of July
2005 — averaging 4.4 publications per day betw@&@&4 2nd 2005 alone.

Cyclodextrins are cyclic oligosaccharides compgqmsually) six to eight D-glucopyranoside units
(Figure 1a), linked by a 1,4-glycosidic bond (Figub). The three most important members of the
cyclodextrin family arex-cyclodextrin ¢-CD), f-cyclodextrin f-CD) andy-cyclodextrin ¢-CD),
which possess, respectively, six, seven and eiiidogyranoside units. Several other (minor)

cyclodextrins are known, including-cyclodextrin ande-cyclodextrin (nine and ten units,
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respectively), and the five-membered preyclodextrin. Thea, f, y nomenclature serves to

distinguish the different ring sizes of the homalog series and is essentially historical in nature.

OH OH
a-cyclodextrin 'ff'"ll_ S C-)HOR
0 OH o] HO OH
O'H HO D OH o) Oé—i
I ——
HO-
O “oH HO. o )
- on
HON%{Z i OH ‘j o
)
s 0 c i HQ'\ OH
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/
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OH B-cyclodextrin HO ¥ _ gl Ol OH
i 6 o——" /HO
o © o HO | -0
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O i
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' 9
OH
HO, “g
g
13 2 OH
of ~oH Hoﬁfc?\
oy 45
" o HO
HO _____.Dgu% e _o |
HO 6 OH
OH
1.4-glycosidic fink
(a) (b)

Figure 1. (a) The three most important cyclodextrins. (b) Th&glycosidic link that joins adjacent D-glucoagpside
units.

It is very widely used, however, despite the faett tit does not distinguish the ring size exphcitl
This is unsurprising, since systematic names ferciftlodextrins are extremely cumbersome. Other
terms forp-cyclodextrin include cyclomaltoheptose, cyclohgpiaan and cycloheptaamylose, with
analogous terms for the other members of the fanithe cyclodextrin portion of the name comes
from dextrose, an early synonym for glucose. Othyetic oligosaccharides derived from mannose
and galactose are also known, but are much ledeedtu

The shape of a cyclodextrin is often representeal tapering torus or truncated funnel and, like the
upper and lower rims of calixarenes, there aredifferent faces to the cyclodextrins, referred$o a
the primary and secondary faces. The primary fadked narrow end of the torus, and comprises the

primary hydroxyl groups. The wider secondary fagsetains the -ChOH groups (Figure 2).
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Figure 2. Anatomy of the cyclodextrins

The six-membered D-glucopyranoside rings are linkdde to edge, with their faces all pointing
inwards towards a central hydrophobic cavity ofywag dimensions. It is this cavity, coupled with
the water solubility derived from the hydrophilicaehol functionalities, that gives the cyclodexsin

their unigue complexation ability in agueous santilmportant parameters are given in Table 1.

a B ¥
Number of glucose units 6 7 8
Ring size 30 35 40
Internal cavity centre 5.0 6.2 8.0
diameter (A)
Solubility in water (g L-',25°C) 145 18.5 232
AH° solution (kJ mol-!) 321 347 323
AS® solution (J K- mol!) 517 489 61.4
[a],25°C 150.5 162.0 1774
Cavity volume (A%) 174 262 427
Cavity volume in 1 g 0.10 0.14 0.20
cyclodextrin (cm?)
Crystalline water (wt. %) 10.2 13.2-145 8.13-17.7
pK, (25°C, by potentiometry) 12.33 12.20 12.08
Rate of hydrolysis by A. oryzae Negligible Slow Rapid
a-amylase
Common guests Benzene, phenol  Napthalene, l-anilino-8-  Anthracene, crown ethers,
napthalenesulfonate 1-anilino-8-napthalene-
sulfonate

Table 1.Characteristics ai-, - andy-Cyclodextrins.
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4.5. Cyclodextrin-based [2]-, [3]- and higher rotaanes using CuUAAC as a
capping and linking reactior?®

The spontaneous threading of CDs onto a lineahatlip thread in aqueous solution can provide
[n]pseudorotaxanes in a facile and efficient way,dbeespondingr{rotaxanes being obtained by
agueous-tolerant stoppering reactions.

In 2009, Sébastien Fort and co-workers demonstritat] the inclusion complex formed by a
lactosyla-CD conjugate and a decane axle carrying a lacsiepper at one extremity and an azido
group at the other end could be dimerized by bigpargyl spacers of different lengths to provide
oligorotaxanes having adjustable threading ratiaspducing saccharidic ligands on rotaxanes both
as a biological recognition element and as a capgioup (scheme 5.

In recent years, polyrotaxanes have emerged asg ansigoromising scaffolds for the preparation of
high affinity polyvalent ligands® Polyrotaxanes are supramolecular assemblies inhwtyclic
molecules (cyclodextrin, but also calixarene, chituril or crown ether) are threaded onto a linear
polymer chain capped with bulky end grodpghe cylindrical host molecules are able to spin
around the polymer axle as well as to move backfarid along the chain, offering the advantage
of polymeric features such as the ability to spamameter lengths as well as the dynamic
presentation of biological ligands.

Stoddart et al. have developed a self-assembled pseudopolyrotakansisting of lactosyl-
substituted cyclodextrins threaded onto a linedyyiologen

D P

%DWO\%

Scheme 5Synthetic approach towards click-assembled oligoes.
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a-CD-based [2]-, [3]- and higher order rotaxanesladall be prepared from pseudorotaxahe
(assembled from monostoppered akland lactose-derivatised-CD 2) under CUAAC reaction
conditions (CuS® 5H,0O, Na ascorbate, J@) with various mono- and di-alkyne linkers and
stoppers in modest to good yields (Scheme 6). [@jRme5 was synthesised in 54% yield by
reacting3 with alkyne stoppes (Scheme 5a).
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Scheme 6. Lactose-derivatisedr-CD-based rotaxanes accessed via CuAAC capping liakthg reactions. (a)
[2]Rotaxane 5, (b) [3]rotaxane 7 and (c) [4]rotax@nand [6]rotaxane 10.

Replacingd with dialkyne thread under these reaction conditions gave [3]rotaxa(1%) as the
major product, together with smaller amounts ofdbeesponding [2]- and [4]-rotaxanes (Scheme
6b). [4]Rotaxane (27%) and [6]rotaxan&0 (67%) were obtained by reactirigand extended
dialkyne thread with 3 and 15 equivalents of Lac-CI) respectively (Scheme 6¢). The average
number of CDs threaded were determinedtbN\MR and MS experiments.
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4.6. Results and Discussion:

Paramagnetic Cyclodextrin-based [2]rotaxanes usingCUAAC as capping
reaction

The starting idea was to consider radical or diametig half threadsA) having an azide moiety
at one extremity and some TEMPO derivative} lfearing a terminal alkyne functionality (Figure
3) as suitable substrates to apply the ‘click clsényii in the preparation of persistent radical-
appended rotaxanes.

R=Alk, TEMPO X=0, NH

Figure 3

Supposing an initial complexation of the azide Ihg tyclodextrin, it should have been possible to
synthesize various dumbbells for open shell [2&xanhes through CuAAC reaction with a radical

alkyne (Scheme 7).

Scheme 7

To this aim, several half thread azides were pexpatiffering in alkane chain length and TEMPO
linkage (ester or amide), and the click approach teated on two alkynes containing as blocking
reagent the radical TEMPO and a bulky aromatic tgprespectively, in the presence of native

cyclodextrin. All these compounds were obtainedand yields, according the synthetic procedures
displayed in Scheme 8.
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Unfortunately, first attemps to obtain useful résd@itom radical azides and the diamagnetic alkyne

reported above were unsuccessful (Scheme 9). lostlall cases the click reaction was carried out

in the presence af-CD, except that where the bead component was eapier derivative of-CD.

The reactions, performed in water and at room teatpee, were followed by ESI-MS analysis

which showed the presence of the correspondingoagdition products (thread) together with

starting unreacted material, but did not evidenmoe@eak corresponding to interlocked assemblies.

On the basis of these experiments some considesatiere outlined on the complexation of the

azide by CD, and on the environment wherein thekgleaction occurs,e. the cyclodextrin could

interacts with the half thread azide wrapping thieylachain and not the azide moiety and the

CUAAC reaction occurs outside the CD cavity in Ibiok solvent.
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As a consequence, failure to obtain rotaxanatidrideconsider some critical factors emerged in the
performed reactions) solubility in reaction’s conditionsi) affinity for the inner cavity of the-

CD; iii) length of the half-thread.

O/\/ H\[r CuBr, PhSMe
\(R\Vé _HORT

t-B

o NF H\ﬂ/ CuBr, PhSMe
HORT

t-Bu

t-Bu *(/\H]/ CuBr, PhSMe
HORT STARTING MATERIALS
AND CYCLOADDITION PRODUCTS-
NO ROTAXANE

t-Bu

CuBr, PhSMe
t-Bu- ; ~o H\n/ \(K\’A Hzo RT

t-Bu

CuBr,
t-Bu\©/\ 1/;\"/ \(K\’A HZO RT

t-Bu

Scheme 9

To answer the items above, the approach relieti@formation and assembly by click reaction of a
pseudorotaxane composed dyCD and a C-10 alkane chain blocked at one end &gcaharidic

stopper and carrying an azido group at the other en

1) propargylamine ﬂl\c
Lactose 2) Acy0, MeOH = Lac /N\/\\\l\‘ Solubility in water
91% 1 . . \ Ac
CuS0, fascorbic acid N N=N
DMF Lac] 4
NaN,, DMF SNLAEN,
BrA™ L NATg
90% Good apolar guest for the CD
OH OH
\'_\ s ] \ 0

H O —_ —OH

£
Huj oM HO oM

Lactose {Lac)

Scheme 10
The use of a lactosyl moiety as blocking agent dirae solubilizing the guest part in aqueous

media, thus allowing complexation to proceed witlED; in addition the size and hydrophilicity of
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the sugar (see structu?en Scheme 10) were both expected to prevent uadimg of the CD from
the rotaxane. The guest part consisted of decackbbae is expected to favor the complexation
process and form 1:1 complex with the macrocy@eileg the azide moiety exposed to solvent.
With this assumptions, lactosyl-decane-azid) (vas prepared (Scheme 10) starting by
commercially available 1,10-dibromodecane, whicls wanverted into the corresponding diazide
by action of sodium azide in nearly quantitativel¢i Monofunctionalization of diazidey lactosyl
derivative 1 was conducted in DMF with the Cug@8odium ascorbate system. Using a 15 fold
excess of diazide, a single addition of lactosyit was favored, affording compourg with a
satisfactory yield of 57%.

Using the half thread azid2 in the click conditions with the radical alkinepdepargyloxy-
TEMPGO*® (Scheme 11), in the presence atyclodextrin, a new monoradical rotaxaBewvas

recovered in 22% yield.

o/ﬁ
Ac ‘ | a-CD ' '
f N=N + CuSOQy/ascorbic acid
LaVN%N H,0 ne M=
MN3 N /N\/K/

2

Scheme 11

ESI-MS analysis and NMR spectroscopy were useddwige evidence of the threading processes.
On one hand electrospray spectrometry gave infeomatither on the presence of the
pseudorotaxane formed by the macrocycle and thesideazide2 obtained before addition of the
stopper TEMPO alkyne or the appearance of the peaskesponding to the rotaxarg after
cycloaddition of the end cap radical (Figure 4).

From the other side NMR spectra allow a completeatterization of the supramolecular structure.
In particular’H spectra of the dumbbell and of the rotaxane veetéeved after N&,O; in situ
reduction of the NMR sample to obtain the corresiogn N-hydroxy forms (Figure 5). Although
spectraa andb of Figure 5 seem very similar with little chemicdlift changes of the thread when
involved in the mechanical bond with the macrocythe 2D ROESY spectrum gave evidence of
the interlocked structure. Actually the detectidnnoportant cross peaks involving the alkane chain
of the thread (G zone) with the inner protoroe€D falling in the range 3.7-4.0 ppm (D zone) are
indicative of a host-guest spatial interactiorshbuld be noted that this correlation is abserién
2D ROESY spectrum of the thread (spectyrfrigure 5), indicating that the lactosyl protofiifey

in the same range of CD protons are too far fronade protons.
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Figure 4. ESI-MS spectra of rotaxardeshowing the peaks (in the squares) present as amhdouble charged (up)
and triple charged forms (bottom).

b) E
N A
a)
T—Y

Figure 5. '"H NMR spectra (600 MHz, 298 K, D, 2 mM) of &) dumbbell lactosyl-C10-TEMPOHb) rotaxane3-
OH. A: H triazolyl moiety; B: H1 CD; C: H1 Gal, N4@-triazolyl and H decane; D: H-2,3,4,5 lactosyl nigiend CD;

E: CH;-CO; F: TEMPOH; G: H decane. Signal assignments agseved by measuring the 2D ROESY spectrum of
rotaxane3-OH.

The success in the synthesis of thi€CD-based paramagnetic rotaxane containing lactasgl
TEMPO moieties as stoppers put the basis for tepgration of new rotaxanes in which the bead
component consisted of a radical TEMREED conjugate. In particular | was interested ie th

synthesis of rotaxanes in which both the linear #edcyclic component bring a persistent radical
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moiety, in order to study by Electron Spin Resorgpassible interactions between the two radicals
in a mechanical bonded supramolecular structure.

To this purpose the syntheses of two TEMPO-mondfonalized a-cyclodextrins were
undertaken, bringing the radical arm in the lagggondary rim (Scheme 12b) and at the 6 position
of the minor rim (Scheme 12b), respectively.

The reactions for the functionalization of the pimrim were realized by selective tosylatioroef

CD according to the procedure described by Meltuh &lessof? affording pure 69-Ts-a-CD in
20% vyield. Tosyl displacement by sodium azide in Pave the azido derivati¥8in 90% vyield.
Coupling of 4-propargyloxy-TEMPO onto the cyclod@xtin the presence of a catalytic amount of
copper sulfate and sodium ascorbate as reducingt afferded the single 6-triazolyl-TEMP®-

CD in 48 % yield after purification bygel filtration over a Sephadex G-15 column.

a) O/ml N=N
5 N A0
(0 N<o.
1) TsCl, Pyr (20%) N O

2) NaN3z, DMF, 140C (90%) 0.
a-CD B ——— a-CD-Nj

CuS0O, / ascorbic acid
H,O/iPrOH

b)

e O
AT N
N A
Im-Ts, dried Mol. Sieves 13X NaNg, DMF, RT o e

DMF, RT, 22% N/Y\O

_——— —_—_—_

a-CD oz
I ,L CuSO, nZN
OTs 3 Ascorbic acid,
H,0, RT, 36% 2-Trz-TEMPO-a-CD

Scheme 12

The functionalization of the secondary edgexeED was realized according the reaction sequence
reported in Scheme 138

The ‘click’ rotaxanation of lactosyl azid@ with TEMPO alkine in the presence of the
monofuntionalized CDs in the condition of the réattreported in Scheme 11, provided good
results only for the 6-armed macrocycle (Schemeup3, giving rise to the first supramolecular

speciegt in which two radical components, bead and axke naechanically bonded.
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Structural determination of the new diradical r@a@4 was provided by ESI-MS (Figure 6) and
NMR data (Figure 7).
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Figure 6. ESI-MS spectra of of rotaxareshowing the peak (in the squares) present as blelaharged (up) and a
mono charged form (bottom).
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The discussion on the NMR data of rotax@neesembles that above reported for the previously

sinthesised-CD-based rotaxang
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Figure 7. 'H NMR spectra (600 MHz, 298 K, 0, 1.5 mM) of &) dumbbell lactosyl-C10-TEMPOHpY 6-Trz-
TEMPOH-0-CD, (c) rotaxanet-OH.

The unsymmetrical structure of both the 6-functliea cyclodextrin and the axle can lead in
principle to a mixture of orientational isomerswich the orientation of the CD along the axle
depends on molecular structure of the guest antddbe Actually, the lack of rotaxane formation in
the case of the branched CD functionalized in tlagonrim (Scheme 13, below) indicates that the
substitution of CD in the secondary rim may hantperinclusion and the threading process of the
decane part into the cavity of the host, and suggéat the inclusion direction of the azide occurs
from the secondary edge of CD. Consequently, tHanBenalized CD may form a single
pseudorotaxane isomer and the represented struétsieuld prefigure the exact cyclodextrin
orientation along the chain in which two radicahites are spatially close each other. As a matter

of fact, ESR data corroborates this hyphothesis. fblom temperature ESR spectrum of rotaxéne
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in water (Figure 8) consists five lines, as expgetben the electrons are couplell hore strongly

to each other than to either nitrogen nucleus,ithathen] >> ay.*

Figure 8. ESR spectrum of rotaxarkein water at room temperature. Therl squares evidence the lines arising from
spin exchange between the two spatially closedxide units.

While in the absence of spin exchange, the biradieaaves as two single nitroxide radicals and
the ESR spectrum consists of three lines due tarttlieidual spins coupled with the nitrogen
nucleus with a hyperfine splitting constagt in the presence of spin exchange occurring between
the two paramagnetic centers a five-lines systemsiglly observed. Thus, the ESR spectrum is
consistent with a geometry in which the two nitoles must be relatively close in space. Further
studies based on pulsed ESR experiments are imga®¢p fully characterize the rotaxane structure
and to exploit the possibility of using the diraaic-CD-6-functionalized-based rotaxadeas a

magnetic molecular switch.

(0] (@] fe)
oH O(/\/Oéwu O(/\/O)Z\/\N3
Cli/\/o);/\OH NaN3, DMF
e — —_—>
DCC, DMAP,
OH DCM, RT O Cl
o \Q/\O};\/ O\Q/\C)};VM
(o] (0] o)
O/ml o-CD,
m CuSO,,
N Ascorbic acid,
0. H,0, i-PrOH

O\/\o/\/o\/\N -N,

Scheme 14

In the last period of my Ph.D | studied the pod#ibito prepare new paramagnetic threads

containing onepara—disubstituted phenyl station with two polyetheaicls with the purpose of

increasing the affinity of the guest for the CD itgvand extending the length of the axle to study

the movement of the macrocycle in the rotaxanenalsise In this study the paramagnetic end cap
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groups are again TEMPO units. The synthesis regoite Scheme 14 starts from 1,4-
phenylendiacetic acid, which, after condensatioth \#-(2-(2-chloroethoxy)ethoxy)ethanol and
treatment with sodium azide, affords the correspundiazide in good yield.

After click reaction with the TEMPO alkine in theegsence oti-CD, compound was isolated in
5-10 % vyield. The new rotaxane was identified bg tisual spectroscopic techniques, but the
synthesis is still under investigation in ordeiirtgrove reaction conditions and yields. This result
is promising owing to the possible entrapment @& tlradical thread into the 6-Trz-TEMRD-

cyclodextrin, which could generate the first exaengi a rotaxane triradical.

4.7. Conclusions

In this section some recent results regarding yhéhesis of radical supramolecular structures in
the form ofa-CD-based rotaxane assemblies have been obtaidedisoussed.
The choice of a bulk sugar moiety (lactose) asrahap group and a decane axle revealed to be
essential to form radical rotaxanes as both thehsaiic group and the alkane chain length
enhance the solubility in water of the half threamtsd the affinity for the host molecule,
respectively.
With these assumptions the synthesis of the firatlital rotaxane was achieved, in which both the
components of the assembly, macrocycle and axbeight a TEMPO moiety. First ESR studies on
the behavior of this new species indicate thatwweradicals are spin exchanging, condition which
realizes when two radicals are in close proximitgdition of 3-CD to a solution o# completely
suppress spin communication between the two rada@les by complexation of the nitroxide.
These results are in accord with a supramolectiactsre which possesses features of a magnetic

molecular switch.
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4.8. Experimental Section

Ac
N
Lac— =
1

N-(4-O-b-D-Galactopyranosyl-b-D-glucopyranosyl)-3-acetando-1-propyne (1). A solution of
lactose (1.2 g, 3,3 mmol) imeat propargylamine (3.7 mL, 67 mmol) was stirred48 h atroom
temperature. After evaporation under reduced prestheresidue was taken up in MeOH (24 cm3)
and acetic anhydrid@.8 ml, 40 mmol) was added. The solution wasesliwvernightconcentrated
and coevaporated three times with toluene. Putifina by column chromatography
(CH3CN/H,0/30 % NH 9:1:0.1) affordedL (1.28 g, 91%).d; (DO, 353 K, 400 MHz) 2.27 (s, 3
H), 3.58 (ddJ 10 and 8 Hz, 1 H), 3.65-3.84 (m, 8 H), 3.94 (m,)24#48 (d,J 8 Hz, 1 H); ESI-MS
[M+Na]*: 444.14.

I

c
N=N
Lac—N \
\/&/N(\/\)?Na
2

Lactosyl-decane-azido conjugate (2).

Sodium ascorbate (321 mg, 2 mmol) and copper su(#20 mg, 2 mmol) in water (4 mL each)
were added to a solution of compouh(D.85 g, 2 mmol) and 1,10-diazidodecd6e3 g, 30 mmol)

in DMF (120 mL). The reaction mixture was stirrad3d and concentrated under reduced pressure.
The residue was purified by column chromatograf@iyi;CN/H,O 95:5 to 75:25) affording (0.75

g, 57%).4d; (D20, 353 K, 400 MHz) 1.26 (m, 12 H), 1.59 (quidt7,Hz, 2 H), 1.87 (m, 2 H), 2.22
(brs, 3 H), 3.30 (t) 7, 2 H), 3.58 (ddJ 10 and 8 Hz, 1 H), 3.63-3.81 (m, 10 H), 3.89)@2, 1 H),
3.94 (d,J 3 Hz, 1 H), 4.29 (m, 2 H), 4.46 (4,8, 1 H), 4.60 (m, 2 H), 7.90 (brs, 1 H); ESI-MS:
m/z=668 [M+Na], 646 [M+H].

CH,OTs

6-O-p-Toluenesulfonyl-a-cyclodextrin.*** Tosyl chloride (9.8 g, 51 mmol) was added to aestir
solution ofa-cyclodextrin (5 g, 5 mmol) in pyridine (160 mL)ftAr 15 min, the reaction

was quenched by addition of water (30 ml). The tsmuwas evaporated under reduced pressure.
The crude residue was purified by column chromatplgy (CHCN/H,0, 9:1) to give2 (1.5 g,
26%).a4(D,0, 298 K, 400 MHz) 2.52 (s, 3 H), 3.53J19 Hz, 1H), 3.64 (m, 12H), 3.81-4.07

(m, 22 H), 4.42 (ddJ 11 and 6 Hz, 1 H), 4.52 (d,11 Hz, 1 H), 4.99 (br s, 2 H), 5.08 (brd4 Hz,

4 H), 7.58 (d,J 8 Hz, 2 H), 7.90 (d) 8 Hz, 2 H); MS-ESIm/z= 1150 [M+Na].
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CH,N4

6-Azido-6-deoxyea-cyclodextrin.**** Sodium azide (0.88 g, 14 mmol) was added to a isoluif
mono-tosyle-CD (1.5 g, 1.3 mmol) in DMF (30 mL). The solution wstgred at 140C

overnight and evaporated under reduced pressure.ciide residue was purified by column
chromatography (C¥CN/H,O, 8:2) affording the productl.2 g, 93%). MS-ESIm/z = 1020
[M+Na]".

a-CD-Trz-TEMPO

a-CD-Trz-TEMPO. Ascorbic acid(0.032 g, 0.18 mmol) and copper sulfate (0.017.@7 @mol)
wereadded to a solution of azido cyclodext8r{0.35 g, 0.35 mmoland 4-propargyloxy-TEMPO
(0.074 g, 0.35 mmol) in 2:14@/iPrOH (10 mL).The reaction mixture stirred at room temperature
overnight andevaporated under reduced pressure. The crude eeswas purifiedby column
chromatography (silica gel, eluent gEN/H,O, 85:15) andyel exclusion over Sephadex column
G15 (0.2 g, 48.5%). ThtH NMR spectrum was measured aften8@, in situ reduction of the
sample containing the nitroxide.

A1 (D20, 298 K, 600 MHz) 1.35 (s, 6 H), 1.40 (s, 6 H}#5L(t,J 12 Hz, 2 H), 2.14 (t) 12 Hz, 2 H),
2.86 (d,J 12 Hz, 1 H), 3.15 (d] 12 Hz, 1 H), 3.50-4.10 (m, 34 H), 4.19 (m, 1 HBG*4.70 (m, 2

H), 4.95-5.19 (m, 8 H), 8.07 (s, 1 H). ESI-M&z = 1208.3 [M+H], 1230.3 [M+Nal].
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Rotaxane 3.To an aqueous solution (5 mL) afCD (0.06 g, 0.062 mmol) and lactosyl azi@ (
(0.04 g, 0.062 mmol) stirred for 15 min, 4-propdoyy-TEMPO (0.015 g, 0.073 mmol), ascorbic
acid ( 0.005 g, 0.025 mmol) and copper sulfat€d08.g, 0.012 mmol) were added and the mixture
was stirred for 72 h at room temperature. Afterpewvation under reduced pressure the crude was
purified by column chromatography (silica gel, eitu€HCN/H,O, 9:1 to CHCN/H,0/30% NH;
8:2:1) andgel exclusion over Sephadex column G15 (0.024 %,)22

The'H NMR spectrum was measured aftern,8@, in situ reduction of the sample containing the
nitroxide.

a4 (D20, 298 K, 600 MHZz) 1.00-1.40 (m, 12 H), 1.44 (4r8,H), 1.50-1.65 (m, 4 H) 1.70-1.90 (m,

4 H), 1.95-2.03 (m, 2 H), 2.10-2.26 (m, 5 H), 3400 (m, 49 H), 4.25-4.58 (m, 6 H), 4.59-4.63

(m, 2 H), 5.02-5.11 (m, 8 H), 7.90-8.10 (m, 2 HBIBMS nmVz= 1851.6 [M+Na].

Rotaxane 4.To an aqueous (3 mL) solution of 6-Trz-TEMRGED (0.05 g, 0.041 mmol) and
lactosyl azide %) (0.026 g, 0.041 mmol) stirred for 15 min, 4-prapdoxy-TEMPO (0.01 g, 0.05
mmol), ascorbic acid ( 0.003 g, 0.016 mmol) andperpsulfate ( 0.002 g, 0.008 mmol) were added
and the mixture was stirred for 72 h at room terapge. After evaporation under reduced pressure
the crude was purified twice by gel exclusion o8ephadex column G15 (0.025 g, 29%).

The'H NMR spectrum was measured aftern,8@, in situ reduction of the sample containing the
nitroxide.

a4 (D20, 298 K, 600 MHZz) 1.08-1.38 (m, 12 H), 1.44 (4r8,H), 1.70-1.78 (m, 2 H) 1.80-1.90 (m,

4 H), 1.95-2.03 (m, 2 H), 2.10-2.26 (m, 5 H), 22882 (m, 2 H), 2.93 (m, 1 H), 3.29 (m, 1 H),
3.50-4.20 (m, 47 H), 4.30-4.58 (m, 8 H), 4.59-486 2 H), 4.92-5.21 (m, 6 H), 7.85-8.15 (m, 3

H). ESI-MS nmvz = 2085.98 [M+Nal.
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Ac

Lac

Thread lactosyl-TEMPO. This product was obtained by purification of rotaga3 or 4 as
secondary by-product. The sample was identifiedlB\R after in situ reduction of the sample.

a4 (D20, 298 K, 600 MHz) 1.08-1.28 (m, 12 H), 1.30-1.42 (2 H), 1.60-1.78 (m, 2 H), 1.80-1.95
(m, 4 H) 2.10-2.26 (m, 5 H), 3.55-4.05 (m, 13 HBG4#4.70 (m, 10 H), 5.12 (m, 1 H), 7.87(s, 1 H),
8.07 (s, 1 H). ESI-MSwz = 878.67 [M+Na].
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Chapter 5. pH Responsive Paramagnetic 3-Rotaxaneyr@hesis

Through Cucurbit[6]uril Catalyzed 1,3-Dipolar Cyclo addition

5.1. Introduction?

In 1981, the macrocyclic methylene-bridged glyciblunexamer (CB[6]) was dubbed
“cucurbituril” by Mock and co-workers because &f resemblance to the most prominent member
of the cucurbitaceae family of plants, the pumpkm.the intervening years, the fundamental
binding properties of CB[6] (high affinity, seledty and constrictive binding interactions) have
been delineated by the pioneering work of the metegroups of Mock, Kim, and Buschmann,
leading to their actual applications.

More recently, the cucurbiuril family has grown to include homologues (CBf&JB[10]),
derivatives, congeners, and analogues whose gaesand exceed the range available withothe

B-, andy-cyclodextrins.

5.2. Historical background

In 1905, contemporaneous with the pioneering wofrkSohardinger on the cyclodextrins,
Behrend et al. reported that the condensation ydodlril (acetyleneurea) and formaldehyde in
concentrated HCI yields an insoluble polymeric talge substance, now known as Behrend’s
polymer? in good yield (40-70%) by recrystallization frorancentrated bSO, and which is able
to form cocrystals (complexes) with a variety ofbostances like KMngQ AgNQO; HyPtCk,
NaAuCl,, congo red, and methylene blue.

In 1981 Mock reinvestigated the report by Behrendl.eand disclosed the remarkable macrocyclic
structure, unclear until there, comprising six oglyeil units and twelve methylene bridges;
resembling to a pumpkin, the compound was dubbedrbituril, the most prominent member of
the cucurbitaceae family (Figure ).

Interest in the CB[n] family has increased dranalycin the new millennium following the
preparation of four new CB[n] homologues (CB[5], [CB CB[8], and CB[10]-CB[5]) by the
research groups of Kim and 04y thanks to the great advances in many areas dafuental and
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applied science (chemistry, biology, materials moéeand nanotechnology) that rely on the ability
to employ and control noncovalent interactions leetmv molecules. CB[5]-CB[8] are now even
available commercially. In contrast to the host-sjudemistry ofx-, -, andy-cyclodextrin which
has developed steadily over the past century, upeasolecular chemistry of CB[6] only began to
develop in the 1980s and 1990s as a result of ittreepring work of MocK,Buschmann and co-

workers® and Kim and co-workers°

5.3. Synthesis of CBIf]

In the condensation of glycoluril and formaldehydeijther Behrenat al nor Mock detected
any macrocyclic compounds (homologues) composeddifferent number of glycoluril rings (for
example, CB[5], CBJ[7], and CB[8]). 20 years lat@hen this reaction was conducted under milder,
kinetically controlled conditions by the researctoups of Kim and Day, CB[5]-CB[8] and
CB[5]@CBJ[10] were detected and isolated (Figuré&®}

(o] o] O o

_ rJ‘* hﬁ(ﬂ"“mgﬁw

I'\“ N N=_EN N"h

o) 0% oF &
N H

ol CBI6]

HN._NH
0 1a

"I\a

o
CB[n]

Figure 1. Synthesis of CB[6] from glycoluril under forcirmgpnditions and a mixture of CB[n] under milder citiohs.

a) CHO, HCI, heatb) H,SO,; ¢) CH,O, HCI, 100°C, 18 h.

5.4. Fundamental properties of CBi]

5.4.1. Dimensions

CBJ[n] are cyclic methylene-bridged glycoluril oligomerfiose shape resembles a pumpkin. The
defining features of CB[5]-CB[10] are their two tais lined by ureido carbonyl groups that
provide entry to their hydrophobic cavitySimilar to the cyclodextrins, the various ®Bhave a
common depth (9410° m), but their equatorial, annular widthsand volumes vary systematically
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with ring size (Table 1). The portals guarding &wry to CBh] are approximately 210° m
narrower than the cavity itself which results imswictive binding producing significant steric

barriers to guest association and dissocidtidfhe cavity sizes available in the GBfamily span

and exceed those available with the cyclodextfimgure 2 shows the X-ray crystal structures for
CBJ[5]-CBJ[8] and CB[5]@CBJ[10].

Figure 2. Top and side views of the X-ray crystal strucsuoé CB[5];' CB[6],® CB[7],* CB[8],* and CB[5]@CB[10f
The various compounds are drawn to scale.

5.4.2. Solubility, stability, acidity

One of the limitations of the CBJ family is their relatively poor solubility in wat, lower than
the cyclodextrins: CB[6] and CB[8] are essentiafigoluble, whereas CB[5] and CB[7] possess

modest solubility in water (Table 1).

M, a [AJ b[A]® c A VAT Spa [mm] Stability [°C] pK,
CB[5] 830 2,48 441 9.1% 82" 20-301 > 4208
CB[6] 996 3.98 5.8F 9.1Fl 164F1 0.018"" 425/ 3.021%
CB[7] 1163 5.40 7.34 9.1" 2798 20-301 3705
CB[8] 1329 6.9° 8.8 9.1F 479" <0.017 > 420"
cBo]™ 1661 9.0-11.0 10.7-12.6 9.1 - - - -
a-CD 972 4.7 5.31¢ 7.981 17484 1495 2971 12.33284
p-cD 1135 6.0 6.5154 7.914 26204 1654 374155 12,2025
¥-CD 1297 7.5 8.3 7oM 427" 1788 2931 12.081%4

[a] The values quoted for a, b, and c for CB[n] take into account the van der Waals radii of the relevant atoms. [b] Determined from the X-ray structure of
the CBISI@CB[10] complex.

Table 1: Dimensions and physical properties of GBdnd the cyclodextrins

However, the carbonyl groups lining the portal<C&8in] are weak bases (like urea): thi&, value

of the conjugate acid of CB[6] is 3.02 and {#t&, values for CBJ[5], CB[7], and CB[8], although
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not measured, are likely to be similar to that &€}, so the solubility of CB[5]-CBJ[8] increase
dramatically in concentrated aqueous acid (for etaym61 mM for CB[6] in HCGH/H,O (1:1),
about 60 mM for CBJ[5], about 700 mM for CB[7], aabout 1.5 mM for CB[8] in 3M HCIj**°
Another outstanding feature of CB[5]-CBJ8] is th&igh thermal stability: thermal gravimetric

analysis shows this to exceed 370°C in all cases.

5.4.3. Electrostatic potential

Although similar in shapg3- CD and CB [7] exhibit different electrostatic potial, which can
play a crucial role in molecular recognition eveintboth aqueous and organic solutton.
The electrostatic potential at the portals and witthe cavity of CB[7] is significantly more
negative than fof-CD, so CBh] show a pronounced preference to interact witlooat guests

wherea$3-CD prefers to bind to neutral or anionic guesigifFe 3).

Figure 3. Electrostatic potential maps for @CD and b) CB[7]. The red to blue color range sp&fsto 40 kcal mat.
Adapted from Kim and co-workefs.

5.5. Host-guest chemistry of CB{]

Houk et al. recently reviewed the binding affinstibor a wide variety of systems including
synthetic host-guest, antibody-antigen, receptaggdand enzyme-substrate comple¥es.
Table 2 compares the affinity of-CD and CB[6] toward a series of alcohols, modesists for
both hosts. Despite its preference to interact wibsitively charged guests, CB[6] binds more
tightly to the alcohols (except hexanol) than daeSD but in a non selective manner: generally

CBJ6] binds with higher affinity and selectivityward its guest than do the cyclodextrins
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CH,CH,0OH CH;(CH;),OH CH;(CH;);OH CH;(CH,;),OH CH;(CH,);OH

CB[6] 2.64 2.61 2.53 2.73 2.71
a-CD 0.99 1.46 1.91 2.51 2.90

Table 2. Calorimetrically determined log K values for thentplexation of alcohols with CB[6] in HGBE/H,0 (1:1) at
25°C and witho-CD in H,0.%%°

In table 3 there is a similar comparison between dffinity of CB [6] and [18]crown-6 toward
several monovalent and divalent cations: CB[6] shdwgher affinity toward all cations except
Ba’*, whose radius is a good match for the cavity 8jdfiown-6.

These examples clearly illustrate that the bindibdjty of CB[6] generally equals or exceeds those
of other well-known host molecole such as cyclodegtand crown ethers.

Lit Na® KT Rb* Ca*t Srit Ba*t
CB[6] 238 323 279 268 280 318 283
[8]crown-6  — 080 203 156 <05 2.72 3.87

Table 3.Calorimetrically determined lol values for the complexation of monovalent and leivecations with CB[6]
in HCOH/H,0 (1:1) at 25°C and witfiL8]crown-6 in H,0.1*%*

5.5.1. Protonation of CB[6] at the carbonyl groupgining the portals

Being a weak bas@K,=3.02), CB[6] can be protonated in moderately acidedia, so, when
binding studies are conducted with CBJ[6] in strgngkidic media (for example, HGB/H,0
(1:1)), H competes with guest binding (Figure 4, red equd) Comparisons between binding

constants measured in different media must, therebe treated with caution

5.5.2. Binding of metal ions by CBJ6]

As CBJ[6] binds H at the ureido carbonyl groups of the portals, Isbebinds alkali-metal,
alkaline-earth, transition-metal, and lantanideiotet in homogenous solution (Figure 4, blue
equilibrium)? 22 14 15, 23-26
Table 3 shows the binding constants determined uscBmanret al. for CB[6] with a variety of
monovalent and divalent cations. The selectivitiveen the different cations is less than tenfold.

The low selectivity observed and the lack of a $empend in log values is attributed to a
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mismatch between the ionic radii of the cations #redannular radius of the relatively rigid CB[6]
ionophore. The metal-binding equilibria (Figure Hlue equilibria) are in competition with
protonation (red equilibrium); thus, as the acidifythe solution is increate, the observed logK

values for metal binding should decrease.

S
@ GO @B @

CB[6]-H" CB[6] = CBI6)*GH" 5y CB[6]-GH"* « CB[6]*GH", cBl6)-G*

i ; [ \
NH, ;

SINH2

&3 - PN @ B

CB[6]-M" M’ Cej SJ M cBle)- M *GH "o CcBl6] M GH™ CBi6}- M GH", CBl6]*G

Figure 4. Comprehensive mechanistic scheme for moleculargréton by CB[6]. Red arrow: protonation; blue asro
cation binding, green arrow: ammonium ion bindiinght blue arrow: amine binding

5.5.3. Preference of CB[6] for positively chargedrganic guests-ion-dipole

interactions

Mock and co-workers observed by a series Hf NMR competition experiments that
alkylammonium ions bind tightly to CB[6] in HGE/H,O (1:1) and measured binding constants of
1010" M. These experiments were facilitated by two charisticsof the host—guest complexes
of CBJ6]:

a) The interior of CB[6] constitutes #H NMR shielding region (upfield shifts of 1 ppm are
common). The regions just outside the portals IweH carbonyl groups are weakly deshielding.

b) Dynamic exchange processes between free anddbguest are often slow on the NMR time
scale, thus allowing a direct observation of tleefand bound guest simultaneously.

To establish the importance of ion—dipole intexacsi relative to hydrogen bonds in the formation
of CB[6] complexes (Figure 5), Mock and Shih coes&tl the relative binding affinities of
hexylamine and hexyldiamine. “Formal replacemerthefterminal hydrogen eofhexylamine with

another amino group enhances binding 1200-fold. [...]
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Figure 5. Representation of the different binding regioh€B[6] and the geometryof the complex between QBj&d
the hexanediammonium ion

However,replacement of this hydrogen by a hydraxglup contributes nothing to the stabilization
of the complex. [...] While the alcohol (and ammoniwoms)may be hydrogen bonded in the
complex, in the absence of CB[6] they would also foady hydrogen bonded. [...] The
consequential feature of ammonium ions is that tlaeg charged. [...] Hence, it is our
understanding that the high specificity for ammamiions is largely an electrostatic ion—dipole
attraction.?” The preference of CB[6] for charged guests wihsfer to the other members of the
CBjIn] family, but the relative importance of electragtanteractions versus the hydrophobic effect
may change as the cavity size increases. Blatowcamdrkers recently developed a computational
technique based on crystallographic data to idestiitable guests for each member of the rfBJ

family.?®

5.6. Applications of CBp] in Rotaxanes’ synthesis

Mechanically interlocked molecules assembled thinoligst-guest chemistry, such as rotaxanes
and catenanes, containing more than one recogrstienare proving to have great potential for the
construction of molecular switches and motors.

The circular shape and outstanding binding propei CB[6] suggested its use as the wheel in the
synthesis of a wide variety of rotaxanes, whichenagsumed important roles in supramolecular
chemistry and nanotechnology because of theirtabdiundergo controlled motions with respect to

one another in response to environmental stimuli.
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5.6.1. The stoppering approach

Most commonly, rotaxanes are prepared from psetakaioes -non-interlocked wheel and axle
complexes- through the addition of bulky stoppeysréactions that result in the formation of

covalent bonds (Figure 6).

- Stoppers |

Figure 6. The stoppering approach to rotaxane formation

Any CBJ[n] complex which extends past the rim of ttavity can be considered a pseudorotaxane
starting material for reactions leading to the fation of rotaxane, polyrotaxane, and
polypseudorotaxanés. CB[6]-based rotaxanes have been prepared in spluby dipolar
cycloadditions’® 3% 34stoppering with dinitrophenyl groups,amide-bond formatiort,*° ionic
interactions'* and coordination of alkylcobaloximés.** A variety of polymer backbones and side
chains have been threaded with CB[6] beads inctudinlyacrylamides and polystyreris,
poly(hexamethyleneiminéy; “°di- and polyviologeri® * and poly(propyleneimine)dendriméfs.

5.6.2. Catalysis of Huisgen’s cycloaddition

Mock et al. recognized that, in CB[6], the two pdstlined with carbonyl groups can potentially
recognize two ammonium ions, thus forming a terculr complex that orients and compresses
those substrates for chemical reactidof?

They studied the dipolar cycloaddition between @Zdand alkynel catalyzed by CBJ[6] in an
elegant example of click chemistry (Figuré®7and found that the CB[6]-catalyzed reactionlof
and?2 is a rare example of what is known as the Paudnmciple of catalysis, which states that “the
complementarity between an enzyme and the transstiate for its conducted reaction ought to be
greater than that between enzyme and the react8nts”

Remarkably, CB[6] accelerates this reaction by aofaof 5.510" compared to the bimolecular

reaction and renders it highly regioselective.
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CB[6] CB[6]+ 1 « ¢
Figure 7. Catalysis of a [3+2] dipolar cycloaddition insi@8[6].

The reaction also displays several enzimelike featinamely:

1) reaching a limit in the reaction rate at highoentrations ol and2,

2) product release from CB|@8]is rate-limiting,

3) inhibition of the substrate through formationmeinproductive termolecular complex CB[BR,

4) competitive inhibition by nonreactive substrat@logues.

Steinke’s research group used the CB[6]-promotgubldi cycloadditon of azides and terminal
acetylenes for the preparation of catalyticallyfteetading rotaxane®; *?[2]-, [3]-, and [4]-

rotaxanes and pseudorotaxarieas well as oligotriazoled.

5.7. Nitroxide biradicals as thread units in paramgnetic cucurbituril-based

rotaxanes*

With the polar carbonyl groups lining the rims bé tcucurbiturils, the end groups on the threads
can prevent dissociation of the rotaxanes intortkgclic bead and linear thread components
through steric and/or electrostatic means.

In principle, as already reported witticyclodextrin®? complexation of a nitroxide biradical can be
exploited for the preparation of mechanically-itdeked paramagnetic aggregates, in which the
properties of such assemblies can be merged wathigk of nitroxides in materials science and their
applications in the study of biological proces¥&athile the inclusion of mononitroxide radicals by
CB[n] has been already report¥d? preparation of nitroxide biradical-based rotaxarign \€B[n]

has never been reported. The behaviour of CB[6][7CBnd CB[8] was investigated in the
presence of nitroxide biradicatontaining tetramethylpiperidind-oxyl (TEMPO) units to form

host—guest complexes in the forms of paramagnsgagorotaxanes and rotaxane.
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5.7.1. Is the TEMPO a stopper?

To verify if the TEMPO unit stopper is bulky enoutghact as an end-cap group of a rotaxane
consisting of CB 1f], the ESR behaviour of diradicdla was investigated (Scheme 1) in the

presence of CBJ] having different sizesn€ 6,.7, 8).

. N 1a: X=0"
X-N NH;-CH,CH,0CH,CH,;OCH,CH,'NH, N-X }b: X=0H
c: X=H

X .
H, N=N H N 2a:X=0
N\/K/N\/\ﬁ/@—/+\/\r\|/§/\ﬁ 2b: X=OH
N H B

2

H, Hz \ /EM/N%X 3a:X=0
%/79/1:1 \/\N/—©J+ : N 3b: X=OH
N [ He L
X

n=6 n=6
Scheme 1

The ESR spectrum dfarecorded in wateray = 16.90 Gg = 2.0056) is reported in Figure 8 and is
characterized by five lines, due to the exchangerastion between the paramagnetic fragments
linked by the polyether chain, as the exchange lougigonstant between unpaired electralhgs
greater than the hyperfine splittirag,.>°

This exchange interaction, which leads to the amme® of extra lines in the ESR spectra, is
operating through space and depends on the freguaincollisions between the paramagnetic
moieties. The complexation of the biradicals witle {CB is expected to significantly reduce the
probability of collisions of the nitroxide termigiiving rise to the disappearance of the exchange
peaks in the ESR specffa.Thus, besides followingay changes as usually done with
mononitroxide, with biradicals monitoring of ther\aion in the intensity of exchange peaks as a
function of host concentration could provide exif@rmation on complexation behaviour.

In Figure 8, ESR spectral variations bd observed by adding increasing amount of GBire

reported. The exchange lines in the spectrdaftlecrease continuously with increased QB[
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concentration until complete disappearance at afr@mM with CB[7] and CB[8] anda. 20 mM
with CB[6]. This is consistent with the complexatiovith the CBf] units which reduces the

exchange interaction.

[CBE]=0mM | 5
[cBeI=36mM /¢ H

[CB6]=24 mM
110G
(CB7=0mM |
[CB7]=1.2 mM
[CB7]=2.3 mM F
10G

[CB8]=0 mM

[CB8]=0.3 mM

[CB8]=2.1 mM

Figure 8. ESR spectra dfa (0.26 mM) in the presence of different amount of @Bn water at 298 K

The disappearance of the exchange peaks is congpatibth with the formation of a
pseudorotaxaniee. with a symmetric complex in which the ethylene glyanits aresurrounded by

the macrocycle and also with the inclusion of onéwvo nitroxide units (Scheme 2).
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» TEMPO-CBn complex 2 %
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Scheme 2

In order to check if the observed changes in th&® EEpectra are caused by formation of a
pseudorotaxane or are simply due to a TEMPO-RCBfEeraction, the variation of field separation
between the ESR central and high field linA8,(see Figure 8) as a function of macrocyclic

concentration was followed in water at 298 K (Fig@)®*
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Figure 9. Field separation between the ESR central and hgd fines @AB) for biradicalla in the presence of
different amount of CB[6], CB[7] and CBJ[8] in watat 298 K. With CB[6] NaCl 0.1 M was added to tloéugion.

Different behaviours were observed depending orsite2of the macrocycle. The addition of CB[6]
to the biradical solution showed no significantrodpes inAB value even at high concentration2Q
mM). At these concentrations, however, the ESRtspexd the biradicals showed only three lines.
This behaviour is consistent with a weak complexatf 1a in which the nitroxide moiety is not
included inside the hydrophobic cavity of CB[6] tlslinstead dissolved in the bulk water with the
nitroxide function located among the carbonyl gmopthe macrocyicle.

With CBJ7], the exchange coupling is completely pgssed at 2.0 mM of macrocycle. At this
concentration however, the field separation i$ @ity close to the value measured in walXE=

-0.15 G). Both observations strongly support thenftion of a pseudorotaxane (see Scheme 2) in
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which the macrocycle is located on the center eflitear chain, thus forcing the biradical to adopt
an elongated conformation having TEMPO units exgdsethe bulk water and suppressed spin
exchange J = 0). The formation of a strong complex betweemoritle 1a and CB[7] is also
expected on the basis of the strong interactionvémt the ammonium site and the carbonyl
oxygens of CB[7], as already found with protonatetines>? This was confirmed by following the
ESR spectral variations observed by changing thérquid 7 to 13.

Around pH 7, the ESR spectrum of a solution comairCB[7] (5.5 mM) and biradicala (0.4
mM) showed the three line spectrum due to the pagaetic pseudorotaxane. The increase of
solution basicity to pH = 12 with NaOH reverted #®R spectrum to the original five lines signals.
This observation strongly suggests that the depetéml diradical is released from the
pseudorotaxane to the bulk water. The processvirsile: addition of HCI to give back pH 7
results in the formation of three lines spectrum ahthe pseudorotaxane.

The thermodynamic stability of the pseudorotaxarees whecked by measuring the equilibrium
constankK for the association between the diamagnetic anal¢im) of the diradica and CB7 B
NMR. The signals of the free and bound guests psotoe simultaneously observed, revealing that
the rate of exchange between these species isialdhe NMR time scale. Integration of the
separate signals as a function of CB[7] concemtnarovides the corresponding association
equilibrium constanti) as 1879 + 256 M.

This value is one order of magnitude smaller thiae K value measured for the inclusion of
TEMPO monoradical by the same htbtndicating that the presence of substituents on the
piperidine ring results in a significant decreaséhie stability of the complex.

Only in the presence of a large excess of CBF3 (nM), complexes with higher CB[7J4
stoichiometry, in which TEMPO units are includedide hydrophobic cavity of CB[7], are formed,
as indicated by the significant decreas@ABfin the corresponding ESR spectra.

Finally, with CB[8], a strong decrease of bothdiesleparation and intensity of exchange lines was
observed when increasing macrocyle concentratiomaiter solution. This behaviour indicated that
complexation by CB[8] occurs preferentially in tinemediacy of TEMPO radical units rather than
on the ethylene glycol units.

It was previously showi® that, with CB[8], the larger size of the cavity afhe presence of a
strong interaction between the ammonium cationthadccarbonyl groups should favour a geometry
in which the longer axis of the nitroxide is pagalio the short principal axis of the macrocyleisTh

is not possible in the presence of the smaller acite, CB[7], where TEMPO radical is forced to
be inserted with the NO group lying on the plansspay through the equatorial carbon—carbon
bonds of the host and with the geminal methyl gsopginting toward the carbonyl portals.

111



These observation led to the conclusion that TEMIPD cannot pass through the CB[6] cavity,
while with the larger member of the cucurbituriinfdy the reversible formation of a
pseudorotaxane or a complex between the tetranpgbeyidine ring and the cucurbituril is

possible.
5.7.2. A CB[6]-based paramagnetic [3]-rotaxane

Once established that TEMPO could act as a stoppeB[6]-based rotaxane having the 2,2,6,6-
tetramethylpiperidindN-oxyl ring as the end-cap group was constructece $ynthesis of the
rotaxane was achieved using CB[6] as catalyst en1i}3-dipolar cycloaddition between suitably
functionalized alkyne and azide groups to givedistibstituted triazole ( see Section 5.6°2.).

By this approach, th&l-propargyl derivative of 4-amino-TEMP®@® (0.18 mmol) and diazid&
(0.09 mmol) were added to CBJ[6] (0.18 mmol) disedlin aqueous HCI 6 M and the resulting
solution was stirred at 60 °C for 24 h (SchemeARer reduced pressure solvent removal, the bis-
N-hydroxy derivative of paramagnetic [3]rotaxaB®)(was obtained as a light yellow solid in 75%
yield. The rotaxane diradic8a was recovered by treatir®p in water solution with an excess of
Ag,0.%*

HN

+ N/—\N N/—\N 1) CB6, HCI6 M 3a
N 3 H H 3 2) Ag,0
| 5
(OL ')

Scheme 3tructures of the alkyngand of the azid® used in the synthesis of the [3]rotaxa&ze

The formation of the interlocked molecule is evideshwhen comparintH NMR spectral data of

the thread recorded in,D, with those of rotaxarf.

In the proton spectrum of the [3]rotaxaBle (see Figure 10, line b) the presence of the mactecy
wrapping the diradical thread is detected by sigaift complexation-induced chemical shifts (CIS)
of the dumbbell with respect to the resonancesi®fiitee threa@b (Figure 10, line a). The sign of
CIS (Ao = dbound - Jdfree) gives a rough indication of the position bé tthread within CB,
negative

Aodrevealing the part of the thread located insidenmtlaerocycle, and the contrary being for positive
values of CIS§® According with these assumptions, analysis of ti® @lues reported in Figure

10 shows that the triazole moieties of the threadpasitioned within the two CB[6] macrocycles,
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as the consistent upfield shift (-1.64 ppm) dispthyy the aromatic proton of the heterocycle is

indicative of the strong involvement of the triaz@roton in complexation.

+0.39 +0.31
o +0.30

Ho -
HON . N=N +0.14 Hy
A AN R N
gh N ~ "2
4H d f C H, 2b

015 i 005 16q 024

CcBl6]
Me

CBI6]
CB[f]

T Y T T
8 6 4 2

Figure 10."H NMRspectrum in BO of a) thread2b (1 mM); b) [3]rotaxane3b (1 mM) with complexation induced
chemical shifts&din ppm).

Considerable negative CISs are detected also éadfacent protons labeled wittandd letters,
while phenyl and piperidine ring protons exhibisgive shift, confirming their position outside the
cavity near the carbonyl portals of the macrocytlmexpectedly, spectrum @b shows an
additional peak at 7.6 ppm, which, on the basiR&fESY experiments, was assigned to the
ammonium protons linked to the 4-position fhydroxy TEMPO. The presence of such slow-
exchangeable protons in deuterated water stronglpats that the ammonium protons linked to
the 4-position oN-hydroxy TEMPO are hydrogen-bonded to the CB caybbned portal in the
[3]rotaxane®’

The ESR spectrum of rotaxaBea in water gy = 16.75 Gg = 2.0057, see Figure 11b) consists of
three lines as expected for a nitroxide biradinahe extended conformation in which the TEMPO
fragments behave as two single nitroxide radic@lgs spectrum is clearly different form that
obtained under the same experimental condition thighfree threa@a (ay = 16.80 Gg = 2.0057),

which is characterized by broaden exchange peales,tal the exchange interaction between the
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paramagnetic fragments (see Figure 11 a). TheflreghESR line of3ais characterized by a lower
height respect to that obtained widla, this being due to the slower motion in solutiontioé

rotaxane biradical, resulting in incomplete avenggdf the anisotropic components of the hyperfine

Figure 11.ESR spectra of free thre@d (a) and rotaxanda (b) in water at 340 K.

andg-tensors.

This is the first example of a paramagnetic rotaxaantaining CB[6] as wheel, in which it is
possible to reversibly trigger spin exchange bypsncthanging the pH of the solution in the
presence of nitroxide biradichh and the larger CB[7] derivative.

However the intrinsic rigid structure (Figure 12edn’t allow any movement of the rings, which

remains over the triazole units.

Figure 12.0ne of the possible 3D model of [3]-rotaxeéBaeobtained withiMacromodel AMBER Force Fielj.
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PELDOR (pulsed electron double resonance) is dgtanlEPR technique that can provide distance
measurement between spin labels. Because of tlhweenat the measurement and the relaxation
properties of nitroxide spin labels, the distanaeailable to this technique is described as being
limited to between approximately 20 and 80 A. le tase of biological molecules rather than
synthetic model compounds, the upper distance lifait the acquisition of high quality
experimental data, on a commercially available rimagthas so far been about 55 A (a reasonable
definition of quality being that the data should/éa large signal-to-noise ratio, show good depth
of oscillation, and be acquired over such a tinag &t least one full oscillation is recorded).
Because of the presence of the two terminal nidi®xinits in3a, it was possible to obtain for the
first time, the exact distance between paramagneticters using PELDOR technique. The
PELDOR trace (recorded by R. Pievo and M. Bennath@ Max Planck Institute for Biophysical
Chemistry of Gottingen) is in agreement with aafise of 30.64 between the two terminal units;
this makes suppose that the adopted geometry isr@en which the aromatic methylene groups

point in the same direction, allowing a smalletahse between the two nitroxide groups.
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Figure 13.Left: PELDOR data for rotaxargs; right: distance distribution derived by Tikhonegularization.

The presence of persistent radical centers in pgetakanes and rotaxanes not only allows for the
first time to determine the exact distance betwiberstopper units but should also be considered as
an attractive functionality that can be exploitedniodulate the behaviour of molecular devices.

Work in this field are actually in progress in thboratory.
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5.8. Towards a pH-driven reversibile molecular swith

Exploiting cucurbit[6]uril-catalyzed 1,3-dipolar cipaddition between properly designed
monomers and aiming at increasing the complexitj3pfotaxane3a previously obtained, a [3]-
rotaxane containing a long aliphatic spacer washegized (a).

The N-propargyl derivative of 4-amino-TEMP® (0.26 mmol) and diazid& (0.13 mmol) were
added to CBJ[6] (0.26 mmol) dissolved in aqueous BI®A and the resulting solution was stirred at
60 °C for 24 h (Scheme 4). After reduced pressokeest removal, the biskhydroxy derivative of
paramagnetic [3]-rotaxan&lf) was obtained as a light yellow solid in 80% vyi€elthe rotaxane

diradical7awas recovered by treatindp in water solution with an excess of Ay

HN/\N ----------------

DCM, RT H
Br Ng 2R N NN
BTNS + HZN/\/ 3\/\H p V\N?, +

-2
+
E:

l 1) HCI 6N, 60°C
2) Ag,0

Scheme 4Structures of the alkynéand of the azidé used in the synthesis of the [3]rotaxaize

The formation of the rotaxane was evidenced byroeog the H-NMR spectrum ofb. Actually,

the NMR spectrum shows a resonance at 6.5 ppm whidlagnostic for the proton of a threaded
triazole ring. In addition the signal of the ter@iproton of alkyne at 2.9 ppm is not observed t
'H NMR spectrum ofb; this further indicates the formation of a triazeing (Figure 14).

The ESR spectrum of rotaxaie in water (see Figure 15b) is similar to the oneatbxane3a,
consisting of three lines as expected for a nittediradical in the extended conformation in which
the TEMPO fragments behave as two single nitroxadkcals. On the contrary, in the free thread
8a, there is the appearance of broaden exchange,phaks$o the exchange interaction between the
paramagnetic fragments (see Figure 15 a).
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Figure 14."H NMR spectrum in BO of [3]rotaxanerb (1 mM)

b)

Figure 15.ESR spectra of free thre&d (a) and rotaxan@a (b) in water at 340 K.

In the axle there are two recognition sites, theybdalkyl chain and two diammonium triazoles. The
preferred sites for CB[6] is the triazole. HowevRIMR spectra recorded at different pH showed
that it is possible to move reversibly the macrdicying. At low pH, that is the starting state, as
the reaction is carried out in very acidic mediu@B[6] rings have a greater affinity for the

diammino triazole unit than for the diamino decamkgne site; the interaction between rings and
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the diamino triazole unit is mainly ion-dipole irdetion between carbonyl groups of CB[6]'s
portals and the —N# ions adjacent to the decyl spacer and to the stoppmwvever, since the
cavity of CB[6] is hydrophobic, it is possible tore CB[6] to move over the hydrophobic part of
the molecule, the decamethylene spacer, if thedipale interaction is disrupted by a base. The
resulting complex is stabilized by the hydrophobftect and by H-bonding between the —NH
adjacent to the decyl spacer and the oxygen ofdhgonyl groups.

As mentioned before, this was confirmed by NMR #@edhe addition of NaOD directly in the
NMR tube caused the decreasing of the indicatigeadiat 6.5 ppm due to the encapsulated triazole
proton and the parallel appearance of a peak aindr8 ppm due to the unencapsulated triazole

proton, stating that one of the macrocycles hasigimgpace to move upon the axle. (Figure 16)

Figure 16. One of the hypothetical 3D model of [3]rotaxane wimg that the decamethylene spacer offers the
possibility for one ring to move upon the axle.

The following addition of acid caused the graduabdpearance of signal at 8 ppm and appearance
of the peak at 6.5 ppm, demonstrating that thisxare behaves as a pH-driven reversible
molecular switch and exhibits conformational changaused by the movement of rings under base,
acid and heat stimuli from one location to anotheurther studies are in progress to fully

characterised this pH-driven paramagnetic switch.
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5.9. Experimental section

General

ESR spectra has been recorded by using the folipwistrument settings: microwave power
0.79 mW, modulation amplitude 0.04 mT, modulatiomgtiency 100 kHz, scan time 180 s, 2 K
data points.

'H and 2D NMR spectra were recorded at 298 K on @avadnova spectrometer operating at 600
MHz in D,O solutions using the solvent peak as an intetaalidard (4.76 ppm)>C NMR spectra
were recorded on a Varian Mercury operating at M9z in D,O solutions using DSS (3
(trimethylsilyl)-1-propanesulfonic acid, sodiumas an external standard. Chemical shifts are
reported in parts permilliord(scale). ROESY data were collected using afflse width of 6.7us
and a spectral width of 6000 Hz in each dimensiespectively. The data were recorded in the
phase sensitive mode using a CW spin-lock field2oKHz, without spinning the sample.
Acquisitions were recorded at mixing times 300 rher instrumental settings were: 64
increments of 2 K data points, 8 scanstpér 1.5 s delay time for each scan.

ESI-MS spectra were recorded with Micromass ZMD cspeneter by using the following
instrumental settings: positive ions; desolvatias ¢\)) 230 L h'; cone gas (skimmer): 50 [*h
desolvation temp. 120€C; capillary voltage: 3.2 kV; cone voltage: 40 abd0 V; hexapole
extractor: 3 V.

UV-Vis spectra were taken on a Jasco V-550 spe&i®m

All reagents were commercially available and weseduwithout further purification. Compoudd
was synthesized according to literature proceffure.

Synthesis of\,N’-(1,4-phenylenebis(methylene))bis(2-azidoethanaminés)

A solution of 1,4-bis(bromomethyl)benzene (0.381g5 mmol) in CHCI, (10 ml) was added
dropwise to freshly prepared azidoethylarfitn€l.25 g, 14.5 mmol) at room temperature. The
resulting solution was stirred at room temperatare24 h. A white precipitate was obtained which
was filtered and dissolved in HCI 2N. The solvergswemoved under reduced pressure and the
solid residue was recrystallised from ethanol/dietither 2 : 1, obtaining the product (0.238 g,
60%) as white crystals.

M. p.: > 300° C (decomp).

Elemental analysis for @H,oNg Calc.: C, 52.16; H, 7.29; N, 40.55; Found: C, 82.A, 7.39; N,
40.40.*H NMR (600 MHz, DO): 5 3.26 (t, 4H, J = 6.0 Hz, GH 3.75 (t, 4H, J = 6.0 Hz, G}
4.30 (s, 4H, Ch), 7.55 (s, 4H, Ph)}*C NMR (100 MHz, RO, DSS):5 48.48, 49.43, 53.15, 133.32,
134.58. Positive ESI-MS: m/z 274.9 (M -"H)
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Synthesis of diradical (2a)

CuSQ (0.01 g, 0.04 mmol) and ascorbic acid (0.014 §80dnmol) were added to a solution of
azide 5 (0.027 g, 0.1 mmol) and alkyne 4 (0.04%.81 mmol) in water (4 ml). The resulting
suspension was stirred at room temperature overnigie product was purified by gel filtration
over a Sephadex G-15 column to yield a light orasgja (0.075 g, 50%). Positive ESI-MS: m/z
715.3 (M +Naj.

Elemental analysis for 4HsoN120, Calc.: C, 62.31; H, 8.86; N, 24.22; Found: C, 628, 8.65;
N, 23.94. UV-Vis (HO): A 376 nm. EPR: (@a= 16.85 G, g = 2.0057JH NMR (600 MHz, DO): &
3.30-3.80 (m, 4H, b), 3.80-4.50 (m, 4-H, c, d)47lds, 4H, Ph), 8.00-8.60 (m, 2H, t).

The proton spectrum of 2b was obtained by3a, reduction of the NMR sample containing 2a to
afford the corresponding bis-N-hydroxy amine.

'H NMR (600 MHz, DO): 8 1.47 (s, 12H, Ch), 1.50 (s, 12H, CH), 2.07 (t, 4H, J = 13.2 Hz, H
2.56 (d, 4H, J = 13.2 Hz,dq 3.71 (bs, 4H, b), 3.89 (m, 2H, 4-H), 4.35 (s, 4 4.50 (bs, 4H, c),
4.87 (s, 4H, a), 7.57 (s, 4H, Ph), 8.27 (s, 2H, t).

Synthesis of [3]Rotaxane (3b)

CB6 (0.183 g, 0.18 mmol) was dissolved in HCI 6 3/nfl) and the resulting solution was stirred
for 30 min. Alkyne 4 (0.038 g, 0.18 mmol) and suhgantly azide 5 (0.025 g, 0.09 mmol) were
added under vigorous stirring at room temperafline. resulting solution was stirred at 60°C for 24
h. The solvent was removed under reduced presswhbtain a light yellow solid (0.181 g, 75%).
M. p.: > 300 C (decomp). Uv-Vis (KD): A 312 nm.

'H NMR (600 MHz, BO): 8 1.62 (s, 12H, CH), 1.65 (s, 12H, Ch), 2.37 (t, 4H, J = 13.2 Hz, }
2.95 (d, 4H, J = 13.2 Hz,d4 3.85 (t, 4H, J = 6.7 Hz, b), 4.15 (m, 2H, 4-MR6 (t, 4H, J = 6.7 Hz,
c), 4.30 (s, 4H, d overlapped with CB[6]), 4.29 1@H, J= 15.6 Hz, CB[6]), 4.30 (d, 12H, J = 15.6
Hz, CB[6]), 4.66 (s, 4H, a), 5.54 (s, 24H, CB[&)73 (d, 12H, J = 15.6 Hz, CB[6]), 5.76 (d, 12H,
= 15.6 Hz, CB[6]), 6.57 (s, 1H, 1), 7.61 (bs, 4H4N), 7.85 (s, 4H, Ph):*C NMR (100 MHz, RO,
DSS):021.94, 29.94, 41.50, 42.96, 48.12, 48.45, 52.16K/3>3.96, 54.17, 70.62, 72.97, 122.88,
133.06, 135.62, 141.21, 158.97, 159.43. PositiieNES m/z672.6 (Mf*, 897.2 (M§".

The rotaxane diradic&awas recovered by treatir8lp in water solution with an excess of Ay

Synthesis ofN,N’-bis(2-azido-ethyl)decane-1,10-diamine dihydrochlade (6)

A solution of 1,10-dibromodecane (0.42 g, 1.39 mnwICH,CI, (2.5 ml) was added to freshly
prepared azidoethylamiffe(1.2 g, 13.9 mmol) at room temperature. The resplsolution was
stirred at room temperature for 48 h. 1M aqueouSHI§2.7 ml) was added to reaction mixture and
the mixture was stirred for 1 h to room temperatiifee organic layer was separated by extraction
and washed with saturated NaCl. After drying thgaaic layer over N&O,, the solvent was
removed under reduced pressure. The light yellquidie reisdue was dissolved in diethylether (2.7
ml) and the solution was cooled to 0°C in ani c#tb@.1 M HCI solution in diethyl ether (2.7 ml)
was added dropwise. The resulting mixture wasestiat room temperature for 4 h. The solvent was
removed under reduced pressure and the residueessstallized from ethanol to obtain a white
solid (0.302 g; 70 %).

'H NMR (600 MHz, BO): 31.29 (m, 12H, f, g, h), 1.67 (m, 4H, e), 3.07 (t, 4H,d8 Hz, d), 3.21

(t, 4H, J= 5.4 Hz, b), 3.74 (t, 4H, J= 5.4 Hz, c).

Positive ESI-MSm/z 311 (M+H)

Synthesis of [3]Rotaxane (7b)

CB6 (0.259 g, 0.26 mmol) was dissolved in HCI 6 8Infl) and the resulting solution was stirred
for 30 min. Alkyne 4 (0.054 g, 0.26 mmol) and suhsantly azide 6 (0.040 g, 0.13 mmol) were
added under vigorous stirring at room temperafline. resulting solution was stirred at 60°C for 24
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h. The solvent was removed under reduced pressuwbtéin a light yellow solid (0.283 g, 80%).
M. p.: > 300 C (decomp).

'H NMR (600 MHz, DO): 6 1.39-1.53 (m, 12H, f, g, h), 1.62 (s, 12H, GH 1.65 (s, 12H, CH,
1.91 (quint, 4H, J= 7.8 Hz, e), 2.36 (t, 4H, J=218z, H,), 2.95 (d, 4H, J= 14.4 Hz,, 3.38 (t,
4H, J= 7.2 Hz, d), 3.68 (t, 4H, J= 6Hz, ¢), 4.13 @H, 4-H), 4.18-4.20 (m, 4H, b), 4.27 (s, 4H, a
overlapped with CB[6]), 4.29 (d, 12H, J= 15.6 HB[§]), 4.30 (d, 12H, J = 15.6 Hz, CBJ6]), 5.53
(s, 24H, CBJ[6]), 5.73 (d, 12H, J = 15.6 Hz, CB[@)76 (d, 12H,) = 15.6 Hz, CB[6]), 6.55 (s, 1H,
t), 7.56 (bs, 4H, NH).

The rotaxane diradicdlawas recovered by treatindp in water solution with an excess of Ay

References

1. Lagona, J.; Mukhopadhyay, P.; Chakrabarti, S.;dsa&. Angew. Chem. Int. EJ2005 44,
4844-4870.

2.Behrend, R.; Meyer, E.; Rusche,Jastus Liebigs Ann. Cheit905 339, 1-37.

3. Freeman, W. A.; Mock, W. L.; Shih, N.-¥. Am. Chem. So&981, 103 7367-7368.

4. Kim, J.; Jung, I.-S.; Kim, S.-Y.; Lee, E.; Kanlj;K.; Sakamoto, S.; Yamaguchi, K.; Kim, K.
Am. Chem. So200Q 122, 540 — 541.

5. Day, A. |.; Arnold, P.; Blanch, R. J.; Snusha8ll; J. Org. Chem2001, 66, 8094—-8100.

6. Day, A. |.; Blanch, R. J.; Arnold, A. P.; Loremz.; Lewis, G. R.; Dance,Angew. Chen2002
114, 285-287Angew . Chem. Int. E@002 41, 275-277.

7. Mock, W. L.Top. Curr. Chem1995 175, 1 — 24.

8. Hoffmann, R.; Knoche, W.; Fenn, C.; BuschmannJH. Chem. Soc. Faraday Trart994 90,
1507 — 1511.

9..Lee, J. W.; Samal, S.; Selvapalam, N.; Kim, HKim, K. Acc. Chem. Re2003 36, 621 — 630.

10. Kim, K.Chem. Soc. Ref2002 31, 96 — 107.

11. Marquez, C.; Huang, F.; Nau, W. NEEE Trans. Nanobioscien@904 3, 39 — 45.

12. Thiocarbonyl analogues of cucurbiturils haverbdiscussed in the patent literature. For DFT
calculations, see: Pichierri, Ehem. Phys. Let2004 390 214 — 219.

13. Marquez, C.; Hudgins, R. R.; Nau, W. MAm. Chem. So2004 126, 5806 — 5816.

14. Buschmann, H.-J. Jansen, K.; Meschke, C.; 8obgér, E.;J. Solution Chenl998§ 27, 135 —
140.

15. Zhang, G.-L.; Xu, Z.-Q.; Xue, S.-F.; Zhu, Q.-Dao, Z.;Wuji Huaxue Xueba@003 19, 655 —
659.

16. Jansen, K.; Buschmann, H.-J.;.Wego, A.; Dopp,Nayer, C.; Drexler, H. J.; Holdt, H. J.;

Schollmeyer, E.J. Inclusion Phenom. Macrocyclic Che?®01, 39, 357 — 363.
121



17. Honig, B.; Nicholls, ASciencel995 268 1144 — 1149.

18. Houk, K. N.; Leach, G. L.; Kim, S. P.; Zhang,Atgew. Chem. Int. EQR003 115 5020-5046;
Angew. Chem. Int. EQ003 42, 4872-4897.

19. Buschmann, H.-J.; Jansen, K.; Schollmeyef,hHermochim. Act200Q 346, 33-36.

20. Fujiwara, H.; Arakawa, H.; Murata, S.; SasakiBull. Chem. Soc. Jpri987, 60, 3891-3894.

21. lzatt, R. M.; Terry, R. E.; Haymore, B. L.; i&m, L.D.; Dalley, N. K.; Avondet, A. G;
Christensen, J. J. Am. Chem. Sot976 98, 7620-7626.

22. Buschmann, H.-J.; Cleve, E.; Schollmeyeingrg. Chim. Actal992 193 93-97.

23. Buschmann, H.-J.; Cleve, E.; Jansen, K.; Scteyler, EAnal. Chim. Act&2001, 437, 157-163.

24. Buschmann, H.-J.; Cleve, E.; Jansen, K.; Wdgp,Schollmeyer, EJ. Inclusion Phenom.
Macrocyclic Chem2001, 40, 117-120.

25. Buschmann, H.-J.; Jansen, K.; Schollimeyemd&yg. Chem. Commu2003 6, 531-534.

26. Zhang, X. X.; Krakowiak, K. E.; Xue, G.; Bradsh J. S.; Izatt, R. And. Eng. Chem. Res.
200Q 39, 3516—3520.

27. Mock, W. L.; Shih, N.-YJ. Org. Chem1986 51, 4440-4446.

28. Virovets, A. V.; Blatov, V. A.; Shevchenko, R. Acta Crystallogr. 004 60, 350-357.

29. Xu, Z.-Q.; Yao, X.-Q.; Xue, S.-F.; Zhu, Q.-Jao, Z.; Zhang, J.-X.; Wei, Z.-B.; Long, L.-S.
Huaxue Xuebad004 51, 1927 — 1934.

30. Mock, W. L.; Irra, T. A.; Wepsiec, J. P.; Adhya. J. Org. Chem1989 54, 5302 — 5308.

31. Tuncel, D.; Steinke, J. H. Ghem. Commuri999 1509 — 1510.

32. Tuncel, D.; Steinke, J. H. Glacromolecule2004 37, 288 — 302.

33. Tuncel, D.; Steinke, J. H. Ghem. Commur2002 496 — 497.

34. Tuncel, D.; Steinke, J. H. @plym. Prepr1999 40, 585 — 586.

35. Jeon, Y.-M.; Whang, D.; Kim, J.; Kim, IKhem. Lett1996 503-504.

36. Meschke, C.; Buschmann, H.-J.; SchollmeyeMa&cromol. Rapid Commui998 19, 59 — 63.

37. Meschke, C.; Buschmann, H.-J.; ScholimeyeRdiymer1998 40, 945 — 949.

38. Buschmann, H.-J.; Cleve, E.; Mutihac, L.; Stheler, E.Microchem J. 200Q 64, 99 — 103.

39. Buschmann, H.-J.; Jansen, K.; SchollmeyeAdta Chim. Slov1999 46, 405 — 411.

40. Buschmann, H.-J.; Wego, A.; Schollmeyer, E.pRd.Supramol. Chen?00Q 11, 225 — 231.

41. Liu, S.-M.; Wu, X.; Huang, Z.; Yao, J.; Liang, Wu, C.-T.J. Inclusion Phenom. Macrocyclic
Chem.2004 50, 203 — 207.

42. He, X.; Li, G.; Chen, Hnorg. Chem. Commu2002, 5, 633—-636.

43. He, X.-Y.; Li, J.; Gao, Y.; Chen, H.-Wuji Huaxue Xueba®003 19, 153 — 158.

44. Tan, Y.; Choi, S.; Lee, J. W.; Ko, Y. H.; Kiik, Macromolecule2002 35, 7161 — 7165.

122



45. Tuncel, D.; Steinke, J. H. Ghem. Commur2001, 253 — 254.

46. Buschmann, H.-J.; Meschke, C.; SchollmeyeArE.Quim. Int. Ed1998 94, 241 — 243.

47. Choi, S.; Lee, J. W.; Ko, Y. H.; Kim, iKlacromolecule2002 35, 3526 — 3531.

48. Lee, J. W.; Ko, Y. H.; Park, S.-H.; Yamagudki; Kim, K. Angew. Chem2001, 113 768 —
771;Angew. Chem. Int. EQ00Y, 40, 746 — 749.

49. Mock, W. L.; Irra, T. A.; Wepsiec, J. P.; Maraman, T. L.J. Org. Chem1983 48, 3619 —
3620.

50. Krasia, T. C.; Steinke, J. H. Ghem. Commur2002, 22 — 23.

51. Mileo, E.;Casati, C.; Franchi, P.; Mezzina, Eigarini, M. Org. Biomol. Chem.2011, DOI:
10.1039/c00b01160f.

52. Mezzina, E.; Fani, M.; Ferroni, F.; Franchi, ®enna, M.; Lucarini, MJ. Org. Chem.2006
71, 3773.

53. ‘Nitroxides: Applications in Chemistry, Biomedicjraad Materials Scienceéd. Likhtenshtein,
G.; Yamauchi, J.; Nakatsuji, S.; Smirnov, A. |.Mara, R. Wiley-VCH, Weinhein2008

54. Mezzina, E.; Cruciani, F.; Pedulli, G. F.; Lting M. Chem.—Eur. J.2007, 13, 7223.

55. Mileo, E.; Mezzina, E.; Grepioni, F.; PedulB, F.; Lucarini, M.Chem.—Eur. J.2009 15,
7859.

56. Bardelang, D.; Banaszak, K.; Karoui, H.; Rodlarer, A.; Waite, M.; Udachin, K
Ripmeester, J. A.; Ratcliffe, C. I.; Ouari, O.; @or P.J. Am. Chem. Sq009 131, 5402.

57. Kirilyuk, 1.; Polovyanenko, D.; Semenov, S.;igarev, |.; Gerasko, O.; Fedin, V.
Bagryanskaya, El. Phys. Chem.,201Q 114, 1719.

58. Jayaraj, N.; Porel, M.; Ottaviani, M. F.; Magdila, M. V. S. N.; Modelli, A.; Da Silva, J. P.;
Bhogala, B. R.; Captain, B.; Jockusch, S.; Turro JN Ramamurthy, VLangmuir, 2009 25,
13820.

59. Luckurst, G. R.; Pedulli, G. B. Am. Chem. Sqd 97Q 92, 4738.

60. lonita, G.; Meltzer, V.; Pincuc, E.; Chechik,®rg. Biomol. Chem2007, 5, 1910.

61. The choice to followAB and notay was because the spectrum is the superimposition of
different species due to the radical dissolvedhm lbulk water, and to the different complexes
betweenla and the macrocylic hosts.

62. Marquez, C.; Hudgins, R. R.; Nau, W. MAm. Chem. Sq004 126 5806.

63. Tuncel, D; Katterle, MChem.—Eur. J.2008 14, 4110 and references therein.

64. Das, K.; Pink, M.; Rajca, S.; Rajca, AAm. Chem. SqQR006 128 5334.

65."H NMR spectrum of the threatb was recorded at pH 4.

66. Wyman, I. W.; Macartney, D. Krg. Biomol. Chem2009 7, 4045 and references therein.

123



67. The spectrum of the same sample recorded 2aftershows a halved signal of the 4-NH
protons, which disappears afta. 12 h.

68. Mason, B. P.; Bogdan, A. R.; Goswami, A.; McQeieD. T.Org. Lett, 2007, 9, 3449.

69. Angelos, S.; Yang, Y.-W.; Patel, K.; StodddrtF.; Zink, J. LAngew. Chem., Int. Ed2008
47,2222,

124



Chapter 6: The actinoid series: towards a new class templates

6.1. Introduction

In the synthesis of mechanically interlocked molesu templates became more and more
important, orienting the reactants to produce peenastructures, as the result of new linkages.
Molecular recognition and self-assembly may be weitldl reactive species in order to pre-organize
a system for a chemical reaction (to form one oremmvalent bonds). It may be considered a
special case of supramolecular catalyd¥on-covalent bonds between the reactants and a
"template” hold the reactive sites of the reactafdse together, facilitating the desired chemistry
This pre-organization is particularly useful fotusitions where the desired reaction conformation is
thermodynamically or kinetically unlikely, such msthe preparation of large macrocycles. After
the reaction has taken place, the template mayinemaplace, be forcibly removed, or may be
"automatically" decomplexed on account of the défé recognition properties of the reaction

product.

6.2. Concepts and opportunities

Since their inceptiorf: * chemical templates have provided exciting new mdée topologie$;®
beginning with macrocycles and macropolycycles, @t proceeding to simple and complicated
knots, monomeric and polymeric rotaxanes, simpld allgomeric catenanes and varieties of
molecular switches.

A chemical template organizes an assembly of atantis,respect to one or more geometric loci, in
order to achieve a particular linking of atofn§.

The ambition to create continuous and intricateemwlar architectures requires that the achieving
of a particular linking of atoms establish a persrarinterlocking between the molecules. This will
usually require formation of one or more chemiaahdis while the template organizes the assembly
of atoms.

Equally important, the template may involve compusethat, like catalysts, do not become
permanent parts of the molecular architectures.
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There are two classes of chemical templates: kinemplates, of primary importance in generating
molecularly interlocked structures, that influenthe mechanistic pathway and thermodynamic or
equilibrium templates that select and bind certeemplementary structures from among an
equilibrating mixture of structurés.

It is appropriate to judge the effectiveness of glate synthesis by comparison with so-called
statistical threading which provides the appropriaaseline methodology because it is what is left
if a template is not used; it depends on the pribalthat a linear molecule will penetrate and
occupy the space within a macrocycle without theefie of any particular intermolecular
attraction.

Further, threading is a simple elemental step ehgmmportance to the formation of interlocked
structures, and the first interlocked moleculauatires were prepared by routes involving
statistical threadind.

Early on, Wasserman estimated with experimentdiriigs the statistical probability for threading a
linear molecule through a macrocycle to be somgtteas than 0.0£:*° Similarly, the classic study
by Harrison and Harrison of rotaxane formation wiitle ring component bound to a Merrifield
resin revealed that 70 successive applicationhefstatistical threading and blocking reactions
resulted in only 6% of the rings being converteddtaxane? In contrast, template threading is
based on mutually attracting participants (to fantemplate complex). Many studies involving
single threadings using various templates give niigher yields — up to 92% in the best c&se.
Gibson and co-worker§$™ have pointed out the compelling fact that statistthreading can be
used with most systems comprised of a linear mtdeand a macrocyclic molecule. His work
exemplified the use of statistical threading in tftgmation of polyester polyrotaxanes by
polymerizing sebacoyl chloride and 1,10-decanedidhe presence of a crown ether followed by a
capping reaction with 3,3,3-triphenylpropionyl atdte (Figure 1).

— (

@ l b)
o—0—0-e

Figure 1. A cartoon example of statistical threading forypotaxane formation: (a) polymerization of lineagments
in the presence of a macrocycle, (b) a stoppegagtion to trap the rings.
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The resulting polymer had 16% by weight of the g macrocycle, showing the statistical
method to be effective, since no template inteoacticcurs to aid threading. It is Gibson’s view
that the special functionalities and complementgepmetries required for effective template
threading greatly limit the applicable systems.

The disadvantages are great when the desired pradwalves a continuous structure such as a
polyrotaxane or polycatenane because of the nagasgeetition of many stages of complicated
interactions. From the standpoint of the templat#hesiast, this further emphasizes the need for

simple templates having components that serveytatéinctions.

6.3. Components of chemical templates - anchors,rtis, threadings, and

Cross-overs.

In order to achieve template-directed assemblytemely complicated and/or highly extended,
interlocked molecular architectures it is necesdaryachieve an intimate understanding of how
chemical templates function and how they can contst cascading sequences of templating steps
in polymerization processés.

In any chemical template, an anchor constitutegitbtecomponent (a metal ion, ion pair

a)

OH

%L »
b) //'
HO N Br

Figure 2. Examples of anchor/turn template complexes: aiv&ge’s Clanchor and phenanthroline turn, (b)
Stoddart’'s=donor and-acceptor conjugate
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complement, partial charge complement, or hydrdgemded partner) which holds an appropriate
conjugate component, or components.

The role performed is to build a turn into the egmay structure and such a component is called a
molecular turn.

Molecular turns have two or more terminal, or neaminal, reactive groups, each pointed in a
critical, often the same, direction. This simplackof molecular template is composed of an anchor
and a molecular turn, and the turn may be intrinsithe structure of the conjugate component or,
in the case of a more flexible conjugate compongnhay be caused by the anchor (Figure 2).
Examples of turns forced by the anchor includefitisé clearly demonstrated template synthesis
numerous studies on the synthesis of macrocy€lé% and, a variety of studies by Amabalino and
Stoddart™®. In contrast, the conjugates used by Dietrich-Bagler and Sauvagfein their ground
breaking studies of catenane and knots are theessatolecular turns.

The combination of an anchor with two non-parattellecular turns produces a molecular cross-
over (Figure 3). This template is one of the twattbrganizes elements essential for catenane and
rotaxane synthesis.

Catenanes are produced by two ring closings onlaaumlar cross-over, each ring closing process
making use of a single molecular turn.

Rotaxanes are produced by one ring closing onglesmolecular turn and the addition of blocking
groups to the other conjugate.

/ GO

NEN <

Figure 3. A simple cross-over gives (i) a catenane uponring closures or (ii) a rotaxane upon one ringuate and
blocking

o—)—eo

6.4. Metal ion templates

At the moment, the aim of the organic synthetictdscontrol intricate sequences of steps
(threadings, cross-overs, ring closings, and olimkages) in order to form complicated orderly
molecular entanglements. The many structural matifseved through chemical templates till now

are displayed in Figure 4.
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The power of chemical templates becomes obviouseaeth more fascinating realizing that the
marvelous array of structural motifs so briefly snarized above has been achieved with a

remarkably small number of distinct chemical tergda

Rotaxanes .__O _O —Q ._0_0_.0.—.
® |: j ; [3]-rotaxanes [4]-rotaxane
[1]-rotaxane ® 9 .—O—O—O—O-.
.__0_. & & [5]-rotaxane
[2]-rotaxane B (57 riaans .—[—0411—. ’
Terminally Blocked D

o -e ' D ' o-(

Tubular Polymer

n

Unbl()t-:ked Doubly Ti':readed Pre-Dendritic ‘
[ ]
W] ofeboireds Ty ]
Figure 9 n Multiply Blocked i) de-chai:a a
Catenanes
-
@ & ® 4 -
[1]-catenane "pretzel"  “"hook-and-ladder” [2]-catenanes Surface Bound  Doubly Interlocked
® ) DR P H
[3]-catenanes Bis-[2]-catenane [4]-catenanes
C)ﬁ > QR0 ¥ C(&Q
9= VY Hh B8 Th
[5]-catenanes [6]-catenanes [7]-catenanes

alternating polymer pendant polymer

[n]-catenanes trefoil composite trefoil

Figure 4. The various interlocked structures which haveilted from template syntheses: rotaxanes, catenanels
knots.

Templates based on metal ion anchors are protatlypicthe concept and historically important
since they provided the seminal examples. A singd¢al ion anchor acts as a unique point around
which the construction of new molecules that carmeotmade by other known pathways can be

achieved.
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Metal ion templates played a key role in the degelent of macrocyclic ligand chemistry and its
derivative chemistries, constituting a multifunci# center about which molecular turns of various
kinds are readily oriented

The Busch group, in the early 1960s, demonstratedfitst rational synthesis of macrocycles
around metal ion templaté$?2?® The planar nickel(ll) ion in Figure 5 forces &aglentate ligand
into a turn, bringing its two reactive terminal gps into adjacent positions, facilitating cyclipati
by their reaction with a reagent that is a secoraleaular turn,a,a’-dibromo-o-xylene. This
example demonstrates the meaning of the kinetiplem effect, the ability of the metal ion anchor

to predictably control the spatial orientation efctive groups during the formation of critical

linkages.
Br Br
N s ‘5 N B
7\ / s\,
Ni Ni
N\ / \S \ /;\S
N/ N_Br/

Figure 5. The seminal metal ion template macrocyclization

Metal ion anchors offer the additional advantaga they are often readily removed, leaving the
interlocked structure intact, or as stated by SgeydThe novelty of this approach... is that the
chelating ligands collected by the metal, and oghin its coordination sphere, are not covalently
linked to each other after the cyclization reactigh

The potential of metal ion templates for the prduturcof interlocked structures was first widely
recognized in the preparation of catenanes, mascuiade up of two or more mechanically
interlocked, or interpenetrating rings, the simplesing the two component [2]-catenane.

Several conceptually different routes for catenayethesis were described, including statistical
threading ® direct organic synthesié®,and various template methods, which have beerabthe
most successful.

There are multiple template routes to catenanedboam:

a) the ring-turn approach (Fig. 6(a)), forms a magote initially by reaction of a turn and a second
difunctional reactant; complexation of this macreywith an anchor and another equivalent of the
turn gives the threaded template, in effect a psetdxane. The second ring can then be closed

about the first to produce the [2]-catenZte.
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b) the two-turn approach (Fig. 6(b)) cyclizes baims of a template composed of a single cross-
over, using difunctional reagents. The same psetaane is a likely intermediate. This method

requires fewer steps, yet often leads to lowerdgi€l

Figure 6. Two strategies for template catenane formationth@ring-turn approach, (b) the two-turn approach

In the ‘three-dimensional’ realm required for imbeked structures, non-planar geometries are
templated by selection of appropriate nonplanarairiens as anchors. By coordination, the metal
ion anchors two conjugate molecular turns whichthegeby oriented in accord with the metal ion
coordination sites they occupy.

For a tetrahedral metal ion anchor, didentate tganolecular turns are held in mutually
orthogonal positions with respect to each other.e Tmolecular turn-ligand, 2,9-bys(
hydroxyphenyl)-1,10-phenanthroline (Fig. 7(a)), laical structural features that have made it
highly successful — it provides the necessary géomeontrol over terminal reactive groups that
extend well beyond the metal center and can forenctbpper(l) complex (Fig. 7(b)), which was

found to exhibit the geometry and binding strenggkded.

~ O HO% ;
OH

Figure 7. (a) Sauvage’'s molecular turn, (b) the resulting-turn complex of Cul.

In the first reported template synthesis of catesamvhere the bifunctional ring closing reagents

were pentaethylene glicol dihalides, only 27% oé tbroduct was obtained by the two-turn

approactt, while the ring-turn approach yielded 428% Recently, using the Grubbs’ ring closing
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metathesis reaction and moving the ring closureti@ato a much greater distance for the metal-
anchored cross-over, the Sauvage group has prepemgte [2]-catenanes in 92% yieltiFrom

this and other examples it is apparent that fariatking turns, choosing and locating the terminal
functional groups so that no additional linking rag (or a minimum number) are required to
complete the ring greatly facilitates the efficigrad catenane formation.

The advantage probably derives in large part froenreduced competition between the formation
of intramolecular and intermolecular linkages. @thdvantages should stem from reclaiming the
ability to use a large excess of a second reagehthee fact that no additional atoms are needed to

form the final ring.

6.5. The actinides as new class of templates in eaines’ synthesis
6.5.1. Introduction

Metal ions with a range of different two- and thiddmensional coordination geometries (Figure
8a—d) have been used as a template for the systbiesatenanes and rotaxafe® The result is a
rich tapestry of mechanically interlocked ligandwl a&zomplexes that have been studied from the
point of view of their electrochemistfy, photochemistry? reactivity>® selectivity®® and as
prototypes for molecular machin®&s.Some of these systems can be assembled under
thermodynamic contrdf others under kinetic controt***’ Some use sophisticated ligand
systems? others relatively simple oné%.Some feature homoleptic complexation motés,

3623940 thers heteroleptic ondgc442

a) b)

d) ‘ -
c) \/
X N
fr I:> % § M2+ = Mn, Fe, Co, Ni, Cu, Zn, Cd, Hg
7N Q=

M2+ = Cu, Zn

Figure 8. Metal coordination geometries successfully wilizin the metal-template synthesis of catenanes and
rotaxanes. a) Four-coordinate (tetrahedglj?e33ap3436c.37ab3y foyr.coordinate (square plandty?>* c) five-
coordinate (square-based pyramid/trigonal bipyrafiyff d) six-coordinate (octahedraff"*°e) two-coordinaté®
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With the exception of the casg where the use of gold (I) was aimed to demoresttae
attractiveness of exploiting a linear coordinatinade in synthesis because of its simplicity and the
potential generality of a motif requiring just twiwonodentate ligands to bind the metal, all employ
at least one multidentate ligand, to create a igiokdination sphere around the metal.

The precursors of macrocycles, the so-calleshapes are so allowed to be in the right position
forming a stable complex, as this approach reliegheir supramolecular preorganization using
non-covalent interactions to offset some of theamct cost of association and help to position the

components to form the desired product.

6.5.2. The Actinide&

The actinide (or actinoid, IUPAC nomenclature) egrinclude the 15 chemical elements with
atomic numbers from 89 to 103, actinium to lawranci
The actinide series derives its name from the Bistment of the series, actinium, and from the
greek word “aktis”, which means ray, reflecting tBlements’ radioactivity; although actinoid
(actinide) means “actinium-like” and therefore slaoexclude actinium, it is usually included in the
series for the purpose of comparison. Only thoramd uranium occur in more than trace quantities
in nature; the other actinides are synthetic eléméll actinides are radioactive and release gnerg
upon radioactive decay; uranium, thorium, and plitbm, the most abundant actinides on Earth, are
used in nuclear reactors and nuclear weapons.
The actinides are usually considered td-biock elementsbelonging to hard elements, preferably
bound in complexation reactions to the hard oxydenor atoms, and they show much more
variable valence than the lanthanides. Correspghdistudies of complexation of these elements
in solutions were until the 1980s performed witimpbexants bonding the complexed metal ion
either exclusively to oxygen atoms or to both oxyged nitrogen atoms. Such complexes may be
very stable in solution, offering the possibilitp €&xploit this property in the synthesis of
mechanically interlocked architectures.
As the metal ion preorganizes reactive moleculagrfrents in a spatial controller manner to obtain
preferentially the desired structure over many &tl{see Section 6.4), the use of a metal with the
property of expanding the valence state gives hoget a more stable intermediate complex.
A possible synthetic strategy of [2]-catenaneslmascehmatized in the following steps (Figure 9):
a) Synthesis of electron-rich ligands of the necgssgeometry, containing donor atoms like

oxygen, nitrogen or sulfur.
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b) Reaction with an appropriate actinide salt incstimmetric ratio of 2 to 1, to obtain a complex
(cross-over), following the two turn-approach ($egure @): the metal coordinates within the

cavity of the ligand with coordination number begidh

D= Donor atoms (N, O, S..)
Figure 9. Synthetic strategy of [2]-catenanes

c) Once formed the complex 2:1 with the cation, acroeyclization reaction affords the [2]-

catenane.

6.5.3. Ring-closing metathesis
Ring-closing metathesis (or RCM) has emerged a®wepul tool for the construction of
carbocyclic and heterocyclic ring systems; beingidadly a variation on olefin metathesis, it is the
macrocyclization reaction which is usually usedjémerate 5 up to 30-membered cyclic alkenes; it
allows the closing of previously hard to make riigs8 member rings in particular) and it makes
use of a Grubbs' catalyst, yielding the cycloalkand a volatile alkene, like ethene (Figure 10).

TheE/Z-selectivity depends on the ring strain.

M=CH,

1l
%

H,C=CH,

54

oy
R
K_‘ EEM
/_/:
Figure 10.Chauvin’'s mechanism of Ring-closing metathesis
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6.6. A pentadentate ligand based on 2,2';6’,2"-tegridine

- -
N OM;\
Q<

L1

The pentadentate ligandl based on terpyridine exhibits the necessary feattoecreate a
complex 2:1 with a multivalent cation (e.g. actesyf nitrogen and sulfur atoms constitute the
linking point for the metal, which is the multifunanal center about which 2 equivalents of

molecular turnd.1 are readily oriented.

Figure 10.Formation of a ten-coordinate complex which alldkes right position of the precursors of the macotey.

The cross-over between the two pentadentashapesaffords a ten-coordinate complex where the
coordination sphere constitutes a rigid framewaorkvhich the metal is the center and allows the
right orientation for the next rings’ closing.

The ligand is composed of two main building blockse dibromo-terpyridine and an organo
stannane based on thiophene ring, which are joitoggther through theStille coupling

reaction*>4®

a chemical reaction which is very widely used ngamic chemistry, coupling an
organotin compound with an “shybridized organic halide catalyzed by palladiund avith very

few limitations on the R-groups.

The reaction mechanism of the Stille reaction teenbwell studied’ The first step in this catalytic
cycle is the reduction of the palladium catalyht o the active Pd(0) specie®).( The oxidative

addition of the organohalide8)( gives a cis intermediate which rapidly isomerizesthe trans

intermediatet*® Transmetalation with the organostanna)ef¢rms intermediat&, which produces
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the desired producB) and the active Pd(0) specied &fter reductive elimination. The oxidative

addition and reductive elimination retain the steteemical configuration of the respective

reactants.
Pd"
1
Ri—R i
18 : PdCL, Ri—X
2 \( 3
R—Pd"L,—R; Ry—Pd"L,—X
7 4
XSI"IBL.IS RQSHBU:;
6 5

Figure 11. Suggested mechanism for the Stille reaction

The first building block, the di-halide, was obtihstarting from glutaryl dichloride; the exchange
with the amine afforded the corresponding Weinnetida*® 9, N-Methoxy-N-methylglutamide, in
quantitative yield, then the introduction of pyridiring gave compounti,*® 1,5-Di(6-Bromo-2-
pyridil)pentane-1,5-dione, with 40% of yield; fihalthe condensation in presence of ammonium
acetate afforded the 6, 6”-Dibromo-2,2":6’, 2"fgyridine*® 11 with 50 % of yields (Scheme 1).

N
o~ o g W

N~ TBr = -
CH3NHCOCH;, N N BuLi 2.5 M. Et .0 | - |
heH Nn-buLl 2. y
cl Cl Pyridine, CHCl ; .- WT/\\V/A\H/ ~ 2 B SN N~ Br
—_—
o 0 100% © © 0% © ©
9 10

reflux

50%

| NH,OAc, MeOH

Scheme 1Synthesis of 6, 6”-Dibromo-2,2".6’, 2”-terpyridie
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The second building block (Scheme 2), the orgaanngtne, was obtained from the thiophége
alkylated with 1-undecenol in quantitative yieldfoaeding the 2-Bromo-5-dec-9-enyloxymethyl-
thiophen€l3, which through transmetallation, afforded thecimpoundl4.

HO% _ %)g-BléUCZ:I.SM _
Br\__s Br Br\_-s O 8 )BusSn BusSn__ ¢ O‘FA_
| NaH 60%, THF | Et;,0 | 8
/ > / _— /
100% 55%
12 13 14

Scheme 2Synthesis of Tributyl-(5-dec-9-enyloxymethyl-thtegn-2-yl)-stannane.

The coupling reaction between compouridand 14 afforded the ligand.1 in good vyield (53 %)
(Scheme 4).

| A
Bus3Sn S 0 8 | AN N/ I X
D—/ ~N N~
+ Br Br
14 11
Pd(PPh3),, toluene
reflux
53%
AN
s

L1
Scheme 4Synthesis of pentadentate ligant with long aliphatic chain

In the first complexation studies, a more easilyiewable ligand (less synthetic steps) was
synthesized, the analogous U-shape with only orteyhgroup attached to thiophene (Scheme 5)
The commercially availabl@-methylthiophenel5, after metallation, afforded the corresponding
organo stannan&6 which, without any purification, was coupled widibromoterpyridinell to

afford the ligandl7, the “model system” to be used in the first expents with metal templates.
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l\ N N
~N N~
Br 11 Br

1)BuLi 2.5 M

g 2)BusSnCl s Pd(PPh 3);, DMF
THF | <nB
| / _ / nbug -
48%
18%

15 16

Scheme 5Synthesis of pentadentate ligamaodel systejn

6.7. A tetradentate ligand based on dipyrromethanenoiety

L2

The tetradentate ligand?2 is a very attracting compound, being electron ackl similar to the
previous ligand.1 for shape and skills in hydrogen bondings sotitloa equally used to detect the
complexation properties of Actinides metals.

It is composed as well of two building blocks, thpyrromethane core carrying two halide groups
and an aromatic amine joined through formationroinaine bond.

The aromatic amine (Scheme 6) was synthesizedngtdrom the cyanoalcoholt8, alkylated with
good vyield (73%) td.9; the reduction of the nitrile group to amine toabtthe compoun@0 was
almost quantitative (94%).
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Scheme 6Synthesis of the amine with the long aliphaticicha

The formyldipyrromethane core was obtained (Schépstarting from pyrrole passing for the 5,5'-
dimethyldipyrromethari® (21) and then to get the 5,5-diformyl-2, 2’-dimethidgirromethang*
(22) through the Vilsmeier-Haack reaction, which akothe formylation of electron rich arenes,

using the formylating agent which is formed in $itum DMF and POGI

0
P& H H POCI,, DMF
H
N TFART NI \N/ 100% o N §
E/) 5% 21 o \ | )—cHo

Scheme 7Synthesis of the dimethyldipyrromethane core.

The reaction of the dihalid22 with 2 equivalents o020 afforded a newJ-shapel2, based on the
imine-motif, compatible for a rigid framework alitechelate metal ions. (Scheme 8)

H,N

Scheme 8Synthesis of tetradentate ligahd with long aliphatic chain.
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Like in the previous case, in order to carry owtliprinary complexation studies, the analogous
model system23 was synthesizedgarrying only a methyl group, starting from comnialiyg
available toluylbenzylamine; the product was ol#diby precipitation from diethyl ether with quite
good yield (65%). (Scheme 9)

H,N
OHC MeOH,
.\ | RT
JN\H 65%
9 Z>CHo

2

ZT

NN

23

Scheme 9Synthesis of tetradentate ligamdddel systejn
6.8. Preliminary results and conclusions

The first experiments were carried out with the elogystem23 in presence of different
amounts of Ti(Cl).The choice of using Titanium, égtblock elementrelies in his resemblance to
Actinides’ electronic properties and his capabitifyacting as a Lewis acid.

Mixing dried compound23 with Ti(Cl)4 in the ratio 1:1 (in presence of base DABCO, 1,4-
diazabicyclo[2.2.2]octane) and recording NMR speatrthe time, (just after the addition of the

S

LTINS S
N TR 1 |
g Lo

Dhe i) J Ut J“H e

10.0 5.0 0.0

o}

(o

ppm (t1)

Figure 12. NMR spectra (dried CDgJl 400 MHz) of:a) the dried ligand23 b) straight after the addition of Ti(Gl)
(t=0); c) after 1 hourg) after 5 hour®) after 16 hours, heating at 75° C (stoichiometatio ligand/Ti 1:1)
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salt, after 1, 5, 16 hours and heating at 75°Chan last case) it's evident the formation of two
distinct patterns of signals, as in the case ofidume of complexed and uncomplexed ligand,
situation which develops into a new profile of st probably belonging to the complex, after 16

hours and heating (Figure 12).

.

\ \ \
100 5.0 0.0
ppm (t1)

Figure 13. NMR spectra (dried CDgJl 400 MHz) of:a) the dried ligand23 b) straight after the addition of Ti(Gl)
(t=0); c) after 5 hoursd) after 16 hours, heating at 75° C (stoichiometiio ligand/Ti 2:1)

In the Figure 13 as well, the spectrum of the diigdnd, at the top, is compared with the other
ones straight after the addition of TiGt=0) and after 5 and 16 hours (after 16 hoursstraple
was heated at 75°C), but now the ratio ligand/fi€12:1, according to the aim of the project to
check the possibility of using actinides to temgpléhe formation of a [2]-catenane, after the
formation of the complexcfoss-ovey of the corresponding tw&J-shapes The profile of the
spectra is very similar, as expected, to the previanes, confirming the formation of the complex
ligand/TiCl, 2:1, former step to the RCM, to obtain the [2]etaine.

These preliminary experiments confirm the centmale rof metal cations which are able to
preorganize reactive molecular fragments in a ptalle manner, gathering macrocycles’
precursors incorporating chelating subunits; the olactinides, with the possibility of realising
stablecross-overswith coordination number beyond 6, means the reabdunity to develop the

synthesis of [2]-catenanes using even actinide-lai®effect.
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6.9. Experimental section

Br R o
a ‘ d
e 13
o/
c

2-Bromo-5-dec-9-enyloxymethyl-thiophene (13NaH 60% (400mg, 10 mmol) was added to a
solution of 9-decen-1-ol (1.56g, 10 mmol) in THRQENI), at 0°C. The reaction mixture was stirred
for 20 minutes then allowed to warm to room tempegeand stirred for further 45 minutes. 2-
Bromo-5-bromomethylthiophene (2.68g, 10.5 mmol) ¥ added at 0°C, the reaction mixture is
let to reach room temperature, then heated unflak r@vernight.

The reaction mixture was quenched by addition afehrafter extraction with DCM, the organic
layer was collected and dried over MgS®@hen solvent was removed and the crude produst wa
purified by column chromatography (Petroleum etliethyl ether 95:5 v/v), obtaining 2.95g of the
product (Yield: quantitative)!H NMR (400 MHz, CDCY) 8= 6.90 (d, 1H,J= 3.6 Hz, Hhiopheng
6.73 (d, 1H,J=3.6 Hz, Hhiophend, 5.86-5.76 (m, 1H, B}, 5.02-4.91 (m, 2H, k}), 4.56 (s, 2H, B,
3.45 (t,J= 6.5 Hz, 2H, k), 2.07-2.01 (m, 2H, ¥}, 1.61-1.54 (M, 6H, kkyi chai), 1.38-1.33 (m, 6H,
Haikyl chain); --C NMR (400MHz, CDCJ) 6= 139.2, 129.3, 126.3, 114.1, 70.3, 67.5, 33.85,220.42,

29.39, 29.1, 29.0.
Sn\a£>—/o i
H/ b‘ /d e "

qy
o/
P

Tributyl-(5-dec-9-enyloxymethyl-thiophen-2-yl)-stamane (14) n-BuLi 2.5 M (2.24 ml, 5.6
mmol) was added dropwise to a solution of 2-Bromaeb-9-enyloxymethyl-thiophene (1.41g,
5mmol) in diethyl ether (100ml) at -78°C. Tributgithloride (1.95g, 6mmol) was added dropwise
after 2 hours of stirring and, after 30 minutes tkeaction mixture was allowed to go to room
temperature and let under stirring overnight. Té&ction mixture was quenched with addition of
brine; after extraction with ethyl acetate, theamig layer was collected and dried over,8@;.
Then solvent was removed and the crude product puagied by column chromatography
(petroleum ether/diethyl ether 95:5 v/v), obtainihg product as a brown oil (1.32g, 53%t
NMR (400MHz, CDC}) 6=7.10 (d,J=3.2 Hz, 1H, H), 7.02 (d,J=3.2 Hz, 1H, H), 5.86-5.76 (m,
1H, Hy), 5.01-4.90 (m, 2H, kb), 4.69 (s, 2H, B, 3.48 (t,J= 6.6 Hz, 2H, K, 2.06-2.00 (m, 2H,
Ho), 1.68-1.52 (m, 4H, kk ), 1.10-1.06 (m, 4H, ), 0.97-1.09 (m, 27H, stannane) 0.94-0.87 (m,4
H, Hmn); °C NMR (400MHz, CDCJ) 8= 146.8 (, Giophend 139.2 (CH, @), 137.3 (4, Giophend,
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135.0 (CH, §), 127.4 (CH, @, 114.1 (CH, Cy,), 70.2 (CH, G), 67.2 (CH, Cy), 33.8 (CH, C),
29.7 (CH), 29.4 (CH), 29.1 (CH), 28.9 (CH), 27.4 (CH), 27.3 (CH), 26.1 (CH).

Chemical Formula: gsHssN30,S,
Molecular Weight: 734.07
Elemental Analysis: C, 73.63; H, 7.55; N, 5.72; O,
4.36;S,8.74

L1: Pd(PPB)4(0.017 g, 0.015 mmol) was added to a mixture aitiutylstannylalkylthiophene
(0.149 g, 0.3 mmol) and 5,5’-dibromoterpyridine0®0g, 0.1 mmol) in dry toluene (10 ml). The
mixture reaction was stirred at reflux overnight.

After the mixture had cooled to room temperaturaON 0.1 M in MeOH was added and the
solution was stirred for 30 minutes; after the &ddiof brine, the organic layers were extracted
with ethyl acetate.

The organic layer was separated, and the aquepeisvuas extracted with G&l,. The combined
organic layer was washed with water, dried ovesS@ and concentrated under reduced pressure.
The residue was purified by column chromatographysdica gel with petroleum ether/ethyl
acetate (90:10 v/v) to yield the U-shape (0.05933%) as a white-yellow solid.

'H NMR (400 MHz, CDC}J): 6= 8.63 (d,J=8 Hz, 2H, H), 8.51 (dd,J=0.8, 7.6 Hz, 2H, §, 8.00
(dd,J= 7.6, 8Hz, 1H, H), 7.85 (ddJ= 8, 7.6 Hz, 2H, k), 7.66 (dd,J=0.8, 8Hz, 2H, B, 7.54 (d )=

3.6 Hz, 2H, H), 7.02 (dJ= 3.6 Hz, 2H, H), 5.85-5.75 (m, 2H, k), 5.00-4.90 (m, 4H, ), 4.70 (s,
4H, H,), 3.53 (t,J= 6.8 Hz, 4H, k), 2.05-1.99 (m, 4H, B, 1.67-1.60 (m, 4H, M 1.37-1.30 (m,
20H, Hakyi chain); “°C NMR (400 MHz, CDGJ): 6= 155.6 (q), 154.9 (q), 151.7 (q), 145.2 (q), 143.9
(9), 139.2 (CH, @, 137.8 (CH, @), 137.5 (CH, @), 127.0 (CH, @), 124.1 (CH, @, 121.3 (CH,
Cn), 119.0 (CH, @), 118.3 (CH, @, 114.1 (CH®,, G,), 70.3 (CH, C), 67.7 (CH, G,), 33.8
(CHy, C), 29.7 (CH, Caikyi chain)s 29.4 (CH, Caikyi chain), 29.1 (CH, Caikyi chain), 28.9 (CH, Caiyi chain),
26.1 (CH, Cakyl chaip; LRESI-MS: m/z = 734; HRESI-MS:m/z = 734.38140 (calcd for
CasHseN30,S,, 734.38324).
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Tributyl-(5-methyl-thiophen-2-yl)-stannane (16) n-BuLi 2.5 M (15 ml, 37.5 mmol) was
added dropwise to a solution of 2-methyl-thiophé2d5g, 25mmol) in THF (100ml) at -78°C.
After 30 min of stirring at room temperature, trifdtinchloride (12.2g, 37.5 mmol) was added
dropwise at -78°C then the reaction mixture wasvedld to go to room temperature and let under
stirring overnight. The solvent was removed undegluced pressure then, after addition of water,
the product was extracted with DCM; the organicefaywas collected and dried over JS&,
obtaining the product as a yellow oil (4.65g, 48%); NMR (400MHz, CDC}) 6= 6.97 (d,J=
3.2Hz, 1H, H), 6.88 (d,J= 3.2 Hz, 1H, H), 2.54 (s, 3H, B, 1.32 (m, 2H, ), 1.29 (m, 2H, K),
0.87 (t,J= 6.4 Hz, 3H, k), 0.36 (t,J= 6.4 Hz, 3H, K); *C NMR (400MHz, CDG)) 6= 145.3 (q,
Cihiopheng, 135.4 (CH, @), 134.3 (0, Griophend, 126.6 (CH, @), 67.2 (CH, Cy), 29.7 (CH), 29.4
(CHy), 29.1 (CH), 28.9 (CH).

LRESI-MS: m/z = 331 [M+1]- Bu; HRESI-MS: m/z = 388.12409 (calcd for H3,SSn,
388.12412).

Chemical Formula: GH1gN3S,
Molecular Weight: 425.56846

17. Pd(PPB)s (0.27 g, 0.24 mmol) was added to a mixture of ildtylstannyl-2-
methylthiophene (2.48 g, 6.4 mmol) and 5,5-dibroenpyridine (0.63 g, 1.6 mmol) in dry toluene
(200ml). The mixture reaction was stirred at refawernight. After the mixture had cooled to room
temperature, NaOH 0.1 M in MeOH was added and oh#&tisn was stirred for 30 minutes; after
the addition of brine, the organic layers were aoted with ethyl acetate.

The organic layer was separated, and the aquegesuas extracted with Gi&l,. The combined
organic layer was washed with water, dried ovesS@ and concentrated under reduced pressure.
The residue was purified by column chromatographysibica gel with petroleum ether/diethyl
ether (80:20 v/v) to yield the U-shape (0.12 g51%) as a yellow solid.
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'H NMR (400 MHz, CDC}): 8= 8.60 (d,J=8.0 Hz, 2H, H), 8.47 (d,J= 8.0 Hz, 2H, H), 7.99 (dd,
J=8.0, 7.6 Hz, 1H, ), 7.82 (dd,J= 8.0, 7.6 Hz, 2H, i, 7.61 (dJ= 8.0 Hz, 2H, H), 7.47 (d,J=4.0
Hz, 2H, H), 6.80-6.79 (ddJ= 0.8, 4.0 Hz, 2H, ), 2.56 (s, 6H, B); **C NMR (400 MHz, CDGJ):

8= 155.5 (q), 154.9 (q), 151.9 (q), 142.8 (q), 14@y% 137.8 (PyrCH), 137.4 (PyrCH), 126.3
(PyrroleCH), 124.5 (PyrroleCH), 121.2 (PyrCH,)Cl118.6 (PyrCH, @, 118.1 (PyrCH, @, 15.7
(CHs, Cv); LRESI-MS: m/z= 426 [M+1]; HRESI-MS: m/z = 426.10992 (calcd for £H20NsS,,
426.10932).

CN

19

4-Hept-6-enyloxy-benzonitrile (19):CsCOs (13.03g, 40mmol), 7-bromo-hepten-1-ene (3.54¢,
20mmol), Nal (600mg, 4mmol) wedded to a solution of 4-hydroxybenzonitrile (2.383@mmol)
in DMF (40ml). The reaction mixture was left undgirring overnight at 80°C. The solvent was
removed under reduced pressure and, after addifitmine, the crude product was extracted with
DCM; the organic layer was collected and dried dvafSO,. Then the solvent was removed and
the crude product was purified by column chromaipby (petroleum ether/diethyl ether 60:40
v/v), obtaining the product in 92% of yield (3.954% NMR (400MHz, CDC}) 6= 7.57 (d,J= 8.8
Hz, 2H, ArCH), 6.93 (dJ= 9.2 Hz, 2H, ArCH), 5.86-5.76 (m, 1H)H5.04-4.94 (m, 2H, k}), 3.99
(t, J=6.8 Hz, 2H, H), 2.11-2.07 (m, 2H, C}), 1.84-1.77 (m, 2H, C}), 1.48-1.45 (m, 4H, C});
¥C NMR (400MHz, CDGJ) 6= 162.4 (q, C), 138.6 (CH,{C 133.9 (CH, ArCH), 119.3 (q, ArC),
115.1 (CH, ArCH), 114.6 (CH Cyn), 103.6 (g, ArC), 68.3 (C}), 33.6 (CH), 28.8 (CH), 28.5
(CHy), 25.4 (CH).

HoN

4-Hept-6-enyloxy-benzylamine (20)A solution of 4-Hept-6-enyloxy-benzonitrile (3.0053.9
mmol) in THF (18ml) was added dropwiseasolution of LiAlH; (1.78g, 41mmol) in THF (41ml),
at -78°C; the reaction mixture was then let goimgdom temperature and stirred for 45 minutes,
after that it was heated to reflux for 3 hours. Taaction mixture was cooled at 0°C and diethyl
ether (100 ml) was added, then it was quenchedubgessive dropwise additions of water (1.78
ml), 15% aqueous sodium hydroxide solution (1.78 amd finally water (5.4 ml). The reaction
mixture was let under stirring at room temperatovernight then it was filtered through a sinter
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and the solvent was removed under reduced pressugere the product as a white solid (2.99,
94%); *H NMR (400MHz, CDC}) 8= 7.21 (d,J= 8.8 Hz, 2H, k), 6.86 (d,J= 8.8 Hz, 2H, H),
5.87-5.78 (m, 1H, B, 5.04-4.93 (m, 2H, k), 3.94 (t,J= 6.6 Hz, 2H, H), 3.80 (s, 2H, B, 2.11-
2.06 (M, 2H, H), 1.82-1.75 (m, 2H, ), 1.48-1.44 (m, 4H, KH); **C NMR (400MHz, CDGJ) =
158.0 (g, ArC), 138.8 (CH, {; 135.4 (g, ArC), 128.2 (CH, |5 114.5 (CH, @), 114.4 (CH, Cy),
67.9 (CH, Gy, 45.9 (CH, G), 33.7 (CH, CJ), 29.1 (CH, G,), 28.6 (CH, C.q), 25.5 (CH, C.q);
LRESI-MS:m/z= 220 [M+1]; HRESI-MS:m/z= 220.16960 (calcd for gH,,0N, 220.16959).

L2

/ i

Chemical Formula: &Hs,N40,
Molecular Weight: 632.87718

L2: 4-Benzylamine (3.11 g, 14.2 mmol) dissolved inQ#e (30 ml) was added dropwise to a
solution of 5,5’-diformyl-2,2’-dimethyldipyrrometime (1.63 g, 7.1 mmol) in MeOH (120ml). The
solution was stirred at room temperature overnighegn the solvent was removed under reduced
pressure. The product was collected after pretipitafrom diethyl ether and filtration (180 mg,
5%).

'H NMR (400 MHz, CDGJ): 6= 8.00 (s, 2H, k), 7.16 (d,J= 8.0 Hz, 4H, k), 6.85 (d,J= 8.8 Hz,
4H, Hy), 6.37 (d,J= 3.6 Hz, 2H, H), 6.03 (d,J= 3.6 Hz, H), 5.87-5.76 (m, 2H, B, 5.03-4.93 (m,
4H, H ), 4.58 (s, 4H, B, 3.93 (t,J= 6.6 Hz, 4H, H), 2.10-2.05 (M, 4H, Hiyi chain, 1.81-1.74 (m,
4H, H aiyi chai), 1.66 (s, 6H, ), 1.47-1.45 (m, 8H, kkyl chai); °C NMR (400MHz, CDGJ): 6=
158.2 (q), 152.0 (CH, &, 142.8 (q), 138.8 (CH,§; 131.3 (), 129.6 (q), 129.2 (CHy)C114.8
(CH, Gyrole), 114.6 (CH, @), 114.4 (CH, Gn), 106.0 (CH, Gyrole), 67.9 (CH, Cy), 63.8 (CH,
Ce), 35.8 (0, @), 33.7 (CH, Cayi chain, 29.1(CH, Caiyi chain), 28.8 (CH, Caikyi chain, 28.7 (CH, C),
25.6 (CH, Caikyi chain; LRESI-MS: m/z= 632.9 [M+1], HRESI-MS:m/z = 633.41685 (calcd for
C41Hs3N4O,, 633.41681).
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Chemical Formula: GgH3,N,
Molecular Weight: 436.59118
23: 4-Benzylmethylamine (2.42 g, 20 mmol) dissolved/ieOH (1 ml) was added dropwise to a

solution of 5,5-diformyl-2,2’-dimethyldipyrrometime (2.30 g, 10 mmol) in MeOH (120ml). The
solution was stirred at room temperature overnighgn the solvent was removed under reduced
pressure. The product was collected after precipitafrom diethyl ether and filtration as a pink
solid (2.83 g, 65%).
'H NMR (400 MHz, CDCJ): 8= 8.02-8.01 (m, 2H, k), 7.17-7.12 (m, 8H, Fhenyleny, 6.37 (dJ= 3.6
Hz, 2H, H), 6.03 (d,J= 3.6 Hz, 2H, H), 4.60 (s, 4H, B, 2.33 (s, 6H, K, 1.66 (s, 6H, B); °C
NMR (400MHz, CDC)): o= 152.2 (CH, @), 142.8 (q), 136.6 (q), 136.4 (q), 129.6 (q), 229.
(phenyleneCH), 128.0 (phenyleneCH), 114.9 (pyrrelgQ06.0 (pyrroleCH), 64.1 (CHC), 35.7
(9, G), 28.7 (CH, Cy, 21.1 (CH, &); LRESI-MS: m/z = 437 [M+1]; HRESI-MS: m/z =
437.26931 (calcd for £gH33N4, 437.26997).
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