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Abstract

The research carried odtiringthesethree years was developed as part of the MolArNet Project,
supported by the European Commissiwhich aims at giving a first demonstration of molecular
Quantumdot Cellular Automata (QCA) elementary devices as a feasible approach to
unconventional computan. QCA represent a smart model of alternative nanoscale logic
devices and consist of an organized array of cells, each containing qtdotainBinary
information can be encoded, without current flow, in the molecular charge configuration of a cell
andpropagated to the next neighbor cell within the array.

Here we describehe design andsynthesisof novel alkyl substituted guanoshHhierrocene
derivatives and their selfassembly at the solid/liquid interface on highly oriented pyrolitic
graphite (HOPG)Supramolecular selissembly of these derivatives has been accomplished in
solutions by NMR and CD spectroscopy and on surface by &TdVAFMtechniqus.

We have shown that supramolecular structures formed by ferreg@osing guanosines in
solutions and at surfaces can be tuned by introducing sterically demanding substaneiig,

from G-ribbons toG, cationfree architectures. This sedssembly is governed by the formation

of H-bonds between guanosines that dictates the spatial localization of ferrocenes, ultimately
forming 1D conjugated arrays that may be employed as prototypes of supramolecular nanowires.
In this thesis wealsoexplored the possibility of usingorphyrin derivaties carryingferrocene
residues directlgonnected to the porphin core, as alternative approach to QCA implementation.
Preliminaryelectrochemicastudiesusing cyclic voltammetrghowthat porphyrinscan be used

as atwo/four dots cells

During the period at the Univaty of Maryland, in the Prof. Jefferipavisd research group, |
worked on lhe synthesis and characterization of specific dyes, containing azobenzene igroups,
orderto insert themn the guanosine hydrogelThese dyes are capable, in principle, to change
their conformation in a reversible way, through an external Kgimulus. Thus, itcould be
possibleto obtain photoresponsive hydrophilic geable to break and refortmemselvesn a

controlled manner.
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RnJe suis de ceux qui p ens entUngaestfigueadans son e n C ¢
laboratoire esihon seulement un technicighest aussi un enfant placé devant des phénoménes
naturels qui | 6i mpressionnen
Ailo sono tra quelli che pensano che | a scien
laboratorio non € solo un tecnico: € anche un benolposto di fronte a fenomeni naturali che lo

i mpressionano come un |

Marie Curie



Chapter I. Nanotechnology

|.  Nanotechnology

1.1 Introduction
Awhat | want to talk about is the problem of
As soon as | mention thigeople tell me about miniaturization, and how far it has progressed
today. [...] But that's nothing; that's the most primitive, halting step in the direction | intend to

di scuss. It is a staggering

On December 291959 at he annual meeting of the American Physical Sotjgtye physicist
Richard Feynmag a v e a Theee's Planty ef Rdom at the Bottom i n  subgestet theh e
possibility of direct manipulation of individuatomsand molecules as a more powerful form of
syntheticchemistryin order to create devicesd materials without violating the laws of physics.

He regarded microtechramy as a frontier to be overcorbg thedevelopnent ofa new technology

able to produce assembly and replicate small componétgsfocused on complex, active,
nanoscale biological mechanisms as an inspiration for nanoscale techf@ggman was the firs

to outline a world of technologies that would work and build at the ultimate, atomic scale. He
viewed this world from a tepown perspective, as the ultimate frontier for miniaturization

The term finanot ec hnoklatgryby professeNonoolranigechi, dwingdie ¢ a d
explorations of ultraprecision machinirigwasn't until 1981, with the development of the scanning
tunneling microscope that could "see" individual atoms, that modern nanotechnology began.
Thanks to the development of new hemues and instruments, nanotechnology has spread into
different fields, including chemistry, physics, material science, engineering, and biology.

Today ranotechnology is one of the most active research ,atesshas changed and will continue

to changevision, expectations and abilities to control the material world. These developments will
definitely have an impact on the construction industry, particularly the field of construction
materials.

Figure lillustrates typical biologicabbjects, whose sigebelong to the significant range betwden

to 100 nm (made of 10 to 1@tom3.


https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Chemistry
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Figure 1 The size window of nanopatrticles in comparison to other familiar bodies.

The interest in nanoparticles of these typical sizes is due to the fact that the magtettand

electronic behavior of bulknaterials can changehen their size approaches the nanometer scale.

1.2 Top-down and bottom-up approaches

Top-down and bottorup models are botstrategies oinformation processingused ina variety of

fields from computer science to humanistic and scientific thedrtestopdown approach plans to

start with a bulk material and then break it into nanoparticles by meathatirition, chemical or

other form of energy and etching technig@@is strategy often uses the traditional workshop or
microfabrication methodswhere externally controlledools are used to cut, mill, and shape
materials into the desired shape @ander. Techniques such pBotolithographyandinkjet printing

belong to this category.

One of the earlier definitions of nanotechnology, given by Dreklavas referred to a bottonp
approach: Aithe contr ol -loyimoleouéetcongal of lpraduadsdandeby mo
products through higbrecision systems as well as the products and gseseof molecular
manufacturing, i ncl ud iHergg organd and inbrganic stmatardsiarce r y
constructed atorby-atom or moleculdy-molecule. In the bottomup approach, materials and
devices are builtfrom molecular components, whichsserble themselvesvia molecular
recognition Both approaches can l@lowed in either gas, liquid, supercritical fluids, solid state,

or in vacw. Scientists are interested in the ability to control: a) particle size b) particle shape c) size

distribution d)particle composition e)atjyree of particle agglomeration (Figure 1.2).


https://en.wikipedia.org/wiki/Information_processing
https://en.wikipedia.org/wiki/Photolithography
https://en.wikipedia.org/wiki/Inkjet_printing
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Figure 1.2 Schematic nanostructure synthesis and assembly approaches.

One of the most direct effects of reducing the size of materials to the nanometer range is that several
phenomea become significant, for example statistical mechanical effects or quantum mechanical
effects. In the "quantum size effettthe electronic properties of solids are altered with great
reductions in particle size. This effect does not come into @lagoing from macro to micro
dimensions, but can become important when the nanometer size range is reached, typically at
distances of 100 nanometers or less (or at very low temperature);thkbesbquantum scal@nce

the effect is originated on the nanomeseale, it can operate on a macro level, generating some
paradoxeslike in the Scrodinger's catexperimentor electron tunnelingexperiment Most
fundamental processes molecular electronigsorganic electronic&and organic semiconductors

also originate in the quantum realm.

In addition, materials ckiced to the nanoscale can show different properties compared to those they
exhibit on macroscale. For instance, opaque substances can become transparent (copper); stable
materials can turn combustible (aluminium); insoluble materials may become solalle &

material such as gold, which is chemically inert at normal scales, can be a potent chemical catalyst
at nanoscales. Much of the fascination with nanotechnology stems from these quantum and surface

phenomena that matter exhibits at the nanoscale.


https://en.wikipedia.org/wiki/Physical_paradox
https://en.wikipedia.org/wiki/Schr%C3%B6dinger%27s_cat
https://en.wikipedia.org/wiki/Schr%C3%B6dinger%27s_cat
https://en.wikipedia.org/wiki/Electron_tunneling
https://en.wikipedia.org/wiki/Electron_tunneling
https://en.wikipedia.org/wiki/Molecular_electronics
https://en.wikipedia.org/wiki/Organic_electronics
https://en.wikipedia.org/wiki/Organic_semiconductor
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1.3 Nanomaterials

The conceppfnanomat erials could be summari zed in
represent nanoindustry products in the form of materials containing structural nanoelements that
substantiallyimprove or cause qualitatively new nmamical, chemical, physical, biological, and

ot her p%Yopertieso

Nanomaterials could be categorized with different methods of classifitatiocording to their

origin (natural or artificial), according to dimensions (from zero to tdieeensional
nanoméerials) or on their structural configuration (based on the different nature of structural
nanoelements). In this last classification, nanomatezaibe dividel into four categories:

1 Carbon Based Materials
1 Metal Based Materials
1 Dendrimers

1 Composites

Carbon Based Materialscomposed mostly of carbom several allotropic forms, including
crystalline, threadimensional(diamond, graphite and lonsdalgjtéawo dimensional(grapheng
onedimensional (nanotubes cylindrical form), zero dimensional(fullerene spherical and
ellipsoidal forms). These materialdemonstratainique physical and chemical properties such as
high strength, excellent resistance to corrosion and exceptional electrical and thermal conduction
and stability.Thanks to these features, thegvemany potential applications, including improved

films and coatings, stronger and lighter materiafg] applications in electronics (Figure 1.3).
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© ~§0 &
graphite diamond
fullerene nanotube graphene

Figure 1.3The common allotropes of carbon occur in different crystallographic forms (Reviews iaiogye
and geochemistry; 2013, 75(1), 4).

Metal Based MaterialsThe power of these nanoparticles is in the chemical binding and conjugated
properties. These nanomaterials include nanogold, nanosilver, oxides with metal bases (such as
titanium dioxide, TD,) and quantum dots (Figure 1.4.quantum dot is a small semiconductor
crystal comprised of hundreds or thousands of atamsl whose size is on the order of a few to a

few hundred nanometers. Changing the size of quantum dots changes their optalacaodic

properties.

D/SI0/AUeugs Golden QD
1y

200 nm
—_—

Figure 1.4 Schematic representations of the different stages during golden QD synthesis (top), and corresponding
TEM images (bottom)Reviews:Nature Nanotechnology 10, 17075 (2015)
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Dendrimers nanosized polyme¥sbuilt from highly branched units, representing a half step
between molecular chemistry and polymer chemistry. The surface of a dendrimersg®sses
numerous chain ends, which can be tailored to parfgpecific chemical functions (Figure 1.5).
Dendrimers are combinkebto create hollow cavities where other molecules could be placed (useful

for biomedical applications, as drug delivery systems) or used as Sensors

Dendron

Figure 1.5Basic dendrimecomponentsNanoscale, 2014,6, 242601).

Compositesmultiphase solid ntarial where nanoparticleasan combinavith other nanoparticles or
with larger, bulktype materials to form uniqueroduct$®. Nanoparticles, such as nanosized clays,
aretodayadded tgproducts ranging from auto parts to packaging materials, to enhanbaniced,
thermal and flameetardant properties. Theost common examples of thewaterials areolloids,

gelsandcopolymergFigure 1.6).

| Po r Supercritical
Condensation o © Gelation drying
= —= 00g °o - b L)
L) 808
o°° o0
L o°
Solution Sol
of precursors (colloid)
A

Spray, dip, or spin coat \ \
/ Draw| \

Sinter .l!
8

Dense ceramic

» ] ) ,
%0 db \ Do
ogodboo \
o Pomomd

Coated substrate

LNONINSNENNY | Fibers

Powder

Dense thin film

Figure 1.6 Sokgel processing routes
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1.4 Seltassembly of mnoparticles

Materials science needs an accessible strategy to fabricate nanomaterials with the fine resolution of
botom-up methods and the arbitrary structure ofdopvn processedodern synthetic chemistry

has reached the point where it is possible to prepare almost any type of molecules, from
pharmaceuticals products to commercial polymirshe bottorup approachhis ability is raised

to the next level, in order to assemble molecules in a specific manner into a supramolecular entity.
In the framework of nanofabrication by bottam synthetic chemistry, sedfssembly has provided

a powerful way of making materiaésnd organizing them into functional constructs designed for a
specific purpose

The strategy of selissembly allows structures synthesized with botipnmethod in the nanoscale

to organize themselves into regular patterns or structures by losilgforces to find the lowest
energy configuration.

Selfassembly of nanoparticles could be useful for a variety of applications. For example, building
sensors to detect chemical and biological molecules. In addition, it can asplbiged on creating
compuer chips with smaller component sizes, which can then allow more computing power to be
stored on a chip. Moreover, it can be possible to attach molecules onto specifics duaster
substrates, such as thioiSH) end group on the gold surfAteThese appraches utilize the
concepts of molecular sedlssemblyand/ormolecular recognitionwhichwill be discussed in detail

in the next chapter.

Despite the toglown mehods, bottorrup approaches should be capable of producing devices in
parallel and at a lower pricbut could potentially be overwhelmed as the size and complexity of the
desired assembly increases. Most useful structures require complex and thermodlynamica
unlikely arrangements of atoms. Nevertheless, there are many examplesagkepibly based on
molecular recognition in biology, most notably WafsGrick base pairing and enzyrsebstrate
interactions. The challenge for nanotechnology is whethee thesciples can be used to engineer

new constructs in addition to natural ones.

15 QCA

In the electronic industry, common digital circuits have made extensive use eéffeglttransistor
(FETs)!? a semiconductor devicased toamplify electronicsignals o as electronic switch from

fond tofio ist ate due to encode binary informatio
circuit fabrication technology over the past three decades, the role played by teeh&ET
maintained acceptable performanaecurrent switch™® It is able to use much lower levels of

current angas a resujtit has enabled far higher degrees of integration to be attained than would
7
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have been possible by any other me&fwvever, these advances are only partial, because also the
most a@vanced chips use the same paradigms compared to their precéddittonally, the

current levels of miniaturization are hardly improvable (Moore's L&w)ther difficulties have
arisenby approaching the quantum nanosgcaléch as high power dissipati@and shorchannel

effects, which lead to performance degradation. Achievement of ever higher levels of integration in
microelectronics will require a shift from the FET based paradigm to a revolutionary approach to
computing**

In order to overcome thedamits, new frontiers in nanoscale computing devices have been
devel oped. | I prapbsed ad 8ltérsative tomputational model system, based on
guantumdot cellular automata (QCA). This new approach opens the door to applications in the
fields of micro- and naneelectronics, most notably the construction of a new transistarieisod

for computationwhereexchange of information between components no lorejess onmoving
particles along physical communication channels, bses quantum interetions between
elementary particles, with advantages in terms of energy consumption, miniaturization and
performance.

Each device designed for the representation of data and to perform computational roles must have
two fundamental properties: Xjnd of "barriers” which allow them to distinguish between two
states (from state O to state 1 for example) and 2) the ability to switch from one state to another and
vice versa. In digital electronic systems this "barrier” is created from the transistors, wtech bas
their operation on the state of the electric charge, the QCA instead bases its operation on the space
disposition.

The ®ncept of QCA does not refer toparticular technology but rather to a theoretical scheme
Devices are composed of cells, each comai quanturrdots. A dot, in this case, is simply a region

in which charge is localize. Figure 17 illustrates a schematic foglot QCA cell: a square of
nanometric dimension where four corners are occupied by four quantum dots which act as charge
contaners. In the model presented by Lent, two electric charges try to occupy the farthest possible

site with respect to each other in order to minimize their mutual Coulomb interaction.

DOTS\\@ @ . O
® O O @

Figure 1.7 A cell with four qguanturrdot. White ones are free, whiledrenes are occupied by electric charges.
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Since diagonal is the largest distanceaisquare, theraretwo possible coditions, as shown in
Figure 1.8two degenerate ground states, corresponding to two differerstdaf/pelarization,P=1
and P=+1which ar e associated with,rdspegively. bi nary st at

. O O . . mobile electron
O . . O O quantum dot

Figure 1.8 Two possible states of QCA: on the left state 0, on the right state 1.

The potential barrier existing between the dots mékesssible the movement of the charges from
one dot to another only by tunnel effect. Furthermore, displacements from one cell to another are
not permitted because potential barriers are high enough to preventeihtéunneling:’ An
electrostatic perturbation causes a sudden and highHimear svitching between the two states of
the cell.

The second requirement ike possibility ofchangng the charge configuratioby means ofan
external signal (inputthrough electron tunneling between neigitiog sites (dots) of the celln a
QCA binary wre (Figure 1.9 the leftmost cell, called driver cell, is fixed with a polarization
representing the ground state configuratiBy.an externalinput voltage the polarization oflriver
cell can be switched and this configuration change propagatesthe cells by coulomb
interactiors.
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Figure 1.9 QCA binary wire Cells arranged in a line all take on the same value.

This cellcell interaction is the basis of QCA device operatard binary information can be
encoded without current flowlong the ente array enhancing logic operations with uki@w

power dissipatiori® According to spatial organization of the cells different QCA structures can be
obtained, each with a particular geometry, which can employed to several computer applications.
Despitethe QCA theoretical model is well developed and several papers tried to explore possible
candidate molecular systenss practicalimplementation of th&€CA model into a real molecular

system is still far from being reality

1.6 Molecular guantum-dot cellular automata

Since the dot size can ultimately be as smala amgle molecule, the QCA architecture offers
ultrahigh device densityand is predicted to be both faster and more energy efficient than
conventional complementary médtakidei semiconductor technay. Furthermore, molecular

QCA cells should have state energy difference of two polarizations greater than the thermal energy
at room temperature. Indeed the energy difference scales inversely with size and at the molecular

level 1920

QCA devices can be ctracted so that a single molecuan act as a QCA celRedox
centers within the moleculean act as upntum dotsvhile molecular bonds form tunneling paths.
This alternative approach to realize QCA logic gdias many advantages. At first, molecules
provide QCA cellsof uniform size’* with high device densityin the range of 18i 10" devices

cm' ). Besides, the intrinsic bistability of the charge configuration results in dipole or quadrupole

10
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fields which couple strongly to the state of neighboring owdés.In order to have a practical
application at computational leyehe presence of functional groups or linkers is necessary to
ensure the anchorirand a proper orientation on a solid surface as well as to set the input signal and
detect the outputignal.

Several molecules have be@mvestigatedas candidates for construction of molecular GCA
Initially, Lent focused on a simple moleaulstructure, shown irFigure 1.10Q first proposed by
Aviram? and later studied by Hush et?dIThe utility of the Aviram molecule is especially
theoretical because of its instabilitycaits too simple structuré¢ f or exampl e, it
groups which allow anchimg on surface). However, it issuitableto illustrate the basic features

that molecudr units suBable for QCAshouldpossess

(a) (b)
.,;YL‘ L

T
080 —i—
e-¢@-° c

l

Hi T} =5
\C’/ \“C/

Figure 1.10Two views ofAviram molecule.

Aviram moleculé* (1,4-diallyl butane radical cation) consists of two allyl groups connected by a
butyl bridge. Lent studies related in particular to the molecular cation for whelallyl group is a
neutral radical and the other is cationic (the molecular anion bekawesimilarly). The three

c ar b-system’in the allyl group has a doubly occupied bonding level and a nonbonding level
which is singly occupied in the neutralydlfadical and unoccupied in the allyl cation. The unpaired
electron can flip between the nonbonding levels at the opposite alhgrends with little changes

on the molecular geometry.

This system provides an example of localized states with nonbodidiamgcter which can play the

role of dots for QCA. If the charge is resident in only one end but not the other, the molecule will
develop a dipole moment, which changes sign when the electron tunnels from one end to the other.
Because the charged end hag t¢ess electron than does the neutral end, it will be helpful to view

this process as a hole tunneling from one allyl-graip to the other. QCA action is possible

11
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because the dipole field from one molecule can cause the dipole moment of a neighblaautemo

to change sign; thisonfirms the validity of Aviram moleculesa prototype of molecular QCA.

1.7 Ferrocene fragmentsfor molecular QCA cells

Ferrocene(Figure 1.11)and its derivativedit molecular QCA requirements and have been the
subject of extesive studydue to their unique structural, spectroscopic and electrochemical
properties> Ferrocenavas first prepared in 1951 by Pauson and K&alyho reported the reaction

of cyclopentadienyl magnesium bromide afedric chloride Ferrocene is part of the class of
metallocenes in which interactions between therlitals of theFe (1 1) met al- cent
orbitals of the two planar cyclopentadienyl ligandgH&) form the metaligand bonds. Thus, all

the carbon atoms in the cyclopentadienyl rings areledequally to the central E&ion.

Figure 1.11Ferrocene molecule.

Ferrocene exhibits aromatic properties and is thermally very stable. It is alsantesisacidic and
basic reagent©xidation of ferrocene gives a stable cation called ferrocefiBubstituents on the
cyclopentadienyl ligands alter the redox potential. Ferrocene derivatives exhibiting multiple
ferrocene groups, witthe potential posbility of producing mixeevalent states, are being actively
explored for application as molecular diodes.

From this perspectivgnother molecular fotnlot celf® for the quantum cellular automata has been
evaluated by Lent and coworkers:ry structure derminationof this four-dot cell revealed four
ferrocens arranged in a squaed the corners of a cyclobutadiene linker as shown in Figur2.

Each ferrocene group acts as a quantum dot, andao@un the center of the square provides a
bridging ligand which acts as a tunneling path. This molecule has two mobile electrons which
occupy the antipodal sites due to Coulomb interaction, thus providing two stable charge

configurationssuitable for representing binary information

12
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Figure 1.12 Left: Sdf-assembly of 4 quantum dots. Right: The HOMOs of the two stable states of the molecule.

In addition, Lent and amorkersconstructed a two units supramolecular system, with the distance
between two cell centers (Co atoms) fixed as two times of the stpiaral length, in order to
satisfy the second key requirement of a QCA molecthe. electronic charge configdi@n of one
molecule responding to its neighborimglecule represents a glrapolequadrupole interaction.

The results support theypothesishat Coulamb interactions between molecules can be exploited
for binary information propagation from one molecule to another. The practical application of this
molecule is not possible because of the absence of appropriate groups for anchoring om,asurfac
in Aviram moleculeHowever, further progress in the study of molecular QCA is represented by the
fact that the couplindetween cellss obtained by selbssembly,combining the principles of
guantum computatiowith supramolecular chemistry.

Lent and colleagues have alseportal a functionalized moleculsontainingunsymmetrical mixed
valence complextwo different redox ferrocene unjtand rutenocen®€ The molecule was then
supported in itgorresponding oxidized form to a silicon surface throadsinding linker, forcing

the molecular orientation in a certain positibimder an electric field Fe(HRu(lll) and the Fe(l1H

Ru(ll) cationsexchange an electron between the Fe and Ru sites at the potential where metal
energies are equalized. A compdulike this represents an advance toward the effective practical
application of molecular quantucells.

Despite the many challenges thetnain, thus far all of the experimental results suppormadissible
implementationof QCA at the molecular scal&@he useof molecules in quantum computation is
still developing however it is clear as this new approach could offer many advantaghsr size
reduction and devices with increasing performance and den3itys is accompanied by the
possibility to opeate at room temperature, while with metal dots is necessary to adopt cryogenic

temperatures.
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Il. Supramolecular chemistry

2.1 Introduction

AThe extraordinary and to some extent inexpl
vital functions, for which we are indebted to Wdhler, must be considered one of the discoveries with
which a new era in science has commerniged.

In 1828, a German chemist Friedrig#iohler was able to synthesize urea, an organic compound
found in mammaliantine, by heatingcyanic acid and ammaain vitro.? The simple experiment of
Wohler had a huge impadh the history of bemistry, overcoming definitely the lindetween
organic and inorganisynthesisand consequentlythe "vitalism" concegton the funcining of

living cellson which was based the whole chemistry ofXN&ll century.

Over the years, chemical synthesis has developed different methods in order to build more complex
molecular structures from smaller moleculbg, creating and breaking cowslt bonds between
atoms. The progress of organic synthetic chemistry and polymer chemistry has led to a broad
spectrum of low and high molecular weight molecules, fdyasto medicines. In all those cases,
building atomsare linked to each other by covaldbonds. This type of interaction seemed the only
possible way to synthesize complex organic compounds and for decades the synthetic activity
moved to the refining of synttie techniques.

By taking inspiration from biological systems, synthetic chemistan design new highly
sophisticated artificial systems, able respond to external stimuli. Howevdichemistry is not
limited to systems found in biology, but is free to create unknown species and to invent novel
processes. So the traditional chemisisyincreasingly moving towards a new approach, a new
perspective for the development of supramolecular chendistry.

The current definition of supramolecular chemistry was given by-Neaie Lehn, who was
awarded the Nobel Prize in 1987ogether with D.JCram and C.J. Pedersen, for hisd#s on the
chemical mbdexwdarrse cofg nHid | wn ot eyortd malécular éhemistrgupra
molecular chemistryaims at constructindhighly complex, functional chemicaystems from
components held togethey intermolecular forced>.

Following this definition,a supermolecule is an organized, compefity that is created from the
association of two or more chemical species held toge#imet organized by means of
intermolecular binding interactionSupranolecular structures are the resulthufth additive and
cooperative interactions, includingydrogen bonding,”-" stacking interactions electrostatic

interactions (iorion, ion-dipole and dipoledipole), dispersion and induction forces (van daals
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forces)and tydrophobic/solvatophobic interactianBhe resulting supramolecushowsproperties
which are differat from the sum of the properties of each individual component.

Individually, the energies involved in the formation of supramolecular aggregates, with the
exception of the coordination bondre much weake than those of covalent bondshe weak
nature & the interactios allows automatic adjustments during the assembly process due to its
reversibility. The reproducibility of these interactions allows us to refer to such syatese
organized.

2.2 Seltassembly in supramolecular system

As defined by Lan, selfassembly is the prerogative of those systems whrehable to sel
organize spontaneouslio generate a wetlefinedand ordeed supramolecular architecturéhe
constituent units, led by molecular recognition and intermoleculacaealent inéractions, behave

in a programmed manner, forming complex structures such as layers, membranes, micelles or liquid
crystals The importance of sebr gani zati on is such that Lehn
t owards mor e ¢ omp’lamdmoletutar imesactions througt roevalént bonds

are the foundation of many biological processes: pratebstratebinding, enzymatic reactions,
antigenantibody recognition are just a few examples.

DNA (Figure 2.1)is a typical example of a biologicalatromolecule Base pairing via either
double or triple hydrogen bonds allow the formation of the famous double helix from individual

strands, and provide the means to read out and to replicagertegcinformation stored in it.
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(a)

Minor
groove

Figure 2.1DNA double telix and nucleobases coupling through hydrogen bonding interactions.

The canonical Watson and Crick base paiigigrucial in the formation of DNA double helix and

in the storage of genetic informatioih.comprises two of the most common geometries itwog

the pairing of deoxyadenosine (dA) with deoxythymidine (dT) and deoxyguanosine (dG) with
deoxycytidine (dC) through the formation of two and three hydrogen bonds, respectively.

The process of setfrganization can be exploited to create also symtloetimpounds. The desired
supramolecular entity was designed storing the information in order to organize itself a in specific
structure.

A self-organization process may be considered to involve three main stages :

1 Molecular recognition for the selectivending of the basic components.

1 Growth through sequential binding of multiple components in the correct relative

disposition.

1 Termination of the process, requiring a binltfeature, a stop signal, that specifies the end

point.

Suitable encoding by magmulation of structural subunits and processing through interactional

algorithms should give access to a variety of systems.
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2.3 Guanineand G-quartet

Nucleobasesre excellent building blocks for construeti of supramolecular aggregatelsie to
thdr ability to form non-covalent interaction§ They are well known to form complementatt-
bonds between specific base paits;ording to Watson and Crick base pairing in DNAe/ative
hydrogen bonding patterns, such as the Hoegstmse pairing camlso occur, giving rise to
complex andfunctional tertiary structures (Figure 2.7)his last mode of pairingmplies the N
position (as a hydrogen bond acceptor) and amino group (as a @drthe purine base, which
binds the WatsorCrick (N*-N*) edge of the pymidine base.

Watson -Crick base pairing
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H\ CH;3 /
wO ~N
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N T /N / N c
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A LY N il c
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Hoogsteen base pairing
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< \ T\ 0 lc*
A

o H7 @ 7/ N
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\N //,T 7/ e \(\ / N 0 =

o

[

C‘I

Figure 2.2 WatsonCrick edge and Hoogsteen base pairs.

Among DNA nucleobases, guanine (G) is the most versstédfold containing both a Watsen
Crick edge andn Hoogsteen ed§eand exhibits a very rich sedissembly behavior. The Wats
Crick edge has two hydrogen bond donorsHNN?H) that can hydrogen bond with the two
hydrogen bond acceptors {ON® or N’) on the Hoogsteen edg@epending on the environmental
conditions guaninecan undergo different sedfssembly pathways resulginn various weHdistinct
architectures including dimers, tetramers, ribbons, and helical strucAmesg trem, the best
known is the secalled G-quartetwhich is a macrocyclic array of four guanines, hydrogen bonded
through their seltomplementary WabnCrick (N*H and NH) and Hoogsten (€and N) edges.
Carbony oxygens point to the center of these quartets, creating a negative charge which is
stabilized through coordination of @ith a monovalenor divalentcation of suitable sizaugually
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Na’, K*). The other important architecture is the ribBite structure characterized by different

hydrogenbonding pattern (Figure 2.3).
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Figure 2.3 Guanine structure and possible linear and cyclieasd&mbled structures.

2.4 G-quadruplex

The ability of guanine derivatives to form aggregates is known since 1910, whelf Bapugted

gel formation of a highly concenmoabptHdos-phate
GMP). In 1962 Davies and cowork&ridentified though Xray diffraction the Gquartet structure

as the structural uni t-gbbamao sidn eh y mo e@@lh Bus, f loa tm
only several years later research activities in the field-gu@tet relatednolecular systems have

grown exponendlly, due to the existence of thedbartet motif in many biologically important
systems in DNA and RNA structur&sNow G-quartet structures can be found in many diverse
areas such as moleaunlbiology, medicinal chemistry and nanotechnology

G-quadruplex® structures can form in guanimieh DNA or RNA strands and consisf guanine

tetrads (Gguartets) stacked on each other and stabilized by central monovalent,catiasis

interact with the lone pairs on thé &ons surrounding the central core (Fig@rd). In mammalian

cells this role is mainly played by"Kwhich has a higer intracellular concentratiqd40 mM) than

Na’ (10 mM). Gquadruplees can form spaotaneously at sufficiently higltoncentrations of
guanine. In particular, oligonucleotides witbntiguous runs of guanine, such as d(TGGGT) can

form stacked structures with thedbartets linked by the sugphosphate backbone.
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Figure 2.4 G-quadruplex structure.

There ardifferent types of @juadruplex structures, depending on the involveroéote or more

strands, on the length and composition efi¢h sequences. They can form within a single strand of
DNA or RNA (intramolecular &uadruplex) or from the interaction of two or more strands
(intermolecular Gguadruplex). These strands haveiarde ct i onal ity -eed cro badd
end and they can be parallel or antiparallel. At a molecular level, the different directionality of the
strands relates to the conformational state of the glycosidic bond between the guanine base and the
sugar.This may be either syn or anti. When all bases are in anti conformation the four strands are
parallel, when the bases are in the syn all strands are antiparallel. This then affects the orientation of
the backbone relative to the-giartets, and hence resulin grooves of different sizé$.G-
guadruplexes may be comprised of foupaate strands, as ingtre 2.5, forming tetramolecular
G-quadruplexes, which are always found in theaali parallel form. Alternatively, they may be
formed from two strandsgach with two sets of contiguous guanines, or just from one strand,
folding back on itself to form an intramolecular structure. In either of these cases, there will be
loops that serve to connect the strands of the structure together. Depending on rahash ate
connected, these loops may cross diagonally across the top of the structure, joining diagonally
opposed antiparallel strands; go across a side, linking adjacent antiparallel strands; or may loop

around the side of the structure linking paraltedisds and forming a doub#trand reversal loop.
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J

Figure 2.5 Different stoichiometries and folding patterns efiGadruplexeqA) Tetramolecular structure with all
strands parallel; (B) bimolecular antiparallel structure with adjacent parallels tf@pdsiimolecular antiparallel

structure with alternating parallel strands.

Computational studies demonstrate thati¢h regions are not randomly located in vivo: in human,
yeast and bacterial genomes potential quadruplex sequences have been idanétikdryotic
telomeres? and more recently in netelomeric genomic DNA, e.g. in nuclealsgpersensitive
promoter regions. This specific distribution and the evolutionary conservation of these sequences
suggests that Grhotifs have important functions irelds. The natural role and biological validation

of these structures is starting to be explored, and there is particular interest in them as targets for

therapeutic intervention.

2.5 Structure and behaviour of lipophilic guanosines

Guanine moiety is a versktihydrogen bonding building block arghanosine derivativesave
beenstudiedfor their application in supramolecular chemistry. Our group started the research on
the supramolecular behavior of guanme | at ed compounds i n |fahee 8O0«
l yotropi c pr op e-deoxyguanyly x -B Epdedxpggdanobine (dgGpG)) sodium

salt in water'® In order toinvestigateguanosine behavior in absence ebbhding competitors like

water molecules, our group decided to synthesize liioptherivatives (LGs) which maintain the

donor and acceptor groups in the nucleobase, but with long aliphatic chain in the sugathabiety

makes them readily soluble in apolar organic solvents.

2.5.1 Selkassembly in presence of metal ions

Lipophilic guanosines exhibit in the presence of cation differentassémbly pathways depending
on experimental condition©ur group showell that LipoGs, in particular3 6 ;OHliflecanoyl2 6
deoxyguanosine derivative dG(Ci0pxtracs K* picrate from water into dbrinated solverst
giving rise to an octameric complex composed of two stackgdagets (Figure 2.6 afhe NMR
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spectrum of the LG molecule before and after extraction was clearly different, depending on the
effective amount opotassium picrat&Pic (18 or 1:4 K/G ratio). In the 1:8 ratio case, a C4
symmetric octamer was formehh fact,the'H NMR spectrd? essentially temperature independent

over more than 100°C, show two sets of signals in a 1:1 ratio corresponding each to nucleosides
with differentglycosydic conformationsfynilike andanti-like). With more potassium picrate, 14

K*/G structure (the pseudmlymer) was produce@Figure 2.6 b).

(o] ",Tﬂitl'-.".-
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i </N lN/)\NH e $$—<

C9H19)]\0 o 2 ﬁ;-—-_‘-; _é: ﬁ _%:‘e:f
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(a) >—->’—<’—"'
e

Figure 2.6 The catiortemplated selassembly of derivative dG(Q), from the unassembled molecule to an

octameric specig®) and to a pseudopolymeric aggregdg (the spheres represent the cation).

Another stereochemical consequence to the cétimplated selhissembly of guanosine derivatives
is the mutual orietation between the two stacked quartets, which have diasterotopic faces, known
as head (H) and tail (T). The two quartets in the octamer can be arranged in three different ways: H

to-T (C4 symmetry, homopolar stacking);tetH and TFto-T (D4 symmetry, het@polar stacking)
(Figure 2.7).
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Figure 2.7 a. Glycosidic syn and anti conformations of guanosine; b. Two diasterotopic faces of guanosine; head
(H) with a clockwise direction of hydrogen banfilom donor to acceptand tail (T, anticlockwise); c.

Schematic drawing o C4-symmetric octamer, with an adyn Gquartet (whitestackingwith its tail-side (T,

red) on the headide (H, black) of an atnti (black) Gquartet, and a Ddymmetric octamer with two adlyntail

to tail G-quartet stack.

NMR daa indicated a stereoselectivity for thetaoeric structure of dG(C1€) a single
diastereomer of C4 symmetry was formed and, in onqu&tet, all monomers had syn
conformation, vile the other tetramer had afi-anti conformation. NOE interactionsdicated a
relative orientation with the heaali d e allfantid hdg@artét facingthetad i d e @allfsymt h e
G-quartet. While this derivative forms thé4#emplated Ceymmetric octamer structure or pseudo
polymeric assembly in solution, other Iy derivatives (especially those with ribose, in place of
deoxyri bose, -O-isoprbpylidenegupnosihé deBiv@atvdFigure 2.8) can give a

different stereoregular octamer with a D4 symm&tfy.
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Figure 2.8 Comparison between CD spectra of 3blid line)and D y mmet ri c(dashed | ine)

obtained fromA andB, resgectively (Data from references-P8).

Furthermore, the picrate anion is not passive, as it cotdgbto keep together the complex
structure by means of hydrogen bonds with the exocyclic NHs of two different quartets: this
binding contribution of the picrate anion was also evident from arMSSstudy®* The lipophilic

G-quadruplex looks like a catiarhannel with an anionic belt wrapped around its middle.

2.5.2 Selkassembly in absence of metal ions
In the absere of metal cations, derivativéG(C10) has been showio undergoextensive seif
assembly mediated by hydrogen bonding between guanine bismsnlike aggregated of
indefinite legth were characterized these both in solution and in solidGEtgpectra, recorded in
chloroform at different temperatures and concentrations, showed weak signals, without any exciton
pattern, suggesting that sopramolecular chirality was originated by sasembly of guanosines
under these conditiondH-NMR spectra in CDGlshowed broad signals if compared to the ones
recorded in the strongly competing solvent DM&as expected for largely associated rooles.
The existence of oligomeric structures in CP@as supported by ESI mass spectrometry.
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Moreover, when increasing guanosine concentration (or lowering temperature), progressive
deshielding of both the imino™N and amino RH protons took place, indating that the Fbond

donor groups of the guanine bases are progressively involved in tha@ssefhbly process. IR
spectra led to the same conclusfdn.

Two different ribborlike aggregategFigure 2.9, with different patterns of hydrogen bonds, were
identified in the solid gate and in chloroform solutionvhen a couple of guanines exposes to the
observer their opposite sides, an infintdbkb nded mot i f i s obtained (A
different homocoupling (ADDA) in which different-Honding sies of the guanine are involved,

leads to the formation of a furtherkindoftHonded ri bbon (Ari bbon Bo) .
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Figure 2.9 H-bond pattern of ribbotike assemblies ribbon A (a.) and ribbon B (b.). Arrows indicate molecular

dipoles.

2.6 Methods for studying G-quadruplexes

Severalhigh- and lowresolution analytical technigeean be used to study and charactetize
topology ofG-quadruplexes, each examining different aspects of the structures, and hence reporting
on different aspects of their formatioX-ray crystallography, NMR spectroscopy and molecular
modellinggive access to atomgxrale structure information and have revealed over the last decades
an impressive structural polymorphism amoneggu@adruplexs. Other techniguesuch asUV
spectroscopy, elednic circular dichroism spectroscqpyass spectrometry and chromatography

are employed to determine strand orientations, stoichiometry and molecular sizes. Each of these
methods givedifferent types of information so it is important to combine differestilt in order to

have a complete characterization.

The first method used was-téy crystallograph’: obtairing a single crystal is still a slow and

uncertain proogure, but with this technique it has beachieved a high resolution (sometimes
26



Chapter I. Supramolecular chemistry

below 1 A)thathasallowedthe determination of more th&® crystalstructures of Guadruplers

X-ray crystallography provides admission to atestale resolution structures of DNA, RNA or
LNA G-quadruplex, including the cations, water molecules and bindersood gumber of
structurescontaining alkali cations have been solved using this method so crystallography is
considered very powerful to characterize cation coordination and more generally ligand binding. It
also provids better defined structures than NMiRcased of mixtures of conformations. The limit
with this technique is that only the structure adopted in solid state is reporgaadBiplex
structures are frequently highly polymorphic and the crystal structure obtained reptiesdotm

that crystilizes more eady, not the favared one in solution.

NMR spectroscopys a very useful methédto collect information abouB-quadruplex structures

and their dynamics in solution. This higbsolution technique requires much less sample
preparation thaerystallography, but does require very pure andHsigyicentrated sampleAt the
simplest level, it is possible to gain much information even fronDa' NMR spectrum, as there

are a relatively small number of protons in nucleic acids and the guanihémikb protons have a
characteristic shift when hydrogen bonded. In addition, they exchange relatively slowly with the
deuterated solvent when compared to-hgdrogenbonded protons. This may therefore be used to
show Gquadruplex formation. In order tprovide a more detailed analysis, muimensional
techniques are needed, which allow the complete assignment of resonances to the sequence being
studied?®?’

The most common lowesolution technique to study-Guadruplex is circular dichroism (CD). CD

is a spectroscopic method that measures the difference in absorption antéftightcircularly
polarized light by chiral compounds the presence of chiral species, circularly polarized light will
generally interact asymmetrically witiiral moleculesand the asymmetry varies with wavelength;

the main aim of this method is to assign the absolute configuration of a chiral moleculesbut it
very oftenusedfor studying conformatical changes and supramolecular interactions.

Although the topology of # folding of G4DNA strands is very complex , only two basic types of
CD spectra, which have been associated with the relative orientation of the strands parallel and

antiparallel(Figure 2.10, are investigated

27



Chapter I. Supramolecular chemistry

Parallel
Intermolecular

Anti-parallel
Bimolecular

b) d(G4T3G4) c-d) d(GAT3GH)

e) d(A(G3T2A)3G3) f) d(A(G3T2A)3G3) g) dGAT4)3GH) h) (TGIAG3TG4 i) d(G4T2)3GH)
AG3TG4A2G2)

Fig 2.10Typical folding topologies of &DNA forming sequences: a parallel intermolecular structure (a),
bimolecular antiparallel structural motifsi @), intramolecular parallel (e) and antiparalléi){fnonomolecular

structuresAr r ows r epresent backbones running f

Typically G-quadruplex are characterized by their bands in the UV area, from 210 to 300 nm,
because of electronic transitioostheguaninechromophore

The spectra of parallel quadruplexes, in which four strands with all glycosidic boads rave a
dominant psitive band at 260 nm, and a negative band at 240 nm while the spectra of antiparallel
guadruplexes (where guanines alterrgteandanti glycosidic conformations along each strands)
have a negative band at 260 nm and a positive band at 29(Fignre 211). Although this
empirical relationshipften works inthe interpretation for most CD spectra of-BMA, it cannot

beconsidered of general validity.
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Fig 2.11CD spectra of guanine quadruplexes. Left side: the parallel stranded quadruplex [d(GHijddstab
16 mM K'; right side: N&-induced antiparallel bimolecular quadruplex of [d(G4T4G4)]2.

However starting from the chromophorasifpossible to explain how the different folding patterns

affect theCD. The guanine moiety chromophore has two giigmr bandsc or r es po-n8di ng

transitiors at ca. 279 nm (short axis polarized) and 248 nm (long axis polarized).

In G4-DNA, G-quartets are stacked one on the top of the other and they are rotated one with respect

to the adjacent one: this rotatiorusas a chiral exciton coupling between transition dipole moments

located in neaneighbour guanines. The first nempirical interpretation of CD of G4 DNA has

been reported by Spada et @b By an exciton calculation considering only neaighbour

interactions between the guanine transitions of two stackegL&@tets it has been possible to

reproducethe spectrum of polyguanilic acid, which shows thgidal featureso f

i poaGd-al | el

DNA. The two faces of a @uartet are diasterotopic so when th¢ée@als are piled, each quartet

can stack onto the adjacent one through the same-{beshd or taito tail) or the opposite (head

to tail) face leading to a heteropolar or homopolar stacking respedtirglye 2.12.
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Head-to-Tall Head-to-Head
(H-T) (H-H)

Fig 2.12a. Representation 6f” * axis polarized transitions in guanine structure; b. Two possible stacking modes

of guanine octamers.

Considering the case of par&ll@4-DNA, the disposition of two adjacent-Guartets in a Ho-T
oriertation is that reported in theidare 2.12 where theelectric moments of a couple of near
neighbour guanineare shown Applying the simplified model of the exciton coupling it emerges
that this chiral arrangement is expected to exhibit a positive exciton centerd at 25tgaone (

2.13. When the glycosididonds of the guanines alternate in syn and anti conformations along
each strand (antiparallel strands) theg@artet polarity also alternates, while quadruplexes with
parallel strands and all anti glycosidic bonds have aattennating Gquartet polarityCD spectra

in these two cases are expected to be different. Indeede heteropolar Ho-H stacking of two
guartets, the relative orientation of the closest dipole moments is different from the case described
above. Using the qualitative approashexciton coupling, the chiral arrangement is expected to

give a negative couplet centered at 25O
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Fig 2.13A simplified model for the origin of the positive (left side) and negative (right side) exciton couplets for

the heaedo-tail (H-to-T) and heado-head (Hto-H) G-quartet stacking, respectively. Top: the arrangement of two
250 nm electric transition moments (full line: front vector; dashed line: rear vector) located in two closest
guanines. Middle: themagnetim) and electricljmoments generated the coupling of the two guanine
chromophore (more in details, in the high energy coupling of thsitidtpanel, the two electric transition
momentstopi sum to a total electric vector pointing upwiamdddlei and generate a charge rotation with a

resultig magnetic moments pointing downward, that is antiparallel). Bottom: the predicted CD spectra.

CD spectra calculations with the dipole approximation of the twgu&tet stacked with the same

or the opposite polarithave been performed by Gragt al(fig. 1.17).and their result@re in
agreement with theomputations by Spada &t on the homopolar stacked system and show how
heteropolar stacking explains the emergence of a positive CD signals at 290 nm. The kind of CD
spectrum is actually not directhglated to the relative strands orientation: the stacking orientation

of G tetrads obviously depends on the folding of the strands, however no direct relationship can be

established between the two topological features.
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100

Ag

-100

250 300
Wavelength (nm)

Fig 2.14Superimposed calculat&D spectra of two @uartets stacked in the-id-T (solid line) or Hto-H
(dashed line) orientation as shown in EAdL2 The relative orientation of the-@uartets for the calculation were

extracted from the solution structure of d(G3T4G3) that presied polarities of stacked-Guartets.
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lll. Porphyrins

"Vivid testimony to the continuing broad interest and deep impact of the chemistry of these

Pigments of Life.* JeanMarie Lehn, Nobel Laureate, Chemistry, College de France, France

3.1 Introduction

Porphyrins are an important class of macrocyclic compounds which play leading roles in the
metabolism of living organisms and in electron transport in biological systems. They are
involved in a large variety of essentfainctions, as oxygenansport and storage, respiration,
photosynthesis, electron transfer, catalysis, etc.

In the past decade, porphyrin systems have become very popular, being targets for commercial
exploitation of several catalytic processes such as in the chemical fufiztitoa of
hydrocarbons, transportation of oxygen, etc. The porphgracrocycle also provides an
excellent chelating ligand for a variety of metal ipgwing rise toa wealth of moleculewith
interestingnew featuredor inorganic and organometallihiemistry, as well as for theoretical,
physical, and spectroscopic investigations.

The wordporphyrin is derived from the i@ekword porphyrawhich meanspurple.Indeed, pure
porphyrinsarecrystalline fluorescent pigments intensely colom@hatural or gnthetic source.

The color is a consequence of the electronic spectra of porphyrins, which contain intense
absorptions in the visible region, at 500 nm (called Q bands). Even more intense is the Soret
band found in the near UV, from 400 to 450 nm, so naated its discoveret.

The firsthypothesison porphyrin structure waformulatedin 1884 by Nenck?, who suggested

that the chemical structure of porphyrins is based on pyrroles. Many years later,® Kuster
specified that this macrocycle is made up of dolyr units of pyrroles. The final structure was
confirmed in 1926, when FiscHesynthesized the etioporphyrithe porphyrin molecule is
usually desdbed as a union of four pyrrolengs linked by four methine bridges form an
aromatic macrocycle, ded porphin(Figure 3.1).

Figure 3.1Porphin, the corstructure of porphyrin.
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3.2 Nomenclature of porphyrins

The Fischesystem for nomenclature of porphyrins is shown in Figure 3.2. Fischer also @eated
host of trivial nanes for porphyrin@end f or chl orophyl | derivatiwv
of nomenclature, which was used to define the nature of the sub&tiaeay in certain
porphyrins. Despite the significant work done by Fischer, this method has been rdplaced
IUPAC system.

The official nomenclature system adopted by the IURA@lies the numbering of all the ring
carbons, including the nitrogen atoms, such that the two saturated nitrogens receive the numbers
21 and 23Figure 3.2) For a free base porphyrithe positions at 1, 4, 6, 9, 11, 14, 16 and 19 are
identified as alphg U) p ols a similas waythe 2, 3, 7, 8, 12, 13, 17 and 18 positians
calledbeta( bppsitions.At last, the positions 5, 10, 15 and 20 are referred commonly as *meso
posiions". Respectively, groton bonded to a mesarbon is cited as Fhesoand that to a beta

carbon as Hb

Figure 3.2Fisher numeration (left) anddPAC system (right).

Normally, porphyrin macrocycles are planar compotinist distortion of the macrocycle can
be observed in many casdsr exampledue to the metallation of th@orphyrin macrocycler

after asubstitution of themacrocycle at betar mesqgpositions by bulky groups.

3.3 Biological role of porphyrins

Porphyrns derivatives take part in many biological metabolic processes, as the prosthetic groups
in a wide variety of primary metabolites, such as hemoglobins, myoglobins, cytochromes,
catalases, peroxidases, chlorophylls, and bacteriochlorophylls.
Cytochrome & is a small watesoluble protein (Figure 3.3) located in mitochondrial
intermembranepace and involved in two processes: oxidative phosphorylation and apoptosis.
As an electron carrier in oxidative phosphorylation, cytochrome c¢ shuttles four electrers, o
time, via its heme group from cytochrome c reductase (Complex Ill) to cytochrome ¢ oxidase
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(Complex IV). The transition of cytochrome c between the ferrous and ferric states within the
cell, makes it an efficient biological electrtmansporter andt plays a vital role in cellular

oxidations in both plants and animals.

OH OH

Figure 3.3Chemical structure of cytochrome c.

More recently, cytochrome c has been identified as a crucial mediator in apoptosis
(programmed celtleath). When a cell receives an apoptotic stimulus, cytochrome c is released
from mitochondria into the cytosol and triggers programmed cell death through apoptosis.
Because cytochrome c leaves the apoptotic cell following induction of apoptosis ing bei
increasingly recognized as a potentially useful circulating extracellular diagnostic and prognostic
biomarker for disease conditions in which apoptosis is invdived.

Hemoglobir! (Hb) is a globular heme protein in vertebrate red blood cells and in asenpl of

many invertebrates, formed by symmetric pairing of a dimer of polypeptide chait,aheb-
globins, into a tetrameric structural and functional unit. These 4 polypeptides each have a large
central space into which a heme b prosthetic group, anpm@ioporphyrin IX molecule, is
bound by noncovalent forcgEigure 3.4) The reversible inding of gases by the heme group

allows hemoglobin to transport oxygen, carbon monoxide, carbon dioxide and nitric oxide.
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OH OH

Figure 3.4Chemical structuref heme b.

Myoglobin'® (Mb) is a small globular monomeric proteixpeessed in cardiac myocytes and
oxidative skeletal muscle fibers, that reversibly binds stadesO, by its heme residue and
catalyzes NO oxidation. Myoglobin is also thought to buffer intracellujaza@centration when
muscle activity increases and failitate intracellular Q diffusion by providing a parallel path
that augments simple diffusion of dissolved. Qhe ironligand bond is broken by light;
therefore, Mb has also been employed for exploring the first relaxation events after
photodissociatin by fast and ult#ast kinetic method$"

The biological role of chlorophyll is well know, as it allows plants to abeadygyfrom light in
the photosynthesi€hlorophyll is a green pigment found ayanobacteriaand thechloroplasts

of algaeand plants isolated and named for the first time bgseph Bienaimé Cavent@und
Pierre Joseph Pelletien 1817.The central ring structure is a chlorin, similar to porphyrin,
which isproduced through the same metabolic pathwayeasegroup, with thregyrrolesand
onepyrroling instead four pyrroles as porphyramda Mg metal ioninside Thechlorin ring
can have several different side chains, usually includifan@ phytol chain There are a few
different forms that occur naturally, but the most Wd#stributed forns in terrestrial plantgare

chlorophylla and K(Figure 3.5).
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R= CHs, Chl a
R= CHO, Chl b

Figure 3.5Chemical structures @hlorophylla and b.

The difference between these two forms is in the composition of a sidéichaihis -CHs, in b
it is CHO). Thissmall difference allows each type of chlorophyll to absorb light at slightly
different wavelengths. However, chlorophyll absorbs light most stronghyeiblue potion and

in the redportion of theelectromagnetic spectrum

3.4 Reactivity of porphyrins

The porphyrin macr ocy cdleetronsBrot thkemaresregirdd fate® nj u g
conjugated aromatic net wd’As,a comsequenced porplgyring o |
maintain their aromaticity even after different type of reactions, as aalisiubstitution, cross
couplings, oxidations and redians. In this way, it possible to synthesizelarge variety of
functionalized macrocyclesyhich are widely used imultiple applications inthe fields of

biology, medicine and materials science.

The meso an-pyrrole positions are both involved in this kind of read$jdout with a different
reactivity. The most electronically reactive positions are niesepositions, and generallhey

arethe preferential sites for electrophilic aromatic substitutionsitiadd and radical reactions.

On t he ot hepyrollt posiions atehtree mést sterically accessible and can also
undergo the same type of reactiofisis possible to protonaténe inner pyrrolenine nitrogen

atoms of porphyrins to give the corresging mone or di-cations On the contrarythe NH
groupsare slightly acidic andan be deprotonatday bases$o produce danions.

Porphyrins can also be readily metalated with a wide variety of metgl imaesedthe four
nitrogens in the middle of & porphyrin molecule can grab and hold metal ions such as
magnesium (Mg), iron (Fe), zinc (Zn), nickel (Ni), cobalt (Co), copper (Cu), and silverTAg).

met al i ons have an i mp eelettrannsystem and strorigly mfluenaef f e

chemical reactivity, photophysical properties and biological functions of porphyrin macrocycles.
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Closeds h el | configurati opn” nbbandaky, suchias Znélipand Cdél), o f
induce the highest negative charge onto the porphyrin periphery, conferring them the lowest one
el ectron oxidation potent i al $ackbandingddtreaseotlieh e r
electron density on the macraty, for example Cu(ll) and Ni(ll) with%d® configurations, and

in particular metals with '8d® configurations, such as Sn(IV) and Fe(lll), strongly reduce the
electron density at the porphyrin periphery.

3.5 Porphyrin Synthess

Porphyrin systems have betre sulject of many synthetic investigations over the past 70 years,
involving different building blocks, like pyrroles, aldehydes, dipyrromethanes, dipyrromethenes,
tripyrranes and linear tetrapyrroles.

The chemistry of messubstituted porphyrins develegp thanks to the intense work of
Rothemund, who first in 1935 investigated the synthesis of tetramethylporpbyrithe
condensation of acetaldehyde and pyrrole in methanol at different tempetatotsemund

and Menott® proposed a synthesis of mestraphenylporphyrin  (5,10,15,20
tetraphenylporphyrin (TPB) in one step by reaction between benzaldehyde and pyrrole in
pyridine in a sealed glass tube at 220 °C umieogen for 48 Ho give blue needlecrystals.

High concentrations of the reagents,Hagtemperatures and the absence of oxidising agents are

the identifying characteristics of the-salled "Rothemund method (See Figure 3.6)

H
N

arcHO+ 4 \ / pyridine  _ p R

sealed tube

R

Figure 3.6 Rothemund method for the synthesis of mesbstituted porphyrins.

Unfortunately, the yield of these reactions remains very low, usually less than 5%. The reason
for this low yield is due to the presence of a contaminant, the correspondingubssituted
chlorin (17,18dihydroporphyrin), which was studied and idewtifiby Calvin and coworkers. In

addition, Ballet al®

also discovered that the addition of metal salts, like zinc acetate, to the
reaction mixture of benzaldehyde and pyrrole increases the yield of TPP (as the zinc derivative)

to 10% and decreases the amioof chlorin compound.
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A modification by Adler, Longo and their colleaglféssame many yaa later, in the 1960syith
a method that involves an acid catalyzed condensation in glassware openatmaisphere
(Figure 3.7).By refluxing pyrrole and benzaldgde in boilingpropionic acid for about 30
minutes, they obtainegields of 2025%, with chlorin yields of 1% to 3%.This by-product can
be easily removed by oxidation witlichloro-dicyanobenzoquinong®DQ), thereby eliminating
the need for aeparatiorprocedurée®

R R H 4
H
CHO
H H
RCO,H
+ 4 ‘\ /7 2 R R + R R
reflux, air
R R

Figure 3.7 Adler-Longo method for preparing mesabstituted porphyrins.

The reaction also works with a limited number of substituted benzaldehydes that are able to
survive to refluxing propionic acid. Yield of 3540% were obtained iracetic acid, but
purification was more difficult. Anaerobic conditions provided lower yisld(about 5%),
highlighting how the oxidation of the intermed&porphyrinogerby atmospheric oxygen was a
critical step in the synthest®

Over the period 1972 9 8 6 , Li n 6% @eyefoped ajnewe ang innovative method, called

A t wetep ondlask room temperatutee t o0 sy nt h e ausing a seqguentigh grocass ai s ,
condensation and oxidatioimder milder working conditionsthus expandng the number of
aldehydes usable drhence the porphyrins available (Figure 3B)e condensation of pyrrole

and aldehyde was carried under argon, using a chlorinated selwenias dichlorometharoe
chloroform, inthe presence of a Lewis acid tedys, usually BROEt or trifluoroacetic acid
(TFA). In the second step of the reaction, the initial padd(a colorless porphyrinoggeris
oxidized to porphyn using a stoichiometric amount of a quinone such asligloro5,6-

dicyanobenzoquinone (D) ortetrachlorel,4-benzoquinone @ahloranil)
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1. Condensation

R H
H
4 RCHO 4 N TFA or BF; OEt, H R
- + > + 4H,0
U Ch,Cl,, 25°C R H 2
H R
2. Oxidation
R H R
DDQ or
H R p-chloranil R R
R H >
Ch,Cl,, 25°C
H R R

Figure3.8Li nds ey metephoodiaskitobmtoe mper at ure synthesi s

Yields up to50% are reportedilthough this percentage is influenced by paransesuch as the

type ofcatalyst and oxidant employed, the concentration of the reactants and the duration of the

condensation phas@ptimal concentration of pyrrole and aldehyde is arountMtGhat is to
favor the cyclization over the polymerization.

The methods described above are suitdiolethe synthesis of porphyrins with four identical
groups in the meso positioritarting froma mixture ofdifferentaldehydes, the reaction leads to
mixed condensation produgctehich requirean heavy chromatograpic work to obtain pure
derivatives Another strategy involves the use of dipyrromethadesyativesthat consist of two
pyrrole ringslinked by a methine bridgeln most caseshe meso position has either no

substituted or a single aryl or dialkyl oryhsubstitutedDipyrromethanes allow the synthesis of

transA, and transA,B, systems (Figure 3.9) by condensation [2+2] with aldehydes, as proposed

for the first time by MacDonald in 1968.
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A A
4‘7 B‘B
A A
Figure 3.9 Structure of transé\, porphyrin (left) and trans A, porphyrin (right).
In the following years, Lindsegpplied the conditions of his method to MacDonald's readtion,
orderto optimize the synthesis of this type of porphyrins (Fég3.10.%® Using dipyrromethanes

as stating material, the synthesis is unambiguous if condensation takes place with a single

aldehydeThis obviously requires the prior synthesigted dipyrromethanastermediate.

A

S 1) Condensation
\ /) + BCHO > B B
NH HN 2) Oxidation

A
Figure3.10Li nds ey 6s s yhaB,pgomierins. of trans

During the condesation between aldehyde and dipyrromethawd catalyzed sequence of
fragmentations and rearrangemecdés occur leading to the formation dfy-products ag for
example cis-A,B, isomer, hardly separable from trans form. This prdéesalled scrambling

(Figure 3.1}, could be minimized by properly controlling parametkke solvent, catalyst,
temperature and concentration of the reagents. Another important factor in order to avoid
scrambling is théocationof the more hindered substitueitthas bea noticed thatvhen it is on

di pyrromet hane t bceurwismigimided i ng doesnodt
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Figure 3.11Mechanism of acid catalyzed scrambling.

3.6 Aggregation of Porphyrins

Aggregation of porphyrinbasbeendeeplystudied insolution different aggregates can form
depending oionic strengthtemperature, pH, peripheral substitutietc?®?’
Porphyrins and metalloporphyrins can form two types of supramolecular structures (Figure
3.12), due to strong-" interactions establishg between the aromatic systenfs:H y p e 0
characterized by bathochromic shift oboth B and Q bandswith respect to those dahe
monomerfi 1 y pskeowingblue-shift of B band and redhift of Q band.

1 The Jtype or sideby-side aggregates were formex fransitions polarized parallel to the

long axis of the aggregate.

1 H-type or faceto-face aggregates for transitions polarized perpendicular to it.
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o

monomer

H-aggregate

e el

H J-aggregate

Figure 3.12Schematic repeentation of H and J aggregatés.

H- and Jaggregates was formed by simpiyxing aqueous solutions of two kinds drphyrins

with opposite charge®.In order to obtain deposition of an ordered monolayer, porphyrins can
be functionalized with linkergshich ensure the covalent anchoring to the surface. For example,
porphyrirs form a selfassembled monolayer (SAM) on gold via in situ cleavage of the thiol

protecting grou’® In this way is possible to use porphyrins as molecular quantum devices,

driving their assembly on a soladirface of gold or other electroactive material.
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V. Guanosineferrocenederivatives

4.1 Introduction

As described in Chapter Quantumdot Cellular Automata (QCA) ia revolutionary approach to
computing and has been considered one of the most promising-Moste alternatives.
Implementation and miniaturization of QCA at the molecigael lead to severe challengeben
addressing the single elementary units.

The research carried odtiringthese three years was part of the MolarNet prpgegiported by the
Eurgpean Commission, which aims at giving a first demonstrationadécular QCA elementary
devices.

In particular, the projecspecifically addresskthe basic requirements to implement molecular
QCA-inspired Networks, namely the measurement of the eledistteraction between a forced
molecule (input) and its neighbour; the investigation of the propagation of a signal in a long row of
molecules (binary line); the implementation and testing of a majority gate.

In order to obtairanorganized array of callas binary linethe MolArNet consortiunfiollowed two
approaches: 1) the single cell is the outcome of theassEmbly of molecular sumits, 2) a single
molecule constitutes a single cell. In any case, iron complege=used as quantum dots moieties

In the first part of the projectalkyl substituted guanosine derivatives equipped with a ferrocene
moi ety on the C(56) position of t he sugar h
assembly at the solid/liquid interface on highly orientetbliyc graphite (HOPG)with scanning
tunneling microscopy (STMpr under ultrahigh vacuum (UHVY in collaboration with other
partners of MolArNet project.

This technique has shown numerous advantages, for ex@nppterides an excellent environment

for in situ chemical modifications of adsorbed molecule#/hen guanosine derivatives are
physisorbed at surfacethermodynamically stable supramolecular ribbons, characterized by N(2)
H® O(6) and N(l)Hé N(7) H-bonds,areobserved. In the solid state, thelaims, by bridging gold
electrodes, were found to be photoconduétare also exhibédrectifying properties.

Given the possibility to functionalize the guanosines in the sugar mdiety,appead as ideal
building blocks for the fabrication of conformationally rigid and structurally complex architectures,
thus paving the way towards their use as scaffolds in QCA déVices.

Furthermorethe control over the sefssembly of ferrocerlgased architectures through molecular
engineering is crucial in order to control and improve their optical and electronic properties. For
example, the assembly of ferrocenes on surfaces was directed by usiogdidg between

carboxylic acids, leading to twdimensional quasicrystals.
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4.2 Previous studies

Numerousguanosine ferrocene hybritiad aleadybeen synthesizeand studieds prototypes for

the realization of QCAAs a first approach, several molecuésglipped with ferrocene have been
synthesized: deoxyguanosine( d G) , -O-isoppBidgneguanosing GACE) and guanine
derivatives, in ordeto obtain a first generation derivatives. Some examples are shown in Figure
4.1.

o 0 0
NH NH NH
NH % % R— ||
o ¢ P ¢ I I < I PN P
N"N? NN NH N">N"NH N7>N"NH
R/U\O N” “NH, RJ\O 2 < - 2
o o
o S A B c D
¥ Y
R R=Fc
R4= alifatic tail

Figure 4.1 First generation derivatives.

In solution,thesederivatives had shown thgpical supramoladar behaviorof lipofilic guanosires
(lipo-Gs), both in thepresence andh the absence of cations, suggestirg tfeasibility of the
approachFurthermorejt had been established ththe presence of Fc units does not influence the
selfassembly attitude of the nucleoba®a the other &nd these derivatives turned out to tefit

for the realization of QCA because of their very low solubility aditficulties to form ordered
structures on surfaseOn the basis of these resulissecond generati@f ferrocenelLipoG hybrids

has been sythesized (Figure 4.2).

® o
NH N
o ¢ By o <,j|\)J\NH o R NH
N >N NH NS NS
R)J\O 2 Rz/”\o N NH R/”\o N” “NH,
o | :o: ] :o:
E o 3 F G
o) [o) 0.0
1’ Y
R{ Ry Rz
R=Fc

Rq=CsHq or C44Hp;
Rz = C47H35 or CgHyg

Figure 4.2 Second generation derivatives.

Derivative E guanosine derivatives witB' and 3 positions of the sugaprotected as acetaésnd

with long tailsto confer a better solubility to the hegules
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Derivatives F and G: guanosine derivatives in which eith@n8 5'positions of the sugar were
derivatized with ferrocene and long aliphatic tails (Chains C10 or C18).

Derivatives Eshoweda goodsolubility to be studiedn solution, formingottameic structuresn
the presence of potassium, klid not orgalize into ordered structures sorface.

Electrochemical studies on the compouBa (dG 5'Fc_3'Cl0)have instead shown thahis
molecule is suitable for QCA implementatidfurthermorethe introduction of a long alkyl chain
(C18)in 3" and 5' positions (Gb) drivéise formation ofibbonlike structures on the surface.

At the same timehe electrochemical behavior oo others derivatives A and Ga (Figure 4a&)s
characterized by cycliwoltammetry Thesestudies have hidighted an interesting behavior: in
CHCl;, the selfassembly of thguaninederivatives, driven by the formation of hydrogen bgnds
induces the formation of layers on the surface of the electrodes. Some of thesaraysayain
dissolved following the reduction of theon, this process is observable in the time scale of cyclic

voltammetry experiments.

o] o
“Fe. \A\O
o CoHyg

Figure 4.3Guanosine divatives A and Ga

One of the potential problems in theeusf G-quartets as scaffolds fQCA cells is the presenad
the cation and the counten, which may interfere with electrochemical procesgdtough
cations are normally necessdoy the templation of Guartets, there haveeen examples of -G
quartes formed in the absence of catioBsudies caied out by the group of ProBesslet show a
crystal structure of ®0 (Figure4.4dt hat r ev e al eudarteteven fitbomthe gssistaGee
of a templating cation.

The presence of aterically bulky group on the C8 positionof the guanine corggave a
conformationally constrained nucleoside that prefers to adopt glggosidic bond confortion
both in the solid state andh solution. This syn conformatioprevents the nucleoside from any
hydrogenbonded ribbon formatiorfas already mentioned befor@)d thus favorgormation of the
macrocyclic Gguartet.Cationfree isolatedG, have been also observed by MAS NMR in solid

samples of derivatives devoid of substituent€(8) position°
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Figure 44 Corformationally constraine® 10 formsa G-quartet without presence ofemphting cation.

On the basis of these considerations and thanks to the preliminary studies from previous molecules,

we have designed and synthesizibdee lipophilic guanosine dedtives G1-G3 exposing a

ferrocene moiety on

t h(Eigur€ 4.5 o ordep o study the effectoof

sterically demanding substituents covalently linked to the C(8) position on thassethbly

process at the solid/liquid interface bighly oriented pyrolitic graphite (HOPG).

The presence of a |l ong stearate side chain
molecular physisorption on HOPG.
o o o
N N NH Q
KQI? o ¢ |/)N\H @e o) Br—</N|/)\ S o o N
e ) o N N~ "NH, ) /lko N~ 'NH, Fe o N N/)\NHz
o) 2 o
0.0 G1 040 G2 o}
G3
7:/17“35 Cq7H3s C17H35/§0

Figure 45 DerivativesG1 (dG_3'C18_5'F¢)G2 (dG_8Br_3'C18_5'Fc) an@3 (dG_8PhO_3'C18_5'Fc).

4.3 Synthetic approaches
4.3.1 G1 (6 ®-ferrocenoyl-3 ®-octadecanoy2 -@leoxyguanosing

Derivative G1 was prepared according tet®me4.1 Deoxygwanosine was first reacted witert

Butyldimethylsilyl cHoride (TBDMSICI) t o g +Owsiéylates 8. Thi s
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Chapter IV. Guanosineerrocene derivatives

hydroxyl, was then acylated with stearic anhydride at 70°C in toluene to &fordRe mo v-a |

silyl group with tetrabutylammonium fluoride (TBAF) followed by esterification with ExXCH

gave the desired produGtl.

- , o)
1.1 eq. TBDMSCI N 182 eq. ZtteaNnc anhydride
N NH 25 eq.imidazole Y NH 05 eq. Eigl ) NH
< < | /)\ cat. amount DMAP < | /)\
)\ NTONTONH, —— NZ NH,
HO TBDMSO dryCH,cN  TBDMSO
O dry DMF o dry Toluene ¢}
12h, rt - oh, 80°C
78% ° (@) (0]
OH 1 2 59 % 3
Ci7H3s
(0]
N NH > N NH
¢ 12 eq.Fe-COOH 2> ¢
N /)\ 2.2 eq.DCC Fe /)\
N™ °NH; 1 eq.DMAP ‘ NT>NTNH,
15eq. TBAF ~ HO 10)
- (@] B (e}
dry DMF
sant OLO 4 24h,rt o
40 G1
74% Y 40% Y

Ci7Hss C17H3s

Scheme 4.5Synthesis of51.

4.3.2 G2 (8-bromo-5 -®-ferrocenoyl-3 ®-octadecanoyi2 -@eoxyguanosing

The synthesi®f derivativeG2 is practically the samas derivativeG1, except for the insertion of
bromine atom in @ position in the first step with NBS and the last esterification performed with
CHsSO,Cl and EtN in THF (Scheme 4.2).

o (@) 1.05 eq. stearic
NfNH anhydride
1.1 eq. TBDMSi-CI 2 1.05 eq. Et3N

fk)\ 15 eq NBS Br4</ )\ 2.5 eq. imidazole Br4<N ‘ N/)\NH DMAP
HO NH, ———> TBDMSO 2 —

HO CH3CN o DMF o} CHCN

O THF
t21 h 2h 1t on Tf')luene
1 g OH 5 o, 6 overnight, 80°C
OH 87 % 63% o
0
O
O
O
/NﬁNH 1.2 eq.. Fc-COOH @ o] Br%NfNH
Br 2 eq.. Fc-
4<N ‘ N/)\NH BI'4</ )\ 1.2 eq. CH3SO,CI F.e N N/)\NH2
TBDMSO 2 NHy 1.2 eq. Et;N o
o 15eq. TBAF HO DMAP o
RN o
7 THF o) o)
0+ 0O 8 THF G2
Y 4hrt OYO overnight, rt T H
Ci7H3s 65 % Ci7Has 40% 17H35
Scheme £ Synthesis of52.
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4.3.3 G3 (8-phenoxy-5 -®-ferrocenoyl-3 ®-octadecanoyl2 -@leoxyguanosing

In order to synthesize deritvee G3 we started from commercially availabts (SSheme4.3),
which is initially protected with TBDMSICI. Subsequently, the hydrogen in the 8 position is
replaced with bromine by reaction with NBS. The prote@edas then used in the third step in
orderto replace bromine atom with phetyogroup, through a nucleophilic aromatic substitution on
C8 position. At first, the nucleophilic aromatic substitution was attempted directlybvan®
deoxyguanosine with free hydroxy groups but, probably due to lavbisty, we werenot able to
obtain derivativelOQ. After deprotectiorof 9 with TBAF, a moneprotection was carried out with
TBDMSICI on five prime positionPosition three prime wathenesterifed with stearic anhydride.
The subsequent deprotection dre tfive prime position with TBAF allows the reaction with
carboxylic acid of ferrocene with methanesulfonylchloride, through the formation of a mixed

anhydride.
0 o) i) 5 eq. CS,CO4 o
5 eq. phenol
N NH 3 eq. TBDMSICI Br 4N ‘ NH xylene N 1 eq. TBDMSI-CI
Br4< ‘ /)\ 5 eq. imidazole N N/)\NH 12 h,130°C 04</ ‘ J‘ﬂ" 2.5 eq. imidazole
HO N”°N"°NH, ——>  T1BDMSO Z — N"SNSNH, —
DMF o HO DMF
o 5 5h, 1t ii) 3 eq.TBAF o) THF
' 9 THF 5h, 1t
82 % TBDMSO 5h,rt 10
oHt 31% OH 92%

i) 1.05 eq. stearic anhydride
1.05 eq. Et;N o)

o 1.5 eq.. Fc-COOH Q
< \> DMAP Q q.. Fc N

1.5 eq. CH3SO,Cl NH

a NH oo N NH 45 . BN @ Q o—~< |l Y

o—~ || Y Toluene o—~ | A 5 eq. Et Fe N _

N >N NH,  Overight, 80°C N N7 SN, DMAP o

TBDMSO 2 HO °
© 11 ii) 2 eq.TBAF ° 12 THF G3
THF overnight, rt

0+ 0O
OH 5h,rt 0._0 Y
o 60 % Cq7H3s
23% Cq7H3s5
Scheme 4 Synthesis 0f53.

4.4 Supramolecular studies

Several techniques were employed to gtube selfassembly of guanine derivatives: NMR
(monodimensional and bidimensional experitsgrand CD (circular dichroismBTM (scanning

tunneling microscopy) and AFM (atomic force microscopy).

44.1G1
In the absence of metal ior81 forms ribbonlike structures'H NMR spectra in CDGlshow a
progressive downfield shift for both NfH and N(2)H signals upon cooling, while conlgrable

line broadening occurs (Figure 4.6).
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Figure 4.6 downfield portion of théH-NMR spectrum of51 (16 mM) at differat temperatures in CDgI
Guidelines highlight imino and amino-N shifts. Signals marked with stars belong to thes@nmetric GLK"

complex formed by addition of a small amount of Kl to the sample.

G1 cancomplex alkali metal ions to form@, symmetrc octamer consisting of twatacked G4, as
indicaied from the characteristic changes both intHeNMR and in the CD spectruth(Figure
4.7).
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Figure 4.7 CD (top) and UV (bottom) spectra &fL (2.5 mM in CHC}) before (blue) and after (red) addition of

potassium picrate (1/8 mol/mol).

We have then investigated the saéisembly of neaddlby appl ying a 4 €L dro
solution of G1 in 1-phenyloctane on the HOPG surface. Tihesitu STM image recorded at the
solid-liquid interface showed aystalline structure consisting of ribbdike architectures forming a
lamellar motif Figure 4.8 left). In this 2D crystal, the stearate side chains are physisorbed flat on
the basal plane of the surface and they are interdigitated between adjacentlanmelanit cell
parameters amount &= (7.4 = 0.1) nmp = (1.0 = 0.1) nm, ant= (88 * 2)°, leading to an aréa

= (7.4 + 0.2) nrf, where each unit cell contains four molecules. Thus, the area occupied by a single
molecule G1 corresponds to (1.85 + 0.10Yn@iven the size of the unit cell there is not enough
space to accommodatiee ferrocene units on the basal plane of the HOPG surface, therefore it is
most likely that they are either batidded into supernatant solution or physisorbed as second layer
on the top of the guanosine first layer. Unfortunately, despite the higlalsgsblution attained by

STM imaging, we are unable to rule out any of these two scenarios. The monitored supramolecular
motif can be weldescribed by the formation of a 1D hydrog®mmnded ribbon that involves the
pairing N(2}Hé O(6) and N(l)Hé N(7). This selfassembly behavior is in goodyraement with

NMR solution data (see models in Figure 4.8 righdl experimental part
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A
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Figure 4.8 Left: STM current imagef G1 monolayer at the graphitolution interface using-fphenyloctane as a
solvent. RightProposed molecular packing®@fl.. The image shows the supramolecular-asfembly forming

ribbonike structures of51.

4.4.2 G2

We then extended our study to guanosB® functionalized in C(8) position with a Br atorits
'H-NMR spectra recorded aoling a solution in CDGI(Figure 4.9) show a progressive splitting
of the broad N(2H singlet at 6.1 ppm into two signals (bonded and free-N(2at 8.7 and 5.7
ppm, respectively). The chemical shifts for the N{Rprotons are close to those repdrfer a
similar compound (8.50 and 5.44 ppth)but differ from those of the two stackedcBartets
formed byGL1 in the presence of metal ions as well as from those of an isolafdi@t (9.81 and
5.15 ppm). Moreeer, the lack of substantial line broadening is indicatifesmall sized
aggregated® CD spectra recorded before and aftéraddition confirm the absence of stacked G

guartets (Figure 4.10).
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Figure 4.9 Downfield portion of théH-NMR spectrum of52 (9 mM) at different temperatures in CRCI

Guidelines highlight imino and amino-N shifts.
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Figure 4.10CD (top) and UV (bottom) spectra G2 (2.5 mM in CHC}) before (blue) and after (red) addition of

potassium picrate (1/8 mol/mol).

Monolayers oflG2haw been generated by applying aG24 €L
in 1-phenyloctane on the HOPG surface. The STM image of the obtained mon@layee 4.11

left) shows a crystalline lamellar structure consisting of ribldan architectures. In &based 2D

crystal, the stearate side chains are physisorbed flat on the surface and are interdigitated between
adjacent | amell ae. The unit cell parameters,
2)°, lead to an area A= (3.7 + 0.1) hrvhee each unit cell contains two molecules. Thus, the area
occupied by a single molecu@®2 corresponds to (1.85 + 0.10) AnWhile the area occupied by
single moleculeG2 is identical with the one o061, their selfassembled patterrare markedly
different.In particular, the appearance of hollow features wi#ribbon core as well as different
orientation of stearate side chains vs. the main lamellar axis (60° and 90° for GP patterns,
respectively) provides unambiguous evidence for a differerdaseémbly motif. In fact, th&2
supramolecular motif can be weléscribed by the formation of-bbnded dimers that involves the
pairing N(1}H é O(6) (see models in iGures 4.11 right and experimental pafBach dimer
interacts laterally with neighborirgjmersviaN(2Heé Br ( 8) bondi ng, resul ti
1D polymeric arrays. Similarly to the case@if ribbons, ferrocene units are likely baftkded into
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supernatant solution or adsorbed as a second layer. Formation of such structures higlrghes

played by bulky bromine atoms in C(B89sition of guanine corehat induces the derivativd2 to

organize themselves on the surface in a ribd@structure renamed ribbon C (semlie 4.12),

different from those (ribbon A and ribbon B) noliaobserved previously for lipoG-However,

their presence in the molecular structure introduced-N@)Br ( 8) bondi ng, whi c
molecules from sel&ssociation into macrocyclic structures. We therefore decided to replace the Br
atom with a more eutral group, which is also more sterically demanding, i.e. ph@3®)I (

Figure 4.11Left: STM current imagef G2 monolayer at the graphisolution interface using-fthenyloctane as

a solvent. Right: Proposed molecular packin@af The image shos an unprecedented supramolecular motif,
called ribboRrC.
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Figure 4.12 Ribbon C.

4.4.3 G3

The behaviar of G3 in solution is very peculiar. In analogy @2, the G3 molecule is unable to
complex metal ions to form G4 stacked structures, as nugeksaan be detected both on Gind
on’H NMR spectra after the addition of KFigure 4.13).
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Figure 4.13 CD (top) and UV (bottom) spectra 63 (2.5 mM in CHC}) before (blue) and after (red) addition of
potassium picrate (1/8 mol/mol).

Furthermore, in thelmsence of added ions, both Nf1)and N(2)H signals split upon cooling. In
particular, the N(2H signal splits into two couplesf new signals in a 2:1 ratidA couple of
signals resonate at about 8 ppm, and can be attributedbtméted N(2Hs, while tie other couple
of signals appearing at 3 ppm can be ascribed to freeeH§2)'he existence of two sets of

resonances for both imino and amino protons in a 2:1 ratio points to the existence dfexeatdi

supramolecular species (Figure 4.14).

61



Chapter IV. Guanosineerrocene derivatives

-50°C " Y 9
I | |
l
| | I ’,
-40°C - i v,
A Vv I\ W, \__/v
| } }
|
| ‘
-30°C , . ]
Vi S S S YW e
\ 1 I ,
-20°C I Wl
YU ) ALY
ll ‘ |
0°Cc I ! ¥ “ A !
|
25°C ) 1y l H ) ]
TT CE N || A S
12 11 10 9 8 7 6 5 4 ppm

Figure 4.14 Downfield portion of théH-NMR spectrum of53 (14 mM) at different temperatures in CRCI

Guidelines highlight imino and amino-N shifts.

Based on NOE angdis (Figures 4.15 and 4.16)e major specigcan be ascribed to the formation
of all-syn isdated G3. Although no direct and conclusive evidence could be gathered from the
spectra, in depth inspection of the models suggests aprGti G3ribbons analogous to those

found forG2 on surfaces, as the possible structure for the minor specie

62



Chapter IV. Guanosineerrocene derivatives

3 2
o

C17H35/&

o

n‘."lk!.-,lillﬁwh..\-‘.. 1{.',%),"".) -MJ';H ’ -‘;’-..fl«.r\l' ._U.".|, hu"lw.;r ! -J-"".‘lrl'_-r ;_..l’-,'rd'l.,'h‘[h*,_r',‘li |"'J'|"I .:\l,..lj,"lr._..r';.'l-.'.,'.- .1‘.[‘:'.']"-'\" f :'-I;.'J". "h’...l"'-. flT'r.‘"Jll)‘JJi'III“,IlI'," f‘ﬁ'.l gill-r,'q..
A |
/ ¥ y

i

N(1)-H : 1
.': N@2-H ) | f I
R AN e I
12 11 10 2 8 7 &

4 2
'; 1 h![Z]-H
A L AT N
4 ppm

Figure 4.16 Bottom:'H-NMR spectrum o33 in CDCl at-50°C. Signals were assigned on the basis of COSY,

HSQC and HMBC experiments. Top: noesyld spectrum of the same sample (irradiation ofgircteas

formula abové with a 50 Hz shaped pulsmjxing time 300 ms).

NOE spectraKigure 4.16 show weak contacts between ortbd &nd H™ as well as betweemand

5°/5"": according to calculationshe two conformers differ only slightly in energy. In addition,

NOE intermolecular proximities can lmdserved betweea andferrocenea and betweeno and
bothfree N(2}H and boundN(2)-H (major specie).
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Figure 4.17. Model of an isolated @uartet formed bgynG3 (some atoms are omitted for clarity). NOE

contacts ofigure 4.16are indicated by arrasv

STM investigation of sumonolayest hi ck fi |l ms obtained f G3dm ( 1f
revealed the formation of a new type of patt@figure 4.18) In this 2D crystal, because of steric
hindrance brought into play by the phenol unit, only thret afufour stearate side chains are
physisorbed flat on the surface. The unit cell parameters, a = (4.5 + 0.1) nm, b = (1.8 £ 0.1) nm, and
U = (90 N 2)A, 1| ead ¢ whem eachauniecall céntains two Snoldculel 0 .
Thus, the area occlgd by a single molecul®3 corresponds to (4.1 + 0.1) AnThe packing of53
molecules is very loose as evidenced by the large discrepancy between the areas occupied by single
moleculesG1, G2 andG3. The STM inset irFigure 4.14clearly shows the presencémacrocyclic

bright features decorated with four smatbtrusions which can be assigned to @and ferrocene

groups (backfolded into the supernatant solution), respectively. Because of the presence of sterically
demanding pheng substituent in the @] position ofG3, the formation of ribbottike structuress
hindered,leading to the generation of cyclic tetramericbbhded structures characterized by the
N(1)-H® O(6) and N(2)H® N(7) motif, whose existence was also indicated by NOE. While NOE
analysis suggests the presence obwtlisolated G3, as the main specie, once adsorbed on the
surface both alkyn and all-anti G3,, will occupy the same areas, therefore we cannot
unambiguously exclude the existence of the former over the latter. Notelyprsoyne of G3

appear brighter in the STM image, which can be explained by the interference of the

supramolecular lattice and the underling HOPG surface.
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Figure 4.18 Left: STM currenimage ofG3 monolayer at the graphisolution interface using-fthenyloctane as

a solvent. Right: Propesl molecular packing @3. The image shows an array of mefragle guanosine quartets.

4.4.4 DFT

To provide a molecular understanding of the three G derivativesassimbly in 2D and gain
insight into the formation and stability of supramolecular $tmés, we have carried out density
functional theory (DFT) calculations using the hybrid Gaussian and-plane method (GPW),
implemented in the QUICKSTEP module of the CP2K pacRag¥e used the B3LYP hybrid
exchangecorrelation potential® whereas the 6i mme 692 rbethdd® was employed for
taking into account the dispersion forces. To bestow information onto the intermolecular binding
mechanisms, we have focused our attention on unraveling the interplay bétvioeenls, which

hold the guanine cores together, and the effective metallic repulsion coming from the four iron
cations present in the ferrocenes. Noteworthy, as can be seen in the suggested monolayer packing
motifs, two types of intramolecular interactiocan be distinguished, namely, the hydregen
bonding (or NH Br interactions in the case of t& structure) between guanine cores, and the van
der Waals interaction, resulting from the interdigitation of the stearate chains. In order to determine
their cortribution in the total cohesive energy, we calculated the intermolecular dissociation energy
for each of the different foemoleculebased configurations exhibited in threeb@edcomplexes
(Figure 4.19)

According to E valuesof three G derivativeshe ribbon structure o1 is greatly stabilized by

four strong Hbonds. In th&s2 ribbontlike structure molecules are held together by twbdAds to

form dimers, which further sedssemblevia two strong N(29Hé Br bonds to form ribbons. As
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expected the & macrocycle is energetically unfavored, since thbdAds involved in pairing are

of the weakest nature. Our findings indicate that frenation of Hbonds between molecules
guides the generation of s@l§sembled structures, since the interactionsdesivthe stearate chains

are much weaker. In gas phase, the calculated electronic structure of the dimers and ribbons exhibits
hybridization between the states stemming from the organic complex, namely the guanine
backbone, and the metallic states assagi&dethe ferrocene functional groups. The information
given by the electronic structure of calculated complexes strengthens our initial idea where, mainly,
these complexes are held together bigdthds formation even in presence of the metallic repulsion

coming from the occupied molecular orbitals with cldaymmetries.

G1

G2

G3

Figure 4.19Calculated structure @1 andG2ribbons ands3, cationfree quartet structure.

4.5 Metal free G4 wires

The results obtained witG3 led us to synthesize two othetsBbstitued derivatives (Figure 4.20),

using guanosine as the starting material in place of deoxyguanosine. This allows us to increase the
lipophilic character of the compounthe first molecule is lipophilic guanosine derivati®d, with

a phenyl group in C8 pdfn. The second molecule is the analogous deriv&ivavhich carries a
ferroceneresidue in the $osition Both derivativesvereexpectedo form metal free quartdtased

assemblies
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CoHyg c;9|-|19

Figure 4.20DerivativesG4 andG5.

4.5.1 Synthesis 064 (G_8Ph_5Fc_23Gy)
The synthesis of derivative4 was realized starting from commercialagwsine as described in

o

Scheme 4.4. Bromination of the 8 position followed by selective protection of the primary alcoholic

function led to drivative 15. Suzuki coupling with phenylboronic acid produced the 8

phenylguanosindl6. The two secondary alcoholic functions were then esterified at 80°C with

decanoic anhydride in a mixture of toluene and acetonitrile: with this procedure it is negargce

to protect the nucleobase exocyclic amino function. The primary alcoholic function was the

deprotected and esterified with ferrocene carboxylic agd mixed anhydride, to form the target

guanosinés4.
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4.5.2 G5 (Synthesis of G_8Fc_235()
CompoundG5 was obtained by Suzukioupling of 8Bromoguanosind4 and ferroceneboronic
acid, followed by esterification of ribose with decanoic anhydride (Scheme 4.5).

S o
BN NfLNH Fe-B(OH) o N—w
y 7 - 2 7
<N |N/)\NH 1.5 eq. NBS B'%N |N/)\NH PdCly(PhsP), ©_<N |N/)\NH
Ho i Ho ’ NaOH,DME O ’
o CH3CN/H,0 o aOH, o
13 oh 14 48h, 85°C 19
o 92%
OH OH 86% OH OH ’ OH OH
Decanoic anhydride | CHsCN/Toluene
Et;N/DMAP 48 h, 80°C
23%
O
Fe N
0o ST M
B N N/)\NH
CgHyg o 2
o
G5
040 0o
CgH19 c9H19
Scheme 4% Synthesis of55.

4.5.3 Supramolecular studies of G4 and G5

A typical feature of'H-NMR spectra ofG, structures is the splitting of the signal for exocyclic
amino protons into two signals, as hydrogen bonding produces a large dowmifietd the proton
involved inG,4 formation. This signal splitting is not usually observed at r.t., where the two protons
are in fast exchange regime, but it can be easily observed by lowering the temperature. In Figure
4.21 is shown the downfield portiasf the *H-NMR spectrum of puré4 in CD.Cl, at different
temperatures in the absence of metal cations. The imino proton signal resonates at 12.6 ppm and
undergoes deshielding on lowering the temperature. The same signal resonates at 10.9 ppm in
dmsods, suggesting that in CRCl, guanine is Hbonded already at r.t. The amino protons signal is
baselinebroadened in the r.t. spectrum. By lowering the temperatur&’°@ttwo signals start to
appear at 9.8 and 5.5 ppm for botM®)H and freeN(2)H, respectivel, and they become

progressively sharper on further lowering the temperature.
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Figure 4.21Downfield portion of théH-NMR spectrum of pur&4 at different temperatures in GOl,. Amino

protons are marked with asterisks.

This is the behavior normally ebrved in the presence Gfs, although in this case no templating
ions are present.

A further evidence of the existence and nature ofasdembled structures in solution is given by
2D-NOE spectra, where cross peaks have the same phase as the didgsnalcharacteristic of
slow tumbling regime, implying that the objects in solution have a MW above 2000 Da, while the
MW of G4 is 879 Da. NOE experiments allow one to obtain a more detailed description of the

species in solution and to confirm the esiste of isolatedsss. Figure 4.22shows selected 1D
NOESY spectra 064 recorded at20°C.
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Figure 4.22a) Downfield portion of théH-NMR spectrum 0fG4 at -20°C in CDCl, and signals assignment
(diastereotopic protons were not assigned); b) NOEBYspectrum of the same sample upon irradiation at 7.83
ppm (Aod pr otiDsmeitrum of the shhe Bamle upon irradiation at 5.82 pgof@n), In each
NOE spectrum were used 512 coadded transients, a recycle delay of 0.6 sec, a mixing tirsecofi®déa 50Hz
shaped pulse. Irradiated frequencies are indicated by a dashed line.

The interacti on bpgdtonseabaady Btiongtabrd.,, aadntlie allddnce of any
correlation between HBI5" and phenyl protonpoint to an exclusive syn nformation forG4, as
depicted in Figure 4.22n addition, the orto protons show contact with both exocyclic amino and
ferrocene protons (Figure 4.22b). As these proximities can only be intermolecular, they can be
easily accounted for by th8, structuresketched in Figure 4.23, while they are incompatible with

G-ribbon aggregates.
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Figure 4.23Proposed model for the isolat€dformed byG4. Arrows indicate selected NOEs. Some atoms are

omitted for clarity.

Derivative G5 shows a different behavior. Figure 4.24 are reported a seriestdfNMR spectra

of G5 in CD.CI, at different temperatures. While the imino signal behaves analogously to what
shown above foG4, the amino signal starts to appear only241°C in the form of two separate
signals, a dowfield (9.38 ppm) and an upfield one (5.5 ppm ca., partially hidden under the residual
solvent signal). Besides, imino (12.38 ppm) and amino (9.98 ppm) signals of a second assembled
species (1:6 ratio with respect to the major one) become visible.

If compaed to the case db4 under the same conditions, the lower temperature required for the
appearance of amino signals@® suggests a lower dynamic stability ftg aggregates.

For the major aggregatd G5, NOE correlations are in phase with diagonal peakalogously to

what observed foG4. Selective 1BNOE experiments (Figure 4.25) show a spatial proximity
betweenH1' or HZ and cyclopentadienyl protons (Figure 4.25b, c), suggesting a syn conformation
around the glycosidic bond for the major speciesaddition, irradiation of cyclopentadiensl
proton (Figure 4.25b) shows an intermolecular NOE contact with exocyclic amino protons: we
therefore assign the isolat&l structure to the major species. As on lowering temperature no other
new signal appears in the sugar/ferrocene region of the speane could rule out that the minor
species consists of the diastereomeric anti conforl@rclear evidence could be obtained on the
architecture of the minor speciellonetheless, the existence of a second type -tomtled

aggregate, possiblyadimescpeci es, suggests that t khassemblyer i v
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preferenceswith respect toG4. It should be mentioned that an analogouysh8noxy derivative
(compoundG3) showed in solution a behavior analogouSt®
As the presence of bulkylstituent at the 8 position is considered the structural feature responsible

for the existence of isolateg@ys, it is possible to conclude that a ferrocenyl residue creates a lower
steric hindrance with respect to a phenyl one.
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4.5.4Solid-state characterization of the aggregates

To get a deeper insight on the morphology of the supramolecular structures, solid state Atomic
Force Microscopy (AFM) study were perfned. The samples were prepared by drop casting 150 pl

of CH,CI, 0.6 mg/ml solutions, containing the derivatives on the basal plane of thermally grown
SiO,/Si (230 nm SiQon Si). The substrates were cleaned and functionalized with a monolayer of
hexametiidisilazane (HMDS) covalently bonded to the pending SiOH groups, prior use, in order to
make the surface hydrophobic and to avoid the formation of hydrogen bond between the molecules
and the surface.

Figure 4.26shows AFM images of the packed molecuBet(a and § andG5 (b and g under the

same conditions. The crystalline architectures are extremely different, in partBflgrows a
disordered network of entangled bundles of fibers wBHdeselfassembles in an ordered systems of

aligned fibers that gilw an average height of 4.1 £ 0.5 nm and an a@evadth of 32.4 £ 4 nm

Figure 4.26 AFM images of supramolecular mefede G4s aggregates drop cast fromCEH0.6 mg/ml on
HMDS functionalized Si@ a,c) MoleculeG4. b,d) MoleculeG5.
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To boost theaggregation into more stable and ordered supramolecular structures, the films were
then exposed to solvent vapor annealing (SVA) in GEl, for 48 hours under ambient conditions.

By this method itds possible to nrearanfeythet he
molecules into the most thermodynamically stable architectures. It is noteworthy that this method
has previously been successfully used to finely tune thassfimbly of various molecular systems,
including  porphyrind/  n-type perylene nawires’® ptype pentacen¥ and
hexaperibenzacoronene (HBC) structiffes.

Figure 4.27 portraits the AFM images of th@e4 (a,c) andG5 (b,d) fibers formed on the surface
using SVA method. To this end, both systems look similar, appearing as bundles ofeentang
fibers. However, a fine analysis the architecture revealsGAas moe ordered over large scale
(Figure4.27 a,c, linear structure can be clearly seen the AFM image).

Figure 4.27 AFM images of supramolecular mefete G4s aggregates drop casti CHCI, 0.6 mg/ml on
HMDS functionalized Si@after SVA (CHCI, for 48 hours). a,c) Molecul&4. b,d) MoleculeG5.
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4.6 Conclusiors

In summary, by using STM at the solid/liquid interface, we have provided direct evidence on the
subnanometer scale for e¢hengineering of guanosHbased scaffolds. We have shown that
supramolecular structures formed by ferroecerposing guanosines in solutions and at surfaces can
be tuned by introducing sterically demanding substitueatging fromG-ribbons toG,4 cationfree
architectures. This sefssembly is governed by the formation ebbhds between guanosines that
dictates the spatial localization of ferrocenes, ultimately forming 1D conjugated arrays that may be
employed as prototypes of supramolecular nanowires.

By using AFM imaging, we have monitored the sedfociation into SigSi substrate of two other
LipoG carrying a phenylG4) and ferrocenyl G5) group at the C(8) position, respectively.
Derivative G4 assembles into unprecedentgglcationfree architetures, both in CBCI, solution

and at the surface. Derivati¥gs does form isolatek, as well, but another aggregated species is
present in equilibrium. Indeed, the size of ferrocenyl moiety seems not large enough to drive the
selfassembly towards the @usive existence of isolate@4s in solution but its shape seems to
hamper pistacking and hence a shift in equilibria towards (stacked) quartets in the solid state.

Our approach demonstrates that a careful molecular design of the guanosine stariimgy tloibé

makes it possible to steer the satsembly towards the formation of a range of different thick
films, even in the absence of templating ions. The thickness was measured at more than 10 nm
according to profile recorded from the AFM images.

Unfortunately, although we were able to create an array with these guanosine derivatives, when we
applied an oxidation potential, all the ferrocene groups were oxidized, making them useless as
QCA. This is why we moved to another class of molecules: parghgee in the next chapter.
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V. Porphyrin-ferrocene hybrids

5.1 Introduction

Another possible strategy to control tresemblyof molecules on surfacnd to obtain the desired
disposition of molecular dotwas relatedo the synthesis of functionalized porphyrins containing
ferrocene..The arrangemenf metatporphyrins on surfasehas been deeplgtudyed by single
molecule imaging

The aim of this works to prove the feasibility of a porphyrin bearing different fernecgroups.
We expected that in this caseergetically different charged states would be availaldebe a
good candidate as quantum molecular cell, a hyboigphyrinferrocene must have not only the
appropriate electrochemical properties, but also Hiityato selfassemblento an orderedlinear
structure which can reproduce the architecture of a matrix teladdition, br a practical use it is
also necessary way to anchor the macrocycle asolidsurface

In particular, we identified as targe porphyrin derivatives whethke ferrocene units are located at
the meso positions of the porphine ring and hence in close proximity. In adeveodesigned
derivatives wherderroceneswvere partially or fully conjugated with the aromatic macrocydiée
expect for these derivatives a multistep oxidation process, which will allow the easy obtainment of
the doubly oxidized QCA cell, coupled with a stronger interaction between quanturi aldts/e

the formation of 1D or 2D organized architectyaeside functional groups ere planned

5.2 Project
Analysis of literature brought us to design porphyrin derivatives tivélgeneralstructure depicted
in Figure 5.1 a transA,B, porphyrin with two ferrocenes directly conjugated to the ring and

different type éfunctional group in the other two opposite meso positions

Figure 5.1 General formula of the target porphyrin.
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These other two groupaust becapable of ensuring the s@fsemblynto linear aggregatesvhile

the anchang of the molecule should occur through Van Der Waals interactions between the
surface and the macrocycle. In particular, the amide function has been identdisditlegroup

to allow the formation of hydrogen bonds betwaerghboringporphyrin rings,thusmaking the2D
aggregation possible.

In the second part of my research, we hayathesized sevak hybrids porphyrirferrocene,
summarized in Scheme 5.1, carrying ferrocene residues directly connected to the porphin core, in

order to study theielectrochemical behavior and their sadfsembly at surfaces.

NH(CH,)oCH;

Schemeb.1 Porphyrinferrocene hybrid®1-P5.

P2 andP3are two porphyrins with estéunctions ethyl and benzyl, in the two meso positions. The
goalin this casaevas to get a versatile molecule, usable as ande#llfvith two dots the complete

cell would resultbe formed thanks to hydrogen bonds between the two molaguiesconversion

of esters into carboxylic acid¥hese molecules are also intermedidte the synthesis oP4 and

P5.

Porphyrins P4 and P5 have been designed as candidate molecular unit acell halfcell,
respectively In these derivatives, the ferrocene units are located at the meso positions of the
porphine ring and hence in closemopimity. In addition, ferrocenes are either partially or fully
conjugated with the aromatic macrocycle. The amide functional groups were introduced to drive the
formation of 1D organized architectures visbbinding, while the long aliphatic chains#® have

the purpose of Ai nsul atingod the expected 1D

surface adsorption.
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We expect for these derivatives a multistep oxidation process, which will allow the easy obtainment

of the doubly oxidized QCA cell, couplavith a stronger interaction between quantum dots.

5.3 Synthetic approaches
5.3.1 P1%,10,15,26etra ferrocenyl porphyrin )

Initially, porphyrin P1, known in the literature and with four ferrocenyl groups on the meso carbons

wasprepared (kgure5.2), asareferencanodelfor the other porphyrins.

Figure 5.2 5,10,15,2&etra ferrocenyl porphyrin.

The first attempt to obtain compoufd dates back to 1976y Wollmann and Hendricksénafter

that manyauthors in recent yearsported its synthesi&>®.

The electrochemical stigs of P1 resulted in conflictingreports. Narayandnshows a single
oxidation peakat 0.54 V, Venkatramandescribestwo oxidation processeat 0.45 and 0.63 V,
Nemykir? reportstwo oxidation processat-0.10 and +0.03 V. Currently there is noique theory

to explain the reasons for the peutar electrochemical behavioaf this molecule.

We havefollowed two procdures for the preparation &1 The first® procedure usethe acid
catalysed condasation between ferrocerarboxaldehyde and pyrrole, both commetlgialailable,

and subsequent oxi damédtodnSclemes2).di ng to Lindsey

| H 1) BF3.Et,0
F-e 2) DDQ o p-cloranile
;:' _CHO + \ / o
CH,Cl; o MeCN, NH,CI
20 21

Scheme 5.5ynthesis oP L
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The main difficulty was to obtain satistary yields; inno oneof our attemptsyield reached the
reported 40%We tried to change the following reaction conditiansorderto define those that
would guarantee higher yields:
1 Solvent CH,Cl; hasled to higheryieldsthanMeCN. The solvent wasabhys degassed for
30 minutesin an ultrasonic batkinder argon atmosphere before use becats®rding to
literature, this procedure may increase the final §ielthis operationhas also been

performedn the synthesis of all other porphyrins that wal fresented below.

1 Catalyst the equivalents of BfEt,O were increased from 0.1 to 0.3, but #gustmentas

not led to significant yield increases.
1 Oxidant the use of DDQ or-ghloranilhaveled to equivalent results.

The secongbrocedurds based onhe selfcondensation ofneso ferrocenyl dipyrrometha22 and
subsequent oxidation, as in the Lindsegthod (8heme 5.3)The compoun®2 was prepared by
reaction of ferrocenecarboxaldehyde with an excess of pyrrole (40 eq) in the presence of acid
catalst, according to the generalynthetic method forthe preparationof mesesubstituted

dipyrromethanes

(=
)
@ b l 1) BF3.Et,0
F:e o . TFA | \ 2) DDQ
@ @ ¥ - CH,Cl, 0 MeCN, NH,Cl
20
21 2 LN

Scheme 5.3lternative synthesis d?1.

Two attempts have been made, employing,ClkHHor MeCN as solvent and TFA &F;Et,O as
acid catalystrespectively. In both cases, DDQ was used as oxitgnever,in either caseesults
were poorer than with the first method

Table 51 shows schematicalthe conditions used for theynthess of compoundPl. Conditions in

theentry 1 and 3 have led the bestesults.
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ENTRY | REAGENTS SOLVENTS | OXIDANT | CATALYST | YIELD
DDQ BF.EtO
1 FCCHO, pyrrolel  CHCI, _ 32 <5%
(0.8 equiv.)| (0.33 equiv.)
2 FcCHO, pyrrolel MeCN, NHCI DDQ BF,Et,0 trace
-chloranil | BF,EtO
3 FcCHO, pyrrolel  CHCL, g _ 2= <5%
(0.8 &uiv.) | (0.33 equiv.)
4 FcDPM CH,CI, DDQ TFA trace
5 FcDPM | MeCN,NHCI | DDQ BF,EtO | trace

Table 5.1 Different strategies to synthesiP4.

5.32 P2 (Porf_COOEt)

The synthesis oP2 (Scheme 5.4) starts frote oxidative degradation of digghtartrate with
periodic acid to form ethyl glyoxylate followed by reaction, in theonditions of the Lindsay
method, with dipyrromethane equipped with ferrocene group to form the final porphyrin. As acid
catalyst was used BEt,O (0.1 eq with respecbtl) and DDQ (0.8 ecgsoxidizing agent

All the attemptgo obtain the corresponding carboxylic acid Hydrolysisof P2 failed, probably

due to the easy decarboxylation of the former (vide infra)
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OEt

EtO

1) BF5Et,0

> 2) DDQ
D
CH,Cl, yield<5%

Fe
: CHO+
-

20
- NaOH/THF/H,0
- KOH/THF/H,0
- tBuOKIEtZO/Hzo
- HCI/H,0

Scheme 5.8ynthesiof P2,

5.33P3(Porf_COOBz)

The synthetic path followed for the preparationR¥ is reported in Scheme 5.9he Fischer
esterificationof tartaric acid led to dibenzyl tartrate26, which wasthen subjected to oxidative
cleavagewith of periodicacid toform benzyl glyoxylate7. The reaction of the aldehyde fuiwst
with an excess of pyrrole ithe presence of acid catalyst according to the method of Lineldéy
meso benzyloxycarbonyl dipyrromethane€8  The condensation between 28 and
ferrocencarboxalehyde followed byxidation with DDQbroughtto the formation of porphyrirP3.
Compared to the conditiomescribed for the formation 2 some adjustments have been made:

1 the oxidizing agent was used in excess (2 eq).

1 theuse of MeCN as a solvent in theesence of an excess of MH (10 eq)at 0C. Lindsey
showed how theseconditions can minimize the scramblieffect, despite of longer time of

reactions and low yields of final porphyrih.

We tried the conversion oP3 into the corresponding meslicarloxylic acid by catalytic
hydrogenolysisbut we were unable to isolate the compound
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H
N
oH 2) p-TosOH o OBz H5l0¢ H)K’(OBZ :
> Bz
HO toluene THF TFA
OH O 25 OH O 26 o 27

@ 1) BFy'Et,0
2) DDQ

+ Fe >

Hi/Pd%

Yield: 9%

Scheme 5.8ynthesis oP3.

5.34 P4 (Porf_NHFc)

The synthesis dP4 is reported in Scheme 5.frrocene was converted into iodoferené? with t-
BuLi and b. Subsequent treatmenf 30 with concentrated ammonia the presence of Cul gave
aminoferrocené1.*® Ethyl glyoxylatewas obtaired byoxidation of diethyl tartrate with periodic
acid and reaced with pyrrole to give the correspdimg dipyrromethan&2. Saponificationof 32
and reaction via EDC/HOBT coupling with amino ferrocgagedipyrromethane4, which could

be condensed witterrocenecarboxaldehyde fiarm the desired porphyriR4.
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@ 1) t-Bui @ NH; conc. @
| 2)1, Cul, Fe,0;

|
Fe —> Fe - Fe
= THF : I EtOH : NH,
< < <
29 30 31
H +7-
N KO o
OH O o
\ 21
EtO H5l0¢ OEt
OEt —> H —
Et,0 TFA
O OH o]
23 24
1) BF;E,0
1) EDC-HCI 2)bba
2) HOBT (12% H,0) cHo———
31433 —————> MeCN, NH,CI

THF

Yield: 19%

Scheme % Synthesis oP4.

5.35P5 (Porf_NHC )
The synthesis dP5 (Scheme 5.7) follows the same sequence of reactions B4, fbut decylamine

was used instead of aminoferrocene.

1) CH,(CH,)oNH,
2) EDCHCI
3) HOBT (12% H,0)

@ 1) BF;Et,0
2) DDQ %

NH(CH,)oCH,4
|
35 + Fe _—
! CHO  MeCN, NH,CI
— ‘
2 ©
H3C(H,C)gHN

P5

Yield: 16%

Scheme 5.8ynthesis oP5.
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5.4 Electrochemicd studies

The work and the characterization are still in progrésst, we report the ettrochemical study in
solution using cyclic voltammetry measurements, performed by the group of Professor Paolucci.
Ferroceneporphyrin molecule$4 andP5 were sollilized in dry dchloromethane (0.5n1M) with
tetrabutylammonium hexafluorophosphdf@APFs) as supporting electrolyte®.05 mM), Cyclic

voltammetry of derivativ®4is shown in Figure 5.3.

0.012 0.012
0.008 0.008
0.004 0.004 —
- Rl - T
-~ -
— 0 - — 0 -
-0.004 -0.004
-0.008 — T T T T T T 1 008 TT T T T T T T T T T T
2 1 0 -1 -2 12 1 08 06 04 02 O
E/V E/V

Figure 5.3 Cyclic voltammetry 0”4 0.5 mM in 0.05 mM TBAPkin DCM , potential vs SCE. Left: T = 298 K,
1 V/s. Right: T =220 K, 10 V/s.

In this spectrum we can see two distinct oxidation peak&h were attributed to oxidation of the

two different types of ferrocene locdtén the molecule:one forthe two directly conjugated
ferrocens and one for the other twdt is therefore possible to obtain a mixemlence compound

and this would confirm that thmoleculecanbe usal as aQCA cell. The observation of two peaks
suggests that, in this case, tmmmunicatbn between thp Fc residues is weak.

Regarding derivativé’5 (Figure 5.4), however, cyclic voltammetry shows again two oxidation
peaks, in which the second peak appears as a shoulder of the first. By reducing the temperature or
the scanning speethe seond peak appears better resolved. This indicates that the two Fc residues
communicate with each other from an electronic point of view and this also makes the pd?phyrin

a good candidate for the implementation of a QCA system as aceialf
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0.2 + 0.04
0.1 4 0.02
= 0 = 04
-0.1 H -0.02
-0.2 T T T T T T 1 -0.04 T T T T T T 1
2 1 0 -1 2 1 0 -1
E/V E/V

Figure 5.4 Cyclic voltammetryof P50.5 mM in 0.05 mM TBAPkin DCM , potential vs SCE. Left: T = 298 K,
5V/s. Right: T=220K, 1 V/s.

5.5 Organization on surfaces
Studies on the morphology of the assemblies originatdetandP5 are still in progress, but s@n

preliminary results show the formation of extended domains of ordered structures: in Figure 5.5 is

shown arlJHV-STM image of the topography &5 dissolved in chloroform andextrosprayed on
a Au(111) surface

Figure 5.5STM image (at 77K) oP5on Au(111) surface.

A closer look at these domains (Figure 5.6, top) reveals an ordered arrangement elikéoBbn
structures, with a unit cefin red)of 3.6 x 1.5 nm and aangleof 123°. Figures 5.6 A and B refer

to images acquired with two differenT8 tips.
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Figure 5.6 UHV-STM Topography25pA, -2.2V) of P5 on gold.

Modelling of these images (Figure 5.6, bottom) confirms the formation of linear tapes of
porphyrins, insulated by aliphatic tails. Nonetheless, the-assmbly seems conted by
lipophilic forces between aliphatic tails rather than by hydrogen bonding between amide groups. As
a consequence, the orientation of the molecular units with respect to the ribbon axis is not the
optimal one.

While further studies are in progress BA we decided to synthesize porphyRf (Scheme 5.8)

with the aim of polymerizing via the STftip the molecule deposited on a suitable surface to
form, in this case, a conducting 2D polymer with the proper disposition of ferrocene units.

Polymerizatiorexperiments are currently in progress.

@ . . e BrOCHo
Fe N N\
<" () | N

20 21

— 1) BF;.Et,0
HN 2) cloranile
22 A

Scheme 5.8ynthesis oP6.
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VI. Supramolecular photoswitchable hydrogels

6.1 Introduction

A gelis a substancwith these propertieg1) a continuas microscopic structure with macroscopic
dimensions that is permanent at the time scale of an analytical experiment and (Bkesolid
rheology despite being predominantly liqdfdA gel can forma solidlike network (gel phase)
which restricts the bullow of the liquid component (sol phasdf)the solvent used to form the gel
is water, the resulting gel is called a hydrogel.

In contrast to the covalently linked networikspolymeric gelsthe fibrous network of a physical
gel forms through noncovaldninteractions, such as ionic forces, hydrophobic interactiotis,
stacking, and hydrogen bonding. Supramolecular®*géiswhich small organic molecules self
assemble to form fibersre an example of physical gels: such mateegsadsvery attractivelue to
their potential biocompatibty and biodegradability

Nucleosidesand nucleic acidare examples of supramolecular geésed on natural producidere
selfassembly and molecular recognition of nucleobaseasvolved. As mentioned in Chapter 4,
guanosine (G) showsnique seHassembligscontaining both a WatseCrick edge and Hoogsteen
edge and some of the gels formed with G and its derivatives show notable promise for separations
and biomedical applications.

Guanosine derivaguaaessi iier me rGVPphave pedraknavn to 5 6
form gel$ typically via templation of G4quartet motif3 by cations such as’kand N4, where four
guanine bases form a macrocyle that is held together by hydrogen bonds -digdnidrdipole
interactions. The role of the cation is to assist the stacking of individdajuartets to give
extended G4wires, which ultimately form the fibergsponsible ohydrogel formationin order to
obtain these guanine hydrogels, high concentratidke nucleobase gelat@generally >0.05 M)
and KCI (0.1H0.5 M) were neededrlhis requirements likely because of the competition from
water, that makesformation of the G uar t et 6 s hydr odipelamintebactiond s an
challenging.

Recently, Davis and coworkersported studies on a G4-Kydrogel,where gelation of water by
guanosine (G 1) itself is achieved lagdition of just 0.5 equiv of KB(OH)relative to the
concentration of the gelat@ 1 (Scheme 6.15.The countercation in the boratetsstrongly alters
the physical properties of the hydroggtldition of 0.5 equiv. of KB(OH)to G 1 (1 wt%; 36 mM)

in water gave atrongest transparent gel (vial K), while tiveakest system was obtained with
LiB(OH)4, (0.5 equiv.), obtaining a frefowing solution (vial Li).Althoughthe LiB(OH), helps to

disolve G 1 by forming borate este(snonoestef and diastereomeric diestdsand4), the sample
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does not gel with Lias cation. This islue to the fact that Kis far better than LCiat stabilizing G4

quartets.

Scheme6.1 Proposed mechanism for getatiof water byG 1 and KB(OH), via formation of GB borate
monoesteR and diester8/4, followed by formation and stacking of G4*Muartets and intermolecular

association of G4wvires.

6.2 Project

Responsive and dynamic hydrogels alearly attractive for many applications, including sensing
of biomolecules and ions, as media for cell culture, tissungineering and targeted drug
delivery 8910

During the period at the Univaty of Maryland, in the Prof. Jefferpavisb research group, |
worked on he synthesis and characterization of specific dyes, containing azobenzene igroups,
orderto insert themn the guanosine hydrogels well know that small molecules can promote and
stabilize supramolecular assemblieFor example, S| e i mgroup sdemortsated® that
intercalators could program sel§sembly of oligonucleotides into welllefined DNA
nanostructuresDavis and ceworkers also investigateithteractons of dyes with supramolecular
hydrogels made from guanosimed borate salts. Both of theseexamples show the role of
chaperones to control forrmnd function in supramoleculassemblies, particularl{hose made

from DNA nucleobases.
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