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Foreword

1. Foreword

Chirality is a intriguing molecular propertyoccurring in different chemical fields: organic

chemistry, bioorgami chemistry, biochemistry, medicinal chemistry are just few examples of

areas where chirality has a dominant role.

However, chirality is not just a concept confined to chemistry but it is hidden in everyday life on

Earth.

CKS g2NR GOKANI YyDAEY(IRONEBEA. FNBY GKIYyReéXZ | yR A
not to be superimposable to its mirror image. From this definition it appears immediately clear

GKS 2NRAIAAY 2F (GKS 62NR AGOKANIfAGEREY OKANIE Y2f S
just like hands or feein such a case, there are two possible forms of the same object, which are
calledenantiomersagain from GreekA h A YSI yAy 3 a2 bBILRZEIHGEY 3 YRLI NI ¢ @
Condition for chirality is the absence of second order symmeleynents. A chiral object of

whatsoever nature does not possess any symmetry plapenr inversion centrei), nor roto

reflexion axes).

COOH COOH
sl H Hitme
HsC CH,
NH,  H,N

Figurel: Left and right hand,- and D-alanine.

Chirality, however, extends to less intuitive situationshirality properties characterizethe

mathematical and geometric worldfor example, heties are chiral objectsndeed, helees (like

screws and propellers) exist in a clockwise and an aitickwi® shape which are not

superimposable mirroh Y 3S&4® CNRBY (KS KSt AEKIOZK OBHAS O2 YISa s k
spread easy way to understand vectors, a cornerstone in mathematics and physics.

Furthermore chirality is not only a theoretical trick toxplain mathematical concepts: chirality is

fundamental inNature, frominorganic materialéo animals and humans. Crystals, for example,
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can be chiral, as Louis Pasteur first noticed and explained: in 1848 he could manually separate
crystals of (R 3R)- and (25 39-tartaric acid demonstratingalso that solutios of the two acids

had opposite optical rotation. After thisistorical example, chirality was found frequently
occurring phenomenonin crystals: inFigure 2 it is possible to observe two couples of
enantiomeric quartz crystals; in this case, chirality in quartz is related to the nature of bonding
between tetrahedral silicate groups, which results in either rghtleft-handed helixes running

through these networkcovalent solids!

Figure2: Two couples oénantiomericquartz crystals!

In living organismschirality is more frequent and nuch more important thanin minerals:
gastropod shells, produced by molluskepw anelliptical chiral structure. Ifrigure3 pictures of
two shells are reported, both froldeptuneagenus, with opposite helix cogfiration. Anyhow it
is funny to notice that Nature clearly selected a preferential structure: the 90% of gastropod

shells, indeed, are dextral (or righanded)ones

Figure3: Neptunea angulatshell (left) and\Neptunea despeatshell (righ}.ld

The biological examples of chirality are countless: tree logs, vines, roots or leaves in some plants
are some of the macroscopic righr left-handed biological structures.
The examples of dtality reported so far underline how this conceptwidespreadbut, back to

the issue, chiralitynvolvesfundamentalconsequencesspecially in chemistry.

13
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The presenceof chirality in moleculesis strictly related to the presenceof at least one

stereoganic element: #reogenic elementsassociated to chiralityare generally rigid

tridimensional elementastructures, constituted either by a single atom or by a group of atoms,
characterized by directional ligandBhe permutation of two ligands produces tergeoisomer of

the original moleculé®

Chemists haveindividuated the most commonly occurringlemental structureswhich are

responsible, when present, for theexistence of stereoisomers enantiomers and
diastereoisomers,n order to facilitate the description of how the atoms @dch stereocisomer

are distributed inthe space. Sufficient, but not necessary, conditiorproducestereoisomers is

the presence in the molecule of at least one stereogenic element.

In fact, some organic moleculexist as different stexoisomeric speciesven though devoid of

classical rigid stereogenic elements, like topological stereoisdfiters yR G KS &2 O ft SR
stereoisomers® Topological stereoisomers, like thréail knots oriented catenanesand
a2So0Adza aGNRARLIA | NB OKINIOGSNARATI SR 6& aYSOKIYAOIf ¢
The most popular tridimensional stereogenic elements, then capable of generatingjtghira

molecule are the stereogenic center, or stereocentethe stereogenic axisthe stereogenic

planeand thehelix.

The enantiomers display identical scalar physicalperties (progrties devoid of sign), like
melting point boiling point solubiity, np and UV, IRandNMRspectra. They are characterized by
identical energies, at least at a macroscopic level.

Two enantiomers display opposite pseusitalar physical properties (properties endowedhwi
opposite sign), like2 LJG A O £ N2 {d), (aBdNdrculdrJgieh®isid (éléctronic CD and
vibrational CD). Most importantlythey exhibit different reactivity towardschiral reagents®
Although characterized bythe same chemicgbhysical propertiestwo enantiomers are not
interchangeable when they interact with a chiral environment.

For example(R)-carvonesmells of spearmint oil whil€§-carvone smells of caraway oil:(2&
isobutylphenyl)propanoic acidrigure4 A), better known as the painkiller ibuprofen, has the
desired pharmacological effect in it§-configuration, while theR-form isneaty inactive
(R-Thalidomide is an effective sedative, which has a soothing effect thavesi anxiety and
makes the patient drowsywvhile the §-enantiomer is known to cause teratogenic birth defects
called phocomelia, a congenital disorder involving malformation of the li(Rizgure4 B). In
1960s inGermany, thalidomide could be bought withoutpaescriptionand shortly after the

drug was sold, 5,008,000 infants were born with phocomelia. It was fugtlproposed that the

14
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thalidomide tragedy could have been avoided if the sinfleefantiomer had been usedbut

humans interconvert9- and R)-thalidomide enantiomers rapidligy both oral and intravenous

HO (6] HO (6]
O 0 O 0
NH NH
B Nive (o] N (o]
(o] (e}

Figured: A)S andR-ibuprofen. B)S and Rthalidomide.

assumptiord”

It appears clearly why the choice of the right enantiomer and the evaluation of a possible
interconversion between enantiomers ar® crucial, especially for drugs: enantiomers are
involved ina stereoselectiveecognition by biological receptors inside and outside cells. The two
enantiomers of the same molecules differ in their interactions with targets (generally enzymes,
proteinsor other chiral molecules) and these differences in interactions lead to differences in
the biological activities of the two enantiomers, such as their pharmacology, pharmacokinetics,

metabolism, toxicity or immune response.

The aim of this PhD work was exploit the properties of a class of molecules endowed with
axial stereogenicity, antb use them to obtain innovative structures suitable for the realization

of enantioselective sensors.

We are aware thathe potential inherentto chiral molecules is ailost unlimited ancthat this
work represents just a little, butarefullyinvestigatedand hopefully innovative steptoward a

better knowledge of stereoselective phenomena

G, 2dz2 9yl ydA2Ys

Dual but the same
Wrap the taste of the essence
Meaning of twin aistence

¢o2 F2N¥az 2yS LI (K=

Chirality, Chaos Plague
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2. Introduction: electroactive polymers andthe dinherent

chiralityt¢ 02y OS LJi
2.1. Organic semiconductors

Since the discovery of the photoelectric effect by thaidn Pochettind® consisting in the
emission of electrons from a material when light is shone over the material, many organic
compounds have been studied as mdithctional materials due to their capability of showing
different and remarkableproperties such as charge transport, light absorption/emission,
photoconductivity or electroluminescence.

All the abovementioned peculiar properties of these materials are certainly related to their
chemical structure and can be strictly correlated to thiNE & Sy OS 2 T -canfugjate$ y 0Sa 2 F
R2dzo0f S o62yRa |t2y3 GKS oaconupaied oftalshighlyideldalizé@ f S Odz S«
over the carbons of the backbone, can create the electronic mobility suitable for giving origin to
semiconducting propertis. Organic semiconductors (OSCsipyglemolecule or polymeric
semiconductors, show peculiar optical and electronic properties which make them suitable
candidates, as the traditional inorganic counterpart, for the preparation of optoelectronic
devices. Hwever, the critical and the most widely explored features in OSCs are the
HOMO/LUMO energy gap and the possibility of performing chemical or electrochemical doping.
The oxidative f doping) or reductivedoping (n doping), which converts OSCs from insulator

into reliable conductors, is a key point in the preparation aitenials suitable for the above
mentioned applications.

Furthermore, the main advantage of the OS€a better processability compared to their
inorganic counterparts. In addition, it is ggible to customize the chemical structure in order to
modify the chemicaphysical properties, tuning some characteristics of the material for a
specific purpose. A further interesting feature of the OSCs relies on the possibility of casting films
at roomtemperature and on flexible, transparent and cheap substrates.

The potential applications of OSCs were realized and described for the first time in 1976 by
Shirakawa, Heeger and MacDiarmid, when a redox potential was applied to an intrinsically
insulating organic polymer, the polyacetylene, for the first tidfe.The polyacetylene,
considerable as the prototype of polymeric OSCs and the simplest member of the family, is an

insulator at the fundamental state (with @nductivity lower than 18 Wlcnt? but was turned
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into a strong charge conductor when it was oxidized by exposure to iodine vapors, acquiring a
10P times greater conductivity, thus attaining values close to those exhibited by silver.

This behavior is duto the small ionization potential of the conjugated chain, since phe
electrons can be relatively easily removed to form a polymeric cation without substantial

disruption of thes bonds which are responsible for maintaining the connectivity of the

polymeric backbone, as shown Figure5.

conduction b.
Y A
E

electron affinity y ¢ conduction b.

/k valence b. valence b.

ionization potential

Figureb: themicalp doping ofpolyacetylene

The origin of the finite energy gap in conjugated systems lies iralieenation of single and
double bonds. In the hypothetical case of complete electron delocalization, allgBebGnds

should have an equal length and the extension of the conjugated chain would produce a

progressive closure of the energy gap

Total Energy

—AI'O 0 +AI'0

Schemel: BLA and lowering of band gappolyacetylene

Theoretical and experimental workhowever, has shown that onelimensional conjugated

systems are unstablé? the combined effects of electrephonon coupling and electron
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electron correlation lead to the localizationpiSf SOGNRByYya ¢gAGK GKS | LISNI dzNB
1.50 eV in the case of a simple polyenic syst@mus bond length alternation (BLA) represents

the major contribution to the magnitude ghe energy gap§chemel). Consequentlysynthetic

approaches leading to structural modifications resulting in a reduced BLA can be expected to
produce a decrease in tHe€OMGLUMO gapt!

The second generation of OSCs was charactertzgdpeculiar structural and chemical
modification of the backbone, consisting in the substitution of thetralhs double bond
conjugated chain with carbocyclic or heterocyclic aromatic rings. This approach maintained an
efficient conjugation in the systerand produced a greatly improved stability of the material,
making also much more feasible its functionalizatidnMoreover, the introduction of hetero
aromatic systems into the conjugated chain hugely enlargesl panorama of synthetically
accessible compounds, allowing an even rfibening of the optical and of the electronic
properties.

Thesecond generation OS@ghich attracted greatest attention by the scientific communéye
based on polypara-phenylene(PPF, polyphenylenevinyleneéPPV), poly-aniline PAN) and poly
2,5 thiophene PT) (Figureb).

PANI

s L4 N\ ]| s s | 4\ s
\ /| ST\ /[ ST\
n hex n hex
PT P3HT

Figure6: PPP, PPV, PARTand P3HTGeneral structures.

Unlike polyenespoly-aromatic systems have a nalegenerate ground state. Thus, contrary to
polyenic systems, the two litmng mesomeridorms obtained by the flip ahe double bonds are

not energetically equivalentScheme2). While the aromatic form is energetically more stable,
the quinoid form has a higher energy and a lower energy§apbviously, the energy needed
to switch from the aromatic to the quinoid formiirectly depends on the aromatic stabilization

resonance energy of the aromatic unit.
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Scheme2: BLA and lowering of band gapPT, aromatic and quinoid form

This resonance effect tends to dore the p-electrons within the aromatic ring and hence to
prevent their delocalization along the whole conjugated chain. Despite the extremely interesting
optoelectronic and chargeonduction properties, these polymers generally show a dramatic
insolubilty in organic solvents, even in the case of low molecular weight oligomers, such as the
sedphenylene and séthiophenesystems

The aromatic backbone has been functionalized with alkyl chains, ether functions, aromatic rings
or polar groups to enhance theplubility and to improve the performances of the final material.
Unlike the polyacetylene, théntroduction of substituents does not compromise the electric
properties of the polymer. InFigure 6 the regioregularpoly(3hexylthiophene) (P3HT) is
reported, one of the most popular polymeric OSCs employed as donor materials in bulk
heterojunction solar cells. P3HT represent an example of functionalized pglipaszd on the
simpler PT, properly modified to improve Igbility without modification of the conductive
backbone4

Also those materialdjke polyacetylene, are insulator in their fundamental state but dree
conductorsas a result of a doping procesike anticipatd, it can be oxidative, the most
commonly usedprocessfor polythiophene materials, or reductivelrhe p- and the n-doping
process consists respectively in removal or injection of one or two electrotigring onevery

three heterocyclic unitsin the cas of p-doping, oxidation develops through theubsequent
formation of species defined respectively polaron and bipolaron, as schemati&dame3 for

the case oPTp-doping.
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Sheme3: Insulator and semiconductor state for PT polymer.

The most common polymerization method, used for the preparation of polythiophenes, consists
on an oxidative treatment that can be performed by chemical or electrochemicalesss.

The application of an oxidat process with a chemical oxidant, such as FeC(NH).S0s,

leads to the formation of powders with polymeric structure, whisgthaveas current conductors

but are, unfortunately, insoluble in most organic solt&nThe counteraniors A (Scheme 3)
coming from the oxidizing agent (eg: @hd HS®/SQ? respectively from Feg€and (NH),S0s)

is incorporated in the material to compensate for the "holes" (electronic defiiés) due tdhe
electronic removal

As forthe preparation of electroactive polymers by electrochemigab-reduction processes,

the imposition of an oxidative potential sufficient to induce the oxidation of a monomer leads to
the deposition of the polyrar on the surface othe working electrode. Electrochemically
oxidized monomers can be deposited on different electrodes surfaces: Gold, Hiduoxide
(ITO), Platinum, glassy carbon (GC) electrodes are suitable for the deposition of electroactive
polymeric materials and the choice of differestibstratescorrespors, often, to very different
investigation techniques.

However, in any case, the initial polymerizatisteps corresponding to the oxidation of the
monomer and to thdormation ofoligomets, may occur in solutiorrather thanon the electrode
surface. Moreover, in the electrochemical synthesis, thesi&n which compensat¢he charge

of the holesinduced by oxidative dopingre extracted by the supporting electrolyte during the

deposition procss.
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2.2. Chiral electroactive materials

Chiral electroactive materials were investigated with the aim of combining in the same material
the conduction properties typical for OSCs polymers with the ability to discriminate between the
two enantiomers of an angle.

Chirality is generally introduced in the polyconjugated semiconductors by attaching chiral
pendants to the electroactive backbone and the presence of carbon stereocenters invariably
characterizes the chiral substituents.

A wide variety of examples thaxploit this general approach are known in literature; many
natural chiral substituents were selected for the siti@ins functionalization andn particulat
sugars, amino acids or artificially synthesized structures designed for this specific applicat
The most studied chiral polymers were the thiophdrased ones, derived from the chemical or
electrochemical oxidation of thiophenmaonomersfunctionalized in position!314 or 3,417

This approach however, s not limited to the design of chirabligo- and polythiophenesonly
(someexamplesare reportedin Figure 7) but other examplegoncern the possibilitypf using

poly-pyrrole'® derivatives(some examples aneported inFigures).

R* 3 ;
7\ /\/Oﬁ \’\/o o\>_/ 2
S

" \/OJ\/ m R

C, symmetry R* = n 7\

C, symmetry S
/o\/Lko/\%o\ 2 n
4

Figure7: Literature exampled1918[17 of chiral sidechain functionalization for thiopherbased polymers.

/ N\
N e )J\/\[(o\‘)ko/\
H H " / \ " )cL/\O/ i
H o]
HN\”/\OH g ] \‘)\OH
o R'=H, Ts

Figure8: Literature exampled8 of chiral sidechain functionalization for pyrroteased polymers.

A general drawback of this kind of chiral electroactive materials is that they give relevant
chirality manifesations only under particular experimental conditions. For example, in the case

reported in Figure9, no CD signal is detectable in GHlution, while a progressive signal
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increase is observed by subsequent aibais of aggregating protic solvents, like methanol,

which induce a helical arrangementarchain aggregation proce§d.

400
300

200

CD (mdeg)

100 -

-100

-200

300 400 500 600 700 800
Wavelength (nm)

Figure9: Helical arrangement (top) and CD profile with e@asing amounts of MeQtaggregating protic solvent
(bottom).[”]

In addition, a furtheraspect to be considered is the fact théte alpha positionsof the 3
functionalized monomersare constitutionally heterotopi due to the G-symmetry By
consequence the polymers resulting from oxidati@f this kind of monomersare not
constitutionallyregularbeing constituted by a mixture of different regioisomeiss reported in

Figurelo.
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R* R* R* R
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FigurelO: Different regioisomeic trimeric units resulting frona G-symmetric monomer.

In order to obtain ordered materialgt is necessary to perform a regioselecticeemical

polymeriation, generally quite laborioyas reported by Kan#aguire and cevorkers*¥

One of the most attractive application for this kind of materials is in the fiekhahtioselective
sensorg'¥being welldocumentedthat the electrically conductive polymers are able to modify
their electrical properties in the presence of organic substances. By consequence, if the
conductive materigl a film over the sensors surfaci this case,is chiral, it may behave
differently in the presence of one af the other enantiomer of a chiral analyte and, possibly
giving well-defineddifferent response.

However, few examples are reported in literature. Outstanding results were obtairneh a

chiral electroactive compound was employed in the realization of an Organic-Hffelct
Transistor (OFEY shown inScheme4. The device is characterized by aubte layer able of
combine field effects and chiral enantiorecognition. The two layers are constituted by two

alkoxyphenylthiophendased oligomers which differ only in the structure of the sitl@ins.

B-(R)/(S)-citronellol
(R)/(S)-carvone )

PTA  R= \/\/\/\o)k(\©
source drain 0 NH
AcO Y
PTA or PTG \# O\’/
0]
= OAc
PTG R ORp

PTO
AcO

Sio,

Si

gate PTO R= NN

[20]

Schemet: OFET generatructureand sidechainmoieties

The amino acid-phenylalanineN-. h / | -BFdRucose tetraacetate, responsible for chiral
recognition, respectively in PTA and PTG, were chaseaxamples of chiral substituenesasily

available from natural sources amkxpensive.
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It was found to be essential to combine the thayers because, wheonly one vasused, it vas

not possible to observe the smlled amplified current field effectprobably due to the steric

hindrance of the substituents on the sidfains.

The response of a transistor based on PTA / PTO structure exposed to vap®s @-(

citronellol and their corresponding racemates is reportedrigurell. It is immediately clear

that the response of the two enantiomers is different andparticulas the Senantiomer shows

a higher current intensity than thRone.

(S)-(-)-B-citronellol

-3,0
-2,51
E'Z’Oj V, =-100V
£.-1,51
I !
05 /i,,{::i""

Sl &
/ly/ _
Racemate »
If_,..--" l

(R)-(+)-B-citronellol

B-citronellol [ppm]

0 5 10 15 20 25 30 35

Figurell: Typical arrent intensityvs. concentratiorcurve showing the response as current
increment of an electrolyteyated OFET biosensorttee two enantiomers ob-citronellol and its racemat&9
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iKS NBalLkyas

27T

iKS

GNJF yaraidz2zN oSELNS

linearly correlated with the concentration of the vapors and the racemate shows an

intermediate behaviour, as expected, between the two enantiopure profiles. Last but not least,

the sensitivity of this technique is remarkapkdlowing to measure vapors concentration of 5

ppm and even below. The sensitivity is, of course, crucial forahability and the feasibility of

the devices and their possible applications.

Another use of these materials, particularly interestimgour research perspectivess the

possibility ofprepaiing modified electrodes. Few examples are known and thelltesobtained

are partially satisfying becaus¢he modified electrodes reported in literature exhibit weak

responses towards the enantiomers of the same analyte.
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Dong and cawvorkers!?Y for example, reported thepreparationof a chiral electrode obtained
coating a GCEs with a film of the modified pDOT reported ifrigure 7 The chiral EDOT,
nicknamed agR)- or (§-PEDTMPPwas electropolymerized in GEb. In Figurel2 it is possible

to observe the response of the electrodes during cyclic voltammetry analysis. As previously
mentioned a small difference, expressed in mV, between the CV profile of the two enantiomers

of DOPA could be measured and (B¥ patternsesulted to be almost superimposable.

| —— D-DOPA
- == [-DOPA

D-DOPA
- = == L-DOPA

#####

S

A

Current / pA
=

Current / A

A0F
0.3

0.3 0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8

Figurel2: Enantioselective properties of modified electrodes (coated with pED@Tionalized withchiral

pendant). A)(R-PEDTMPP B)9-PEDTMPP. CV condition: 0.25 M$0 containing 0.5 mM-DOPA (dashed line) or
D-DOPA (solid line), 50 m¥ scan ratd21

Another drawback of those kind of modified electrodes is that the response towards the
enantiomers is generally expressed through the curietgnsity and not through the absolute
potential required for the oxidation of the analyte. This is the case reported by Pleus and
Schwientek® who electrodeposited on platinum electrodes the chiral pyrrole momosm
reported inFigure8. Different pyrrole * or 3-substituted with chiral pendants were employed as
starting material for the preparation of chiral sensors that were tested in the presence of the
two enantiomersof camphosulfonic acid (CSA) as supporting electrolyte and doping agent. The
results obtained areeported in Figure 13 showing thatthe observed differences in current
densitiesarerathera YI £ £ 60Sf 2 ¢ > 00

TN
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(R)-)-CSA

10 mVs

-0.2V + 0.8V

Figurel3: Enantioselective properties of modified electrodes (coated with polypyftoietionalizedwith chiral
pendant). CV condition: ACN containir@-(-)-CSA or®-(+)}CSA (0.M) as doping agen,0 mV st scanrate. (18

2.2.1. Chiral electrodesind chiral sensors

Many different approaches were reported in literature to realize chiral electrodesnvaiving
the electrodeposition of chiral monomers.

The first @proach, suggested first by Muskal andworkerd?@in 1995, then by Nakanisti
and Fu?¥ involves the preparation of sensomodified with chiral Selissembled Monolayers
(SAMs): different selected monolayersv-hercaptocarboxylic acid, homocysteine -
isobutyrytL-(D)-cysteine) were employed to functionalize electrodes (Hg or, Aagding to
remarkable results in terms @hantioselectivity Furthermore, it was highlighted that nanosized
chiral spaces are fundamental as enantiosetattites, suggesting thaa strong correlation
between structure and organization in the monolayer should be involved.

Specifically, Muskaleported the preparation of a SAM obtained with a carbomethoxy
phenylalanine derivative of-Bercaptohexanoic acid and the properties of a hanging mercury
drop electrode (HMDE) modifiesith D-, L-, and theDL-monolayerwere evaluated.

In Figure14 it is possible to observe the cyclic voltammograms of Rglfitbn a modified

electrode with the enantiopure SAMs and racemic SAM versus the unmodified electrode: it is

evident that the rate of electron transfer of the dex couple is substantially decreased by the
presence of a monolayer and, specifically, the electron transfer extdt be less intense on

HMDE modified with heterochiral monolayeith respect to homochiral monolayer.
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This behaviouwas consideredhttributable to the organization of the layers dhe electrode

surfaces.
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Figurel4: Cyclic voltammetry of 1 mMRu(NH)e3*in 0.1 M acetate buffer (pH 6.0) on a bare HMDE (1) and on mercury
drops modified with pure enantiomer® (2), L (3), andracemic mixture (4)1.00 mV ¢ scanrate.[?2
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homocysteine (Hcy) deposited on the (1ftjented gold surfaceand they tested, after the

chiral SAMs deposition, the redox behavior of-8idydroxyphenylalanine (DOPA) in acidic

solution. The shape of the voltammograms, reportedigue 15was found to dependpon the

combination of the chirality of- and D-Hcy and that of- and D-DOPA.: it is possible to observe

that the difference between the oxidation and reduction potential for the DOPA enantiomers on

the different SAMs reach values between 50 and 100 mV.
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Figue 15: A)Cyclic voltammograms for redox reactions of DOPA at gold electrodes modifiedkdty B) Cyclic
voltammograms for redox reactions of DOPA at gold electrodes modifiedDattty; both in aqueous 0.25 MEQ.
Red and bla curves represent the voltammograms f@randL-DOPA, respectively. C) CV profile obtained with bare
gold electrode fot-DOPA5 mV ¢ scanrate.23
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A third example considering the use of SAM for the enaatiognition of chiral analytes comes
from the research of FEwa sensor, obtained froml-isobutyrytL-(D)-cysteine (NIBC) enantiomers
selfassembled monolayer was tested for recognizing the enantiomers of DOPi§uhel6it is
reported thatL- and D-DOPA display identical CV profiles on a bare gold electwhige there is

a variation in the current intensity wimea chiral SAM electrode is employed. The effect of some
interferences was also investigated and theastiorecognition ability was tested also in the
presence of ascorbic acid or tyrosjrsnce electrochemicallglosely related to DORPAhetests

performed with interferences give satisfying results.
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Figurel6: Cyclic voltammetes for redox reactions of 5 mMDOPA (a) anB-DOPA (b) in 0.25 M,HQ, 100 mV g
scan rate A) Bare gold electrode, BNIBGAuU functionalized, )-NIBGAufunctionalized?4

Chiral electrodes can be algwepared by functionalization with chiral molecular layers: ®ie

and coworkers prepared a chiral electrochemical sensor via cysteic acid modified glassy carbon

electrode that resulted to be suitabl®r discrininating tyrosine enantiomersWhile pevious

research vas focused on theevaluation of different peak current density between two

enantiomers the Authors suggestéd a new method the main @al of whichconsised in the fact

that enantioselection evaluatioms based orthe difference between theoxidation potential

peaks. In Figurel? different voltammograms are reported: on GY3C modified electrodes, the

oxidative potential of the enantiomers of tyrosine shifted a#igely, and the peak current
AYONBFASRT Ay LI NIAOdzZ I NE &S JPkas PBNB eS8 2 F (G KS
mV.
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05 06 07 08 09 1.0
E/V (vs. Ag/AgCI)

Figurel?: Different potential voltammograms of (& Tyr on GC electrode (orange dashed ling)L{Tyr on GC
electrode (blue solid line), (€} Tyr on CyAGC electrode and (d} Tyr on CyAGCelectrodel23

Another approachgelaborated by Kuh?®?? and coworkers, consist in the preparation of
molecularly imprinted chiral mesoporous metal surfacesesth materials were obtained by
electrochemical reduction of platinum salts in the presence of a liquid crystal phasehaat c
molecules I and D-DOPA orR- and Smandelic acid): the matrix obtained through this
procedure showed outstanding enantiodiscrimination ability betwdla enantiomers of the
imprinted molecules and it was used as chiral electro@tee general struiure of the chiral
imprinted mesoporous platinum film is depicted Figure 18 A: Pt is deposited oran Au
electrode surface in the presence afliquid crystal andthe chiral template; surfactant and
DOPA are theremoved byaccurate washingvith large amouns of water, leading to an
alignment of the mesopores in a hexagonal lattice. The electrodes were studied by differential
pulse voltammetryDPV)and the profile obtainedvith chiral electrode imprinted with-DOPA is

shown in Figurel8B.

A B 32 T T T
——1in .-DOPA solution
30 - : in p-DOPA solution

Gold-coated glass Si9®

0.2 0.3 0.4 0.5 0.6
Potential versus Ag/AgCl (V)

Figurel8: A) Mesoporous chiral matrix structure. BPV othiral mesoporous platinum electrode imprinted with
DOPA using BDOPA/PtGF ratio of 1/25. C\tonditions:50 mM HCI containing 4 miking kor D- DOPA as
probes!28
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A high difference between the electroxidation current densities was observed due to the

different interaction between the eentiomers of DOPA with the chiral mesoporous surface.

The apparent drawback of this approach is thas kind of electrodesre able to discriminate,

at least in theory, only the enantiomers employed to imprint them.

2.3. dnherently chirak electroactive maerials

In the research group where the present PhD thesis was developed, a newigindladesign of
chiral electractive materials was developed few years ago. A new class of chicdigo- and
poly-heterocyclescompletely different from those repoed in the literature wasdesigred: they

are prepared byxidation of monomers displaying the general structure showrigurel9.

Figurel9: General structure dhe class ofinherently chiralOSCsnonomers

The guidelines followed for designing this kind of monomafs based on the following
rationale:

1 Chirality results from a tailored torsion internally generatatbng the conducting
oligothiophene backboneFrom here comes the apfative of inherently chiral
monomers, since the stereogenic element, namely the stereogenic axis, is not external
to the conjugated chainjke in the previousy mentioned literature examplesbut it is
part of it. Thus, the same conjugated system respble for the optical and
electrochemical properties of the materials is also responsible for molecular chirality
and, by consequence, the chiroptical and enantiorecognition properties of the material

are strictly correlated to the electrochemical ones.
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1 The stereogenic core responsible for chirality (a stereogenic axis) is an atropisomeric
bithiophene or bipyrrole systenBoth sub-classeshave beendeeply investigated and
many new members of botbf themhave beerprepared in our laboratories.

1 The stereogeit unit is tailored to conjugatively interconnect the two bithienyl termini
as indicated by the red conjugated sequence in the formula repaatex/e

1 A node is located on the interanular bond: conjugative transmission between the two
halves is not prechled, while polymeric network tridimensionality is important for
amplifying the electreoptical performances.

1 The symmetry of the monomers i&. Thus, the thiophenacgpositions involved in the
oxidative polymerization are homotopic and full regioregulanty the polymers is

guaranteed.

The first intrinsically nofplanar, dissymmetrical multithiophenébased monomer, the 2,2'

0 A a éithibphaRe5-yl)-3,3-bithianaphthene, nicknamed B, was synthesizedew years
aga!® Its general structure is reported fRigure20: the red circle represents the central node
associated to @alculatedtorsional angle of 7Q%roving the nonplanarity of the structureThe
green small sgdzk NBa NBLINBa Sy i -paskidd, the ddy siit§oheMasifidng for h
chemicd or electrochemical oxidation. Their homotopism guarantees full regioregularity of the

oxidation products.

Figure20: Structural formula of BTs and dihedral angle between the twalves!28

The stereogeni@xiscoincidsg A 1 K G KS 03Xo0Q AhhdeGdiotgtida alodths2 Yy RT
axis produces a couple of atropisoneenantiomers(Figure21). Discrete Fourier Transform
(DFT) calculatissuggestd a racemization barrier value of 4&al mot!, confirming that the

interconvession ofthe antipodes can develop at very high temperature, higher than 100 °C
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Figure21: Structural formulas ofR)- and §-BT,T, enantiomers.

BT.T. was prepared starting from the commercially available thianaphthene, according to the
strategy reported inSchemeb. The thianaphthene was brominated inp8sition with liquid
bromine in a chloroform solution and in the presence of sodium acetate; the 3
bromothianaphtene) g I & (G KSy 02 y @ ShiiaGaphtheng 8) 2hrougk &oppek o0 Q
dichloride mediated anion coupling performed-@0°C.¢ K S -dibtbmo® -witianaphthene

(4), which isthe key intermediate, was obtained through a bromination reaction in the presence

of potassium acetate in a 55% yield

y O
Br 1)BuLi
@ Bra THF, N
_— \ —_—
s’ CHCl, g 2cuCh ‘ N\

AcONa -90°C s
73% 49%

3
l CH,Cl,

Brz | AcOK
55%
Br \S O %smua
Pd(PPhs),
—_—
O N Br toluene
S reflux
98%
4 (BT,Br,) 1

Schemés: Synthesis of racemic B.

The final step is the palladium (0) catalyzed SHIB | O A 2 Yy 0 SdibboS&dgrivaiies H I H Q
and the 5tributylstannytd Z-kitliophene 6), obtained, in turn, by reactionfahe anion of the
H Z-bitlophene with tributystannylchloride Schemes).

1) BuLi i
I\ s THF S.__snBu,

s
S N\ / 2)Bussnci \_/
-78°C to rt
80%

Schemes: Synthesis of &ributylstannytH >-bitllophene.
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Thanks to this ather simple reaction schem&T,;T, could beobtained insatisfactory overall
yields andts propertiesdeeply investigated.

The monomer was electrochemical and spectroelectrochemical characterized: the material
resulting from the electrgpolymerization ofl as racemate revealed very interesting properties.
For example, it worked excellently as an efficient cilogeer and threedimensional promoter
when used as a emonomer in an electropolymerization process essential step for the
preparation of a Matcularly Imprinted Polymer (MIP), or even exceptionally performing as an
element of recognition in a piezomicrogravimetric chemosensor, highly selective for the
melamine and its derivativé$’

After complete chaacterization of the racemate, compourid was resolvednto antipodesby
semipreparative HPLC on a chiral stationary phase and the enantiopure monomers were
characterized from a chiroptical point of viein Figure22 it is possible to observe the chiral
HPLC chromatogransimultaneously monitored by UV and CD detectorghe two peaks,
corresponding to the two enantiomers aperfectly separated (about 4 minutedifference in

the retention times).

After the separatin of the two enantiomers, their CD spectra weeeorded and correlated to

the one calculated for the&senantiomer in order to assign the absolute configuration of the

stereogenic axigHigure22 B). The first elied monomer resulted to be theg-(+)1.
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Figure22: A) Malytical resolution ofacemate oBT,TsthroughHPLC on a chiral stationary pha€®SChiralpak 183

(250 x4.6 mm 1.D.)eluent: nhexane: CHCb : EtOH=100 : 5 0.2, T= 25°C,detector UV(black) andCD at360 nm.B)
CD spectra oig-BT;T4 (green), R-BTT4 (red) and calculated CD fd®{BT; T, (dotted black)29
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Last but not least, the very high values of the spedaifitatory power of the antipodes, about
1000, demonstrate the importance of the presence tie inherently dissymmetric

chromophorel??

The R enantiomer of the BAT; was, chemically oxidized with Fe@ order to have larger
guantities of material available forthe complete characterization and applicative
experimentation of the enantiopure oligomel. The standard procedure involved the addition

of a diluted solutionof enantiopure 1 in chloroform to a slurry of the oxidant and the
subsequent reduction of the oxidized material with hydrazine hydrate. The obtained material
was then extracted with &xhlet apparatus and analyzed through MALDI spectrom&tigu¢e

23). In the spectrum, the presence tife dimer, as the main product, of th&imer in relevant
amountsandof superior oligomers isvident

However, a surprising result was found when the oligomeric mixture was stelima a high

resolution LDanalysisall the oligomers were found to be cyclic and not open structures.
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Figure23: MALDRnalysis of chemically oxidiz&;T4.[2%

In Figure24 is also possible to observe the structurebtained by DFT calculation in the general
gradient approximation of two and three-member rings formed by oxidation of theR
enantiomer. In both cases the symmetgD.: the dimer appears as an ellipse with a 6 A minor

axis length, while the trimer is an equilateral triangle wath18 A geometrical height.
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(R,R)-1

Figure24: Calculated structures fayclic dimelR,R-1 andcyclic trimer(R,R,[R1.

The symmetry of these structures was confirmed'yNMR analysisHigure25) of pure R,B-1

and R,R,R1, isolated in a pure state after an accurate column chromatography. In fact, the
spectra of both oligmers show only four coupled signals for the benzothiophene ring and four
R2dzof SG NBfFGISR G2 GKS LINRG2ya Ay | LRarxdGrAzy

thianaphtene ring.
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Figure25: IH-NMR of cyclidimers (A andcyclictrimers (B) of monomet.

The enantiopure oligomers obtained from the chemical oxidation were isolated and
characterized by a chiroptical point of view. Remarkable, in the chiral photoluminescence

spectra, are the high values of g comparabl¢hose of helicenes.

Prompted from the outstanding features of compoudd the enantiopuremonomerswere
electropolymerized on electrode surfaces in order to produce chiral electrae the
enantiorecognition ability of electrodes coated with the efiapure films were tested. Irigure
26 it is possible to observe the results obtained with gold electeotizated with thin filns of
oligo(9-1 or oliga(R-1: the tests were performed using commercially avada®-(+) and ©-

(-)-N,N-dimethyl1-ferrocenylethylamine as chiral probe
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Figure26: A) Enantiorecognition tests on enantiopure olif§-1 (deposited form thirtysix cycles, 0.5 mM monomer
solution in ChCh + TBARF, 200 mV ¢ scan rat¢ with the enantiopure probes (8 MiN,N-dimethy}1-
ferrocenylethylaminén BMIMPE). B) Enantiorecognition tests on enantiopukgo-(R)-1 (deposited form thirtysix
cycles, 0.5 mM monomer solution in £H + TBRF, 200 mV 3 scanrate) with the enantiopure probes (8 MiN,N
dimethyt1-ferrocenylethylamingn BMIMPE). C) Enantiorecognition tests with enantiopuwigo-(9-1 andthe
racemic probel3

It is easy to observe that the electrodesatedwith the enantioneric oligo-(R)-1 andoligo-(S-1

films display an outstanding, perfectly specular, enantiodiscrimination ability towards the
probes, with a formabxidativepotential difference of about 100 mV

Furthermore, the probe showing the lower oxidative potential on tBefi{m wasoxidized at a
higher potential on the R-film and vice versa. The same tests were performed on dopamine,
MeDOPA and ofloxacin and the enantiopure filetgially gaveimpressiveenantiorecognition
responsedor allthe compoundsused as chiral probéd”

The widerange enantioselectivity of the inherently chiral electrode surfagasfully confirmed

also in agueous media sintarge peak potential differencewere obtained fora series of chiral
DOPArelated molecdes (Figure 27). Moreover, interesting modulating effects on

enantiodiscrimination can be observed as a function of batilecular structure and pH?
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Figure27: Cyclic voltammetry characteristics of DOPA enantiomers (4 migdn-50 mM HCI). (a) Bare GC electrode.
(b) and (c) GC electrode coated wigH(BTTs) and R-(BT-T,) film, respectively3d
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3. Researchsubject

The presentPhD research was focused the following topics:

91 Application ofthe racemic oligomers derived from the oxidation of,BTas donor
materials inbulk-heterojunction solar cells.

1 Design of new inherently chiral compountiased on the modification of the structure
of BETs. Three different modification strategies were carried out starting from the
general structure of compountt

1. side chains elongationin order to achieve, after a chemical or
electrochemical oxidation, clic oligomers with bigger cavity;

2. side chainglanarizationby blocking the two thiophene moieties in a rigid
fused heterocyclic systenin orderto achieve compounds where the rigidity
and higher conjugation extershouldimproveoptoelectronic propertis;

3. side chain modification by introducing different substituents on the
bithiophene unitsin order to tune electronic and steric properties.

91 Design of new inherently chiral compounds based on the modification of the structure
of H Z-liifdlole atropisomen scaffold

91 Design ofenantiopureinherently chiral monomersaccessiblehrough astereoselective
strategy.

91 Design of inherently chiral monomers based on the spidéte oligothiophene

structures.
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scdfold

4.1. A family of solution-processable macrocyclic and opeahain

oligothiophenes with atropoisomeric scaffolds: structural and

electronic features for potential energy applications

Gonjugated oligothiophene macrocycles are interesting objects espebdisgusethey idealize
conducting polymers without ends; in addition, they are more soluble in organic solvents
compared to their linear counterparts offieg electrosensitive cavities of different sizes for
selective inclusion of guest moleculé¥.

A preliminary investigatioon the possible application as donors of the cyclic oligomers derived
from chemical oxidation of racemic BT in bulkheterojunction solar cells was carried out in
order to verify if they wre suitable to interact with fullerene derivatives electroracceptor
counterparts

The whole racemic materials arttie stereoisomerddistribution for the different macrocycles
resulting from theFed chemical oxidation of racemit were preliminarily investigated34
Careful column chromatography tife crude orangeed solid obtainedafter Soxhlet extraction
allowedto isolate cyclic dimers and trimers in a pure state. The fractions were analyzed by HPLC

on achiral stationary phase and the corresponding chromatograms are reporteidure28.

79%

A L B % C .
= . ‘ ' Lo TP : - ; A
S g o* = o
= ] G5+ = (5,5,5)-(-)-1 E ] ~
— 5 0 = (5,5,5)-)
@ ‘ T o g -
7] 2 B (%0 a
1 (RR--)1 f\ /\ (RRR-(+)-1 /\(R,R,R)-H
Elution time (min) Elution time (min) Elution time (min)

Figure28: A) Analyticatesolution of the racematef cyclodimers ofl throughHPLC on a CSPcomparison with
enantiopure samples o531 (green) andR,R-1 (red). B)Analytical HPLC separation on an achiral SP of the two
racemic diastereoisomers of cyclotrimer and confirmation that the first eluted product is the homochiral racemate by
compaison with authentic enantiopure sampleS)Analyticalresolution of the racematef the cyclotrimer ofl by
HPLC on a C8Rcomparison with enantiopure samples &,6,51 (green) andR,R,R1 (red)[34
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The cyclodimeric compountlis exclusively constitad by the racemate and unexpediy, no
evidence of the formation of themeso diastereoisomer was observed. At the same time,
analysis of the cyclotrimer on an achiral stationary phase demonstrated that it is constituted by
a 4:1 mixture of the two expeet diastereoisomeric racemates.

In order to rationalize the observed behaviour during the formation of cyclic dimers and trimers,
the preferred conformation of the radical cations of the open chains dimer and trimer was
calculated. The dimeri®RR-1 and (S9-1 sterecisomers display the two bithiophene terminals
oriented on the same side, thus prone to undergo the intramolecular oxidative coupling while,
for the R9-mesothe two bithiophene units extend along opposite directions peivadizhe
intramolecular couplingaffording the mesocyclodimer. TheRS-mesq for this reason, is more
prone to give a further coupling with monomer bthan to closeto give themesomacrocycle.

An open-chain trimeris formedin which the bithiophene extremities are dgaoriented in a

favorable conformation for undergoing ring closure.

(R,R,S)

Figure29: Preferred calculated conformation for the radical cationRR|-dimer (a), of RS-dimer (b) andRRS-
trimer (c).[34

Furthermore, the synthesief an openchain dimer was plannedn order to compare the
properties of closed and open structures as donors towards fullerene derivativdsilkn

heterojunction solacells.

Compound6 was obtained through a CuCbromoted oxidative coupling of the am of

compoundl generated, in turn, by treatment of the latter witiBuLi.
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Figure30: Openchain dimer6, macrocyclic squarshaped tetramef7. Blue bonds represent the stereogenic axes; red
bonds are the connections betweemonomer1 units.[34

TheHPLC analysis 6fon a chiral stationary phase, reportéa Figure31, shows that the open
chain dimeric product is constituted by a mixture of the two enantiomers and nieso

stereoisomern a statistical 1:2:1 ratiaidetected bythe circular dichroism detector).

300 51 %
200 A

100 +

SignalmV)
r

0 4 8 12 16 20

Elutiontime (min)

Figure31: Analytical resolution of the racemate 6throughHPLC on a chiral stationary pha€&P: Chiralpak 1B
250 mm x 4.6 mm 1.D, eluent:hexare : CHCb: ethanol 100 : 10 : 2, flow rate: 1l/min, temperature: 25°C,
detector: UV (black) and CD (red) at 360.[#n

The availability of open dimemllowed us to accee to the macrocyclic tetramef7, that was

synthesized through a Fe@romoted cyclaimerization process of compoursl The process
AYLE ASa O2dzL) Aya o6S0G6SSy (GKS h LRaAGAZY
producead oligomers with an even number of BT subunits: the undesired oligomers were
removed by several cycles of sdige precipitation inn-hexane A mixture of stereoisomeric

macrocyclic tetrameywas obtainedin this wayjn a good purity state
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Compounds and 7 were analytically and chemicallsharacterized and the observed properties
were compared with those ofyclic dimers and trimers: photophysical and electrochemical
characterization weralsoperformed

The stereoisomeric mixtures of open chanand cyclic dimers and trimers have been tested
separately as donors in bulleterojunction solar cells in combitian with commonly used
acceptors, namelydggand PCBM.

The results of the preliminary experimentsvg very interesting indications on theore
promisingstrategiesto adoptin the desgn of these kind of materials.

Firstly, apreliminary theoretical ingstigationwasperformed in order to acquire elements useful
to rationalize the experimental results: They@d PCBM fullerenes and the stereoisomer$,of
cyclodimer and cyclotrimer oligothiophenes have been separately modeled. Calculations showed

that both Goand PCBM fit in cyclodimer and cyclotrimer d&chvities giving stable dyads.

Figure32: Molecular orbitals (redblue: HOMO; orangeyan: LUMO) of oligothiophendullereneadducts(34

43

2y



9f SOGNBF OlGAGS YiithiGndghthenascaftold a S R

The interaction mainly involves thHdOMO andhe LUMO of eacleouple (

Figure32) andthe coordination enthalpy of the dyad increases with the number of thiophenes
facing the fullerene surface. Due to their lower rigidity, the open homologhiesem b
embrace more effectively thes€PCBM molecule resulting in a stronger stabilization of the dyad
with respect to the cyclic dimer.

Photovoltaic properties of cyclic oligothiophend>CBM and cyclioligothiophene: &, in
solution-deposited by spin coatginverted solar cells, were investigatéithe best PCER¢wer
Conversion Efficiengyvere obtainedrom inverted solar cells fabricated by first sginatingat

a spinning speed of 1000 rprihe active layer<40 nm) was sphtoated at 1000 rpm for 90 s

on top of ZnO from solution in-dichlorobenzene heated at 60 °C. The total concentration of the
active components was 20 mg mL10 nm of Mo@ buffer layer anode was depositeid a
thermal evaporator in a vacuum of 106 mbar and tlevices were completeby the deposition

of 100 nm of silverEach substrate contained three cells, with a nominal active af&b mn?
eachThermal annealing (150°C, 30 min) was found to be ineffective on the @& device
performances and it has not been tested og-Based devices. The thicknesses of the active
layer were generally around 40 nm, although its high roughness makes them difficult to
measure.The &V curves of the polymer solar cells under AM 1.5 illumination at 100 mW cm2

areshown inFigure33.

J (mAJcm?)
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Figure33: XV curves of oligothiophene:fullerene blends. Top: PCBM; bottgmP@ofiles for: cyclodimers (blue line),
cyclotrimers (red ling openchain dimers (green line) and mixture (plefine)34
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Among the oligomers, the mixture of stereoisomeric trimenghibits the highest PCE (about
1.1%), while that of cyclic dimetsads to a PCE of about 0.3%. The PCE value of the oligomer
mixture is in between. EQExternal Quantum Efficiencgurves substantially confirm the trend.
Interestingly, thedevices based on thepenchain dimer6é demonstratedboth PCE an&EQE
greater than those shown by cyclic dimer.

However, cyclic trimers, that can allocate fullerenes without fully incorpogathem, gave
interesting results in term of PCEwhile promising results in terms of efficiencibsve been
achievedin the case othe tweezeshape dimeric systepalthough composed 50%y the meso
form displayinghe zigzag geometrynentioned above

Even thogh the conclusive performances could not be compared with those reported in the
specialized literature, this work gawuseful indications for the desigsf promisingarchitectures

of thiophenebasedcyclic andopenchainmacromolecules employablas active layers in solar

cell device$4

4.2. o Z-Bithianaphthene derivatives based on thethiophene pendant

elongationstrategy

4.2.1. 2,2-Bis(2,2"5',2"-terthiophen-5-yl)-3,3-bithianaphthene (BT, Ts)

As anticipated, the ffst strategy planned to modify the general structure of compodnaas to
extend the bithiophene side chains in order to obtain cyclic oligomers of different size.

The simplest structural change was to add a thiophene unit to the bithiophene pendant and th
synthesis of compoundiO, nicknamed Bills, was planned according to the strategy followed for
the preparation of BJT,.

The terthiophene8, the key intermediate to accede to the corresponding stannyl deriv&jve
was obtained in good yields throughPd0) catalyzed Stille reaction betwe&mo equivalents of
5-tributylstannytthiophene and one equivalent of 2dibromo-thiophene, bothcommercially
available

Compound3 was then treated witm-BuLi and the generated anion was reacted with trimethyl
stannyt chloride to give the (2,2"5',2erthiophen-5-yl)trimethylstannaned, which was coupled
with the H Z-dibfbmo-o >-lutlilanaphthened through a palladium(0) mediated Stille coupling, in

refluxing toluene solution.
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1) n-BuLi
S Pd(PPhj) THF
2 @/S”Bua +B"/@\Br —— \S/ /S\ Sy —=
S toluene \_/ 2)Me,snci
reflux -78°Ctort
58% 84%
8
BT,Br,
S 7\ s SnMe, Pd(PPhg),
\ /8 T\ >
toluene
reflux
46%
9 10

Schene 7: Synthesis o2,2-bis(2,2":5',2*terthiophen-5-yl)-3,3-bithianaphthene(BT,T¢) 10.

The racemate was oxidized in dry GH$l adding the monomer to a FeGlurry, according to
the procedure described in Chapter 2 for,BI The residue, obtained after Soxhlet extraction
with THF, was analyzed by fNRALDIlandthe corresponding spectruris reportedin Figure34. It

is evident that the residue was constituted exclusively by dimergramers.
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Figure34: MALDIanalysis of chemically oxidiz83;Ts. Oligomes extracted byfHFE

However, to better investigate the expected formation of superior oligomers, the residue
obtained after THF extraction was furthemxteacted with chlorobenzene in the Soxhlet
apparatus and the soluble portion was submitted again to-LIBR analysis. The spectrum
demonstrated the presence of higher molecular weight oligomers insoluble in THF, such as cyclic
tetramers and pentamers.

In Figure35, the experimental (A) and the theoretical (B) patterns of the peaks corresponding to
cyclic dimers and trimers are reported. It is evident that fitting is very good. In addition, the

absence of linear ol@mers was demonstrated.
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Figure35: HRMALDI analysis of the oligomers resulting from the F@ddlationof BT Ts and extracted with THF.
Experimental (A) and theoretical (B) pattern of the peaks corresponding to the diokrs and trimers.

The electrochemical characterization of.lIshows a narrower HOMOUMO gap than BT,

with both first oxidation and first reduction processes taking place at more advantageous
potentials compared with BT4 behaviour, so that theeduction process becomes visible even

in CHCb on account of the improved conjugation. In addition to the first oxidation peak, which,

according to its broad shape, could correspond to the merging oxidation peaks of the two
slightly interacting homotopianoieties, a second oxidation process can be observed, which

could be consistent with the longer conjugated chains in the two moieties.
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Figure36: Complete CV patterns &T,Ts monomer(0.5 mM),scan rate: 20 mV <, solvent: G,CkL+ 0.1 M TBARF

Several experiments have been carried out in order to electrochemically oligomerize monomer
10 and to investigate the properties of the resulting conductive film-gé8T%Tes)). The
electrodeposition of monomefd0 was performed undepotentiodynamic(Figure37 A and B)
conditions,using a 1 mM solution of the monomerCHCh + 0.1 M TBARFscan rate = 50 mVs

on gold electrode (for CV analysis), l&l@ctrode (for CV and spectroelectrochécal analysis)

Iy R

the oligomeric films on the electrodes was very regular, especially on the gold electrode, due to

the high affinity of the sulfur atoms for theegitrode surface.
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Figure37: Potentiodynamic electroxidation of BTTs on gold (A) and ITO (B) electrodes. Five consecutive cycles, 50

Taking advantage of the equipment available in the laboratories of prof. Ludwigs at the

Universitat zu Stuttgart, the oligomeric films were characterized not only by voltammetry, but
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also through spectroelectrochemical amdsitu Conductance (ISC) analysisFigure38 A and B

the anodic cyclovoltammetry and the related UV spectrometric analysis are reported.
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Figure38: In-situ spectroelectrochemistry of ep(BT%Tg): A) Cyclic voltammogram of the reversibleqping of ee
p(B%Te) (depositedon ITO electrodérom five cycles, 1 mM monomer solution in O+ TBRF, 50 mV 3 scan
rate), ACN+ 0.1 M TBARBdution, 20 mV ¢ scan rate B)Vis/NIR spectraf ecp(B%Ts) recorded during the forward
scan (oxidation) in the-doping processrofiles for neutral (red), radical cation (green) and dication species (blue)
are highlighted.

Spectroelectrochemical ahgis is extremely useful to investigate the UV behaviour of an
oligothiophene oligomeric film while a cyclic potential is applied to it. According to this
technique, the different UV profiles corresponding to the different species formed during the
oxidation process can be highlighted. The neutral film absorption band is characterizedhly a

of 468 nm, whereas the radical cation, transient and ephemeral species, exHibiteglat 761

nm, that shifts to 1021 nm in the transition between radical ca@ma dication. From both the

CV profile and the spectroelectrochemical data it was possible to deduce that the radical cation
is prompt to be further oxidized to dication: on one hand, the distance between the two peaks
(of about 150 mV) and, on the otherahd, the height of the band at 761 nm and the
contemporary presence of the band at 1021 nm are clear evidence of the formation of the
dicationic species.

In-situ conductance measurements confirmed the conductivity of the charged species, both
dication andanion, but also the instability of the radical cation.

As for the anion generated on the same film, it was found to be more conductive than the
dication but the most interesting behaviour can be observed in the anodic window. A very low
conductivity was oberved for the radical cation, as highlighted by the small shoulder observable

in the backward scan (proved by a sudden change in the slope of the conductivity profile).
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Figure39: In-situ conductance analysis of €BTTe) RS L2 aA G SR 2y
monomer solution in CKh + TBRF, 50 mV 3 scan rateyecorded inACN+ 0.1 M TBARBolution, 20 mV $ scan
rate. A) Anodic scan. B) cathodic scan

After the characterization of the racemate, compout@was resolved through HPLC on a chiral

stationary phase. The chromatogram corresponding to the analytical separation of the

- 60

+40

enantiomers ofLOis reported inFigure40.
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Even though the analytical separation was very good, some -gpalttifficulties were found
moving from analytic to senpreparative scale. Scaling up the conditions employed for the
analytical rsolution, the formation of an unknown peak with lewelution time was observed,;
reinjection of the material corresponding to the unknown peak, the unexpected correspondence
with the racemateof BTLTs was found (Figure 41 A). This behaviour was ascribed to the
formation of aggregates due to the high amount of material injected in the fpeaeparative
resolution process. The problem was sohNmdmodifyingthe ratio of the solvents constituting

the eluent without chaging the immobilized phase: the amount of xChlwas reduced and the

Elution time (min)

Figured40: Analytical resolution of the racemate of BdthroughHPLC on a chiral stationary pha€&P: Chiralpak 1B
250 mm x 4.6 mm 1.D. Eluemthexane : ChCh: etharol-100 : 10 : 2, flow rate: 1 nihin, temperature: 25°C,
detector: UV (black) and CD (red) at 360 nm.
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ethanol percentage was increased. Under these experimental conditions, the separation was

satisfactory and the resolution could be scaled up to spraparative leve(Figure41B).

F1
3mgin I mL of DCM

F3

]
4 X .8 12
Elution time (min)

Analytical check of F1-F3
®) .
—jL " B 1.4 mg in 2 mL of eluent
NO ASSOCIATION

®)

F1

A

(R.S)- - (R.S)

. I |
T T T T T T
g ; s 0 4 8 12
Elution time (min) Elution time (min)

Figure41: Semipreparative resolution ofhe racemate oBT,Te throughHPLC on a chiral stationary phaS&P:
Chirapak IB 250 mm x 4.6 mm |.D. Ayent: n-hexane : CkCh: ethanol90.5 : 8 : 1.5, flow rate: 1 nfrhin,
temperature: 25°C, detector: UV (black) and CD (red) at 360 nm. B) HEitrentane : CkCh: ethanol90 : 1 : 10, flow
rate: 1 mlmin, temperature: 25°C.

The absolute configuration of the stereogenic axis was assiggecomparison of the Electronic
Circular Dichroism (ECD) spectra, reportedFigure 42, with those recorded for BT,
attributing to the first eluted enantiomer, exhibiting positive Cotton effect, eonfiguation.

The |  of the latter, measured in chloroform, was found to be +1368% -1582° for the
second elutedR) antipode.

The chiroptical characterization of the enantiomesBT,Ts was completed by recording the
Chiral PhotoLuminescence (CPL) spe@RL S a luminescence phenomenon that provides the
dissymmetric emission of right and left circularly polarized light, thereby providing information
on the excited state chiroptical properties of the systems. This technique recently became a
widely applied toolfor the investigation of organic molecules and nmtly for lanthanide
complexes, as formerl?29 |t is common to report the degree of CPL in terms of luminescence
dissymmetry factor gn, which represents the ratio of the difference in intensity ofgfcularly

polarized light ) versus righfolarized light Ig) divided by the average total luminescence
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intensity. For organic luminescent molecules (generallyqmijugated molecules endowed with
axial or helical stereogenicity) this value range betweehthl0*.

For B%Ts the CPL band is positive for the first eluted enantiomer (as already observed for
BT, andthe gum was found to be 3.3 103, surprisingly lower than that exhibited by 87,

that was 9.¢ 103

12 0.001
A s B
a
0 o W
4
W
K]
- -0.001
200 250 300 350 400 450 500 400 500 600 nm 700

Figure42: A) CD profiles of-(+)-10 (green)and (R-(-)-10 (red).B) CRof (§-(+)10(green)and R)-(-)-10 (red).

Analogously to the experiments carried out on ;BT enantiopure $§-BT,Te was
electroligomerized on a glassy carbon electrode and the chiral surface was used for
enantiorecognition tests with chiral probeslhe enantiorecognition test where thewb
enantiomers of DOPA are used as chiral probes is repartdeigure 43. The results were
outstanding since a difference @200 mV was found between the oxidative potentials of the
two enantiomers of DOPA. Thalues found for the enantiorecognition of DOPA &rec
p(BETe) enantiopure film are two times higher than those shown bypé8TT.). The wider
cavities characterizing the cyclic compounds resulting fromTeBdligomerization look more
suitable for acommodating the analyte, as indicated by the electronic trangfecurringat

lower oxidative potentials, in comparison with the case of TR

BT.Ts showed, however, some processability issues due to its ubsity, that is remarkably
lower than that shown by BT.. For that reason, it was planned to synthesize compoilfiih
which the same backbone was functionalized with lipophilic chains that should have improved

monomer solubility.
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Figure43: Enantiorecognition tests on enantiopure oligome$:-€¢c-p(BTTs) (deposited formthirty-six cycles).5
mM monomer solution in Ci€L + TBAK, 200 mV ¢ scan rate) in the presence of enantiopure prolbheand D-
DOPA (4 mM in 50 mM HCI

4.2.2. 2,2-Bis[3',4-di-n-butyl-(2,2"5',2"-terthiophen)-5-yl]-3,3-bithianaphthene (BT, TsBu)

The synthesis of compound5, reported in Scheme 2, required the achievement of the
functionalized terthiophene derivativel3 that was obtained in two steps stamg from
commercialy available 3,4libromothiophene. The latter was converted in high yields into the
corresponding 3.4li-n-butylthiophene (1), through a nickel catalyzed Kumada reaction with
butylmagnesium bromide in diethyl ether. Compoubhtiwas thendibrominated with bromine

in a chloroform and acetic acid solution to give the correspondingdi®mo-3,4-di-n-
butylthiophene (2); the dibromo derivate is a suitable substrate for a double Stille reaction with
2-tributyl-stannylthiophene to give the'3'-di-n-butyl-2,2":5',2"-terthiophene (3) in moderate
yields.

Compoundl3 was then reacted witm-BuLi to give the corresponding anion, that wesated
with trimethyltin chloride to afford the stannyl derivativid that was coupled, in turn, following

a Stille procedure, with BBr, affording the final targel5, even if in low yields.
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SchemeB: Synthesis of 2,is(3',4*di-n-butyl-(2,2":5',2"-terthiophen-5-yl)-3,3"-bithianaphthene(BTTsBU) 15.

The cathodic and anodic cyclic voltammetric pattern fosTEBu monomerin ACN + 0.1 M

TBAPEat 200 mV 3 scan rate is reporteth Figure44 A.
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Figure44: A) Complete
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CV pétrns of B TeBu, 200 mV g'scan ratesolvent: ACN+ 0.1 M TBARFB) Potentiodynamic

electrooxidation of BT,TeéBuon glassy carboalectrode Thirty-sixconsecutive cycles at 20nV slscan rate0.5 mM

of BLTeBuin ACNt+ 0.1 M TBARF
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The electrochercal CV pattern shows a HOM@MO gap narrower than BIk, with both first
oxidation and first reduction processes taking place at more advantageous potentials, on
account of the improved conjugation due to the addition of the two thiophene moieties.

Besias the first oxidation peak a second oxidation process can be observed, which would be
consistent with the longer conjugated chains in the two moieties.

The deposition of the oligomeric filnfseportedin Figure44 B) was performed using a 0.5 mM
solution of the monomer, imacetonitrile + 0.1 M TBARFon glassy carbon electrod&he
resulted oligomeric film of BTBu gave a fast, regular and virtually unlimited
electroligomerization process; additionally, the fdnare very stable upon repeated potential

scans in a monomeree solution.

Also in this case, the resolution of the racemate at analytical level through chiral HPLC was not
trivial, since several chiral columns were tested and good separation was obsane when

chiral stationary phase based on an uncommon cellulose derivative, the cellulosechiic(G4-
methykphenyl)carbamate, was employed. The chromatogram, reporteBigure45 shows well
separated sigals of the antipodes. Unfortunately, the resolution at a s@mdparative level

could not be performed due to the long elution times required for the two antipodamely 20

and 30 minutes

]

r T T T 1
0 10 20 30 40

Elution time (min)

Figure45: Analytical esolution ofthe racemateof BT, TeButhrough HPLC on a chiral stationary pha@8PLux
cellulose 2 (250 mm x 4.6 mm |.D.Jyent: n-hexane: IPA 10Q 0.25,flow rate: 1 ni/min, temperature: 35°C,
detector: UV (black) and CD (red) at 350 nm.
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4.3. o Zz-Bithanaphthene deivatives based on the tthiophene pendant

planarizationstrategy

As mentioned in Chapter 3, the modification strategy of theTBBtructure implies a

LI I y I NR T kbifhfoghghe geAdants Ihat @ere substituted by fused ring heterocycles.

In particd I NE (KS alithighapitHede wasFunatiohalized with,4-di-n-hexyr4H-
cyclopenta[l,20:5,4b'ldithiophene (CPDT) andi-n-octyl-dithieno[3,2b:2',3-d]pyrrole (DTP)
LISYRI yia ¢ wifheghend ki ane Breed to be coplanar by a médime unit or a
nitrogen atom, respectively.

An important advantage of these scaffolds was their easy functionalization by introduction of
suitable substituents on the methylene groups or on the nitrogen atoms, leading to more soluble
and more easily proceable materials.

On the other hand, a breakdown was related to the fact that these bithiophene pendants
required a specific, not trivial synthes@hese heteroaromatic compounds, however, are today
very popular building blocks, since they are known tadléa materialswith very favorable
properties, like a decrease in the HOMOMO separation and an increase in charge
mobility38BI4I41 due to the extended conjugation in the ground state, to the planar molecular
geometry and to their quite rigid structure.

We considered that these systems should confer some peculiar properties tmloeirently

chiral materials.

4.3.1. 2,2-Bis(N-n-octyl-dithieno[3,2-b:2',3"-d]pyrrol-2-yl)-3,3"-bithianaphthene (BT.DTR)

The synthesif the 2,2-bis(N-n-octyldithieno[3,2b:2',3-d]pyrrol-2-yl)-3,3- bithianaphthene

(18), nicknamed BDTR, (Scheme9) requires the preparation oN-n-octy-DTP 16) as the key

intermediate, that was easily obtained in high yields following the -wedwn Buchwald
LINRG202t = aidlF NGAY3 T NBbomo Vpitdphha anéintoétylamiget At | 6t S
Compound16 was then treated withn-BuLi and the resulting anion reacted with tributyl
stannylchloride to give the stannyl derivatit& which was used, in turn, ia Pd(0) catalyzed

Stille coupling reaction with the dibromo derivati83;Br, 4, in DMF solution, to give the final

product18in good yields.
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Scheme9: Synthesis o2,2-bis(N-n-octyl-dithieno[3,2b:2',3-d]pyrrol-2-yl)-3,3-bithianaphthene BT,DTR) 18.

BTDTR 18 was oxidized with Fegdh dry chloroform solution to lead to a much more complex

oligomeric mixture than those obtained with the previously synthesized inherently chiral

monomers. Indeed, in addition to large amounts of dimers and trinfiéigure46), a remarkable

series of superior oligomers was found in the material extracted with a soxhlet apparatus using

THF as solvent. The presence of tmectyl chains strongly increases the solubility of the

reaction prodwts, making possible their extraction and identification at least at a qualitative

analytical levelAlso in this caselR MALDI spectrum demonstrated that the oligomers are cyclic

and not linear structures by comparison of the experimental with the caledlpatterns of the

single peaks.

.
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Figure46: Maldianalysis of chemically oxidized,BTR. Oligomersextracted by THF

Monomer 18 was also electrochemically characterized and eleotrgomerized to giveec

p(BLDTR).

Thecomplete cyclic voltammetric pattern of monomeric,BTR is reportedin Figure47 A : two

nearly equivalent peaks are present, corresponding to the two active terminal units involved in
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the electrooxidationprocess, separated by the central node but still communicating through the
conjugated system.

The electrodeposition of the monomer (0.5 mbft) a glassy carbon electrode was performed at
200 mV ¢ scan rate, in acetonitrile- 0.1 M TBARFolution (Figure47 B): electrode coating

took place fast and regularly and the resulting films were stable when tested in a monomer free
solution.In addition, a large radical cation stabilization was observed from the depositioiteprof

of the oligomeric film, as demonstrated by neat separation and large distance between the

peaks.

>
[N

ifev®s | Amol? dm®cm? V05 g08

35 -3,0 25 2,0 1.5 -1,0 0,5 0,0 05 1,0
E/V vs Fc*|Fe

i/c | Acm-2mol-1dm3

04 0,2 0,0 0,2 0,4 0,6 0,8
E/V vs Fct|Fc

Figure47: A) Complete CV patterns & LDTRBmonomer(0.5 mM) 200 mV ¢ scan rate; solvenACN+ 0.1 M TBARF

B)Potertiodynamic electrooxidatiomf BEDTRBon GC electrode. Thiryix consecutive cycles at 200 myssan rate,
0.5 mM of BIDTRin ACN+ 0.1 M TBARF

The racemate was resolved into antipodes by HPLC at apseparative level and the CD

detected chrom#ograms (Figure48) demonstrated a perfect separation of the enantiomers.
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Furthermore, the specific rotatory powers are impressiveaccordance with the presence of an
inherently dissymmetrical chromophore in thmolecule.The first eluted B;DTR enantiomer

exhibited | = +928° while the second one displaygd =-1042°, in chloroform solution.

Vv
e I\
3 6 9 12

Elution time (min)

Figure48: Analytical esolution of the racematef BT,DTRthrough HPLC on a chiral stationary phase. CaRalpak
1A (250 mm 4.6 mm I.D.)luent: n-hexane: CHCb: ethanol 100: 2: 1, flow rate: 1 mImin, temperature: 40°C,
detector: UV andCD at 254m.

The ECD and CPL spectra of monofiare reported inFigure49. The greertrace spectra
correspond to the first eluted enantiomer, while the red ones correspond to the second eluted
one.

All the ECD spectra are dominated by excitgme feature§'? centred at 400 nm.
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Figure49: A) CD profiles oR}-(+)18 (red) and (9-(-)-18 (green. B) CPL oRj-(+)18 (green)and (9-(-)-18 (red).
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The second eluted enantiomer, under these experimental conditions, showed avpdSititon
effect and, in analogy with other inherently chiral monomers based on the same atropisomeric
scaffold, theSconfiguration can be attributed to the levorotatory antipode.

The monomer exhibited lower luminescent properties with respect to Bigl,: CPL spectra,
indeed, showedyum values equal to 5.0 103, while BT;T; enantiomers exhibited ® 3 103

value, as reported above.

The enantioselection capability &LDTR films was testecelectrodepositing the enantiopure
monomers from ACN solutish due to the scarce aptitude of these materials to
electroligomerize in ionic liquid media, like BMIMPF

The results obtained with films oRfec-p(BL.DTR) or §-ecp(BLDTR) are depictedn Figure
50, using commercially availableRj-(+)- and ©-(- )-N,N-dimethy}t1-ferrocenylethylamine as

chiral probes.
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Figure50: Top: CV patterns oR-(+)- and §-(- )-N,N-dimethyl1-ferrocenylethylamine recorded on GC bare electrode
in BMIMPE(on the left) and in ACN + TBARBR. M (on the right). Bottom: Enantiorecognition tests oRpgR)-
(BT.DTR) in presence of the ferrocene based chiral probes on GC elect@ui¢he left: tests in BMIMRFon the
right: tests in ACN + TBARKEL M. CV pattern of the stabilized oligomer film is reported for comparison (grey line)
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The BIDTR chiral surfaces displayed very good enantiorecognition capability, especially when
enantiopure films were tested in ACN + TBARE M solutionwith a peak separation between

the chiral probes of about TamV.

Interestingly, the voltammetric signal is not characterized by a fully canonic shape in the case of
probe with R configuration, probably due to a partial superimposition of the probe sigyithl

the signal of the film (grey lineiFigure50). In the case ofonic liquid, however,the peak

separation is about 0.049.V

4.3.2. 22- A a dmndexyr4H-cyclopenta[l,2b:5,4-b'ldithiophen-2-yl)-3,3-bithianaph-
thene (B,CPDY)

The preparation of CPDT, which is the key intermediate necessary for coupling yithiBThe
synthesis of BECPDZ, requires several steps which had been studied in the laboratories where
the present thesis project was developed many years(8&gbemel0).

The first step is a benzoetgpe condensation of -Bhiophenecarboxyaldehyde, mediated by
GKAFYAYS K@RNROKf 2NARSS A-tfienGini(9): The latEr wasleasiyl >
and quantitatived 2 EARAT SR gA (K O2 LldShiehod @), Whidh,9n the2z I A GS
LINS&ASYyOS 2F Yhl X dzyRSNH2Sa | @®ibdlic did )i ThNS I NNJ Y
reaction step is crucial and reaction times and temperature must be striatifyaited.

The aluminum trichloride promoted pentadienyl catitype electrocyclization 021 in benzene
solution (we did not find alternative solvents) gave the GRRarboxylic acid22), that gave the
CPDTZ3) by a coppemediated decarboxylation in duoline solution at 100 °C.

The dialkylated derivativ24 was obtained in high yields by exhaustive CPDT alkylation,
performed with n-hexyliodidegeneratedin situ by reaction of the corresponding bromide with
K1, in the presence of KOH as a base, in D&tBGion.

The stannylderivativ@5 was obtained, as usual, by reaction of the lithium derivative of dikexyl
CPDT with tributyd (4 I yy @ f OKf 2NARS® ¢KS FAYIl f-dibioinGdI-ocAG

(=N
~
w»

bithianaphthene BB 4 and the 2tributylstannylcerivative 25, in the presence of palladium
GSONF {AE00NRLIKSYf LIK2ALIKAYSOS OO0O2NRAYy3 (2 {GA
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SchemelO: Synthesis of 2'-0 A a daim-haxy®H-cyclopenta[l,2b:5,4-b"ldithiophen-2-yl)-3,3-bithianaphthene
(BCPDJ) 26.

The racemate was resolved into antipodes by HPLC at apseparative level and the CD
detected chromatogramgFigure51) demonstrateda perfect separation of the enantiom&rin

the BBECPDT case, the elution times were highly satisfying. The measured specific rotatory
powers resulted to be very highy =+883°ad) =-878°, respectively.

The ECD spectra areported inFigure52. The greerrace spectrum corresponds to the first
eluted enantiomer, while the red one corresponds to the secondeeluine.

All the ECD spectra are dominated by excitgme feature&? centred at 400 nmiike it was
observed for the BEDTR. The first eluted enantiomer, in these experimental conditions, showed
a positiveCotton effect similarly to B1T4, for which the S configuration was attributed to the

first eluted enantiomer on the basis of a comparison with 8ealculated CD curve
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Figure51: Analytical esolutionof the racemateof BLCPDTthrough HPLC on a chirahtibnary phase. CSP: Chiralpak

IB-3 (250 mm 4.6 mm |.D.))eent: n-hexane: CHCb 100 : 2 flow rate: 1 mimin, temperature: 25C, detector: UV
and CD at 254 nm.
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Figure52: A) CD profiles of-(+)26 (green) and R-(-)-26 (red).

The complete cyclic voltammetric pattern of BPDT monomer, recorded aR00 mV s scan
rate,in ACN+ 0.1 M TBARFsolution is reportedin Figure53. In this case, itis possible to
observe, as previously reported for the .-BTR monomer, two nearly equivalent oxidation
peaks, corresponding to the oxidation of the two homotopic terminal thiophene units, which are

not independent but slightly communicatinigrough the central node of the stereogenic axis.
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Figure53: Complete CV patterns &>CPDTmonomer(0.5 mM) 200 mV ¢ scan ratesolvent: ACN+ 0.1 M TBARF

Oligomerization attempts were unsuccessful both in@iHand aetonitrile solution, due to the
high solubility of the oligomerized products in these solvents.

Electrodeposition experiments were carried out in pure ionic liquid (BMIM Figsire54) but

the solubility of the neanomer in this medium was unsatisfactory.

Oligomerization ofBLCPDT was successfully performed in a 1:1 mixture of,@and the

BMIM TFESI ionic liquid, on a screainted gold electrodéFigureb5, grey line)

PN O\\S/CF3
NN N
l~, 0=8=0
CF,

Figure54: BMIM TFSH-butyl-3-methylimidazioliumbis(trifluoromethylsulfonyl)imide

After electrodeposition of enantiopuréy-ec-p(BLCPD3J), the enantiorecognition ability of the
chiral fim was tested, employing, as usual, th&-(*)- and -(-)-N,Ndimethy}1-
ferrocenylethylaminderrocene, dissolved in pure ionic liquid.

The enantiodiscrimination results for the two probese quite satisfactory, the difference
between the oxidative potential of the two enantiomers being about 100 mMfepsrted in

Figureb5.
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XXXV cycle
—FcR

—FcS

Evs Agr|Ag/ (V)

Figure55: Enantiorecognition tests on enantiopure oligomei$-ec-p(BLCPD7J) (deposited form thirtysix cyclesn
SPE gold electrod®.5 mM monomer solution im 1:1 ionic liquid : C¥Cb, 200 mV 3 scan rateXgrey line)in the
presence of enantiopure probgB)-(+)- and §-(- )-N,N-dimethyt1-ferrocenylethylamine (red and green line,
respectively).

4.4. o Zz-Bitlanaphthene derivatives based on thethiophene pendant

modification strategy

4.41. 2,2-Bis(2,2"3',2"terthiophen-p -Q)-3,3-bithianaphthene (BTx(Ts)2)

The synthesis of aonomer endowed with intermediate characteristics between, BTand
BT.Ts appeared an interesting target for studying the effects of an additional thiophene unit not
involved in the conjugative delocalization along the main backbone, but crucial fomuatag

its conformational characteristics. In collaboration with the University of Stuttgart, we planned
the synthesis of a new inherently chiral monomer, endowed with six thiophene units but
characterized by a branched terthiophene structure, supportetthis project by the expertise in
GKAa FTASER 27 FISNR T [ dzZRATAQ INR dzLId

The synthesis started from commercially avdiaB-bromothiophene that was treated witn-
BuLi, diisopropylamine and trimethylsilyl chloride in order to protect the position 5 with the
trimethylsilyl group. Compoun@7 was obtained in quantitative yields. Two equivalents of
compound27 were then treaed with magnesium turnings to give the corresponding Grignard

reagent, that was employed in a Kumada coupling reaction, catalyzed Hgd@dh2)NiGl, with

65

2y



9t SOGNRBI Ol A GBS YiithiSndghthenascafodl 8 SR 2y o

2,3-dibromothiophene, to give the protected 2,2":3':28rthiophene28. The anion of the latter,
gererated with n-BuLi, was converted into the stannyl derivatig8, that was used in the
palladium catalyzed StilBS I QG A 2 y  dibrinfo derivatre BELH @ give the new
compound30. The final deprotection reaction 80, effected with tetrabutjammonium fluoride
(TBAF) in THF solution, allowed to accede to the-l®#s22,2":3'2terthiophen5'-yl)-3,3-
bithianaphthene BAT3)2 (31) in quantitative yields.

1) (i-Pr),NH 1) Mg turnings NS
n-BuLi Et,0 N 1)¢;_IBFuLi
THF ﬂ reflux
BF/Q o s s i i 2) BuzSnCl
2) Me3SiCl \ 2) 2,3-dibromothiophene 3
-78°C tort 1,2-(dppe)NiCl, -78°Ctort
quantitative reflux to rt i 85%
27 63% 28 /N

BT,Br,
Pd(PPhs), TBAF
S ki
toluene THF
reflux quantitative
/Si( quantitative
29 30 31

Schemell: Synthesis of 2,8is(2,2":3',2"-terthiophen5'-yl)-3,3-bithianaphthene (BATs)2) 31.

The chemical oxidation of compoui®d was performed by reaction with iron trichloride, in dry

chloroform solution, in order to investigate if also branched monomers were able to produce

OeOf A0 2fAT2YSNED® ¢KS GKA2LIKSYS Ay | LRaAGAZYyS 7
the possible formation of branched oligothiophenes, sterically hindering the formation of cyclic

structures.

= 500000 4

monomer
450000 4757-6740

400000 4
350000 4

300000 4

15134050  dimer
250000425 7400

200000 4
150000

100000
14293530

22680910 LrIMer
3026.6060 tetramer

50000 ‘
|

"
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500 1000 1500 2000 2500 3000 3500 4000 4500
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Figure56: MALDIanalysis of chemically oxidized2BIE).. Oligomes extracted by THF
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The MALDI spectrumreported in Figure 56, demonstrated that the oxidation trend was
analogous to that exhibited by the previously investigatednomers: indeed, a regular
decreasing distribution between cyclic dimers, trimers and small amounts of tetramers was
observed.

The formation of cyclic compounds was proved by comparing the isotopic distribution of the

peaks present in the HR MALDI spastrwith the calculated one.

BTx(Ts). was also electrochemically oxidized in the laboratories of prof. Ludwigs and the
properties of the resulting films investigated with different techniques, such as cyclic
voltammetry, spectroelectrochemistry ang-situ conductance.

The deposition of the oligomeric films was performed under potentiodynamic conditions
(reportedin Figure57 A and B)using a 1 mM solution of the monomer acetonitrile + 0.1 M

TBAPE(scanrate 50mV80 = 2y wMn >Y AYUGSNRAIAGEFGSR LI I GA Y dz

300

cle 1
Cycle 2

A Cyele3 B 20 Gy

Cycle 4 Cycle 4

Cycle 5 Cycle 5

200 - /\ 1504
\

(N
\ 100 | /

50

.50 -

T T T T T
0 1 -1 0 1
E (vs Fc/Fc') IV E (vs Fc/Fc') IV

Figure57: Potentiodynamic electraxidation ofBTy(Ts)2 on platinum (A) and ITO (B). Five consecutive cytlg® mV
slscan rate; 1 mM of compourBT(Ts)2in ACN+ 0.1 M TBARF

Cyclovoltammetric analysis and spectroelectrochemical investigatitigure 58 E and F
revealed an interesting behavior, highlighted by garison of these results with those collected

for BLT4 (Figure58 A and B) andBT;Ts (Figure58 C and [ under analogous experimental
conditions.

A progressive lower stdization of the radical cation was observed moving fromTB{l) to

BTTs (10) to BB(T3)2 (31).

BT.T4, indeed, showed the more pronounced stabilization, since two peaks are well detectable in
the CV, the first one corresponding to the radical cation gn@dsecond one to the dication. The

same mentioned stabilization can be also observed from the UV spectrum where the bands
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corresponding to these species can be clearly individuated and the transient species, hamely the

radical cation, can be separateain the neutral and the double charged ones.

A 200 B l‘
1,04 ‘

100

I/ m

Alau.

-100

T T T T T T T
-05 0,0 0,5 10 400 600 800 1000

E (vs Fc/Fc) IV I /nm

400

200

I/ mA

-200 4

-0,5 0,0 0,5 10
E (vs Fc/Fc') IV I /nm

200 4
E 0,5

100 +
0,4

1/ mA

Alau.

0,3

0,24
iy

T T T T T T T
-05 0,0 05 1,0 400 600 800 1000

-100

E (vs Fc/Fc’) IV I /nm

Figure58: In-situgpectroelectrochemistry of ep(BH(Ts),): A)Cyclic voltammogram of the reversiblelgping of eqp(BTs)
(deposited on ITO electrode from five cycles, 1 mM monomer solintid@N+ 0.1 M TBAREt 50 mV g scan rat¢ B)
Vis/NIR spectraf ecp(BTT2) recorded during the forward scan (oxidation) in théqping processrofiles for neutral (red), radical
cation (green) and dication species (blue) are highlighted. C) Cyclic voltammogram of the rexdapiblgaf eqo(BTTe) (deposited
on ITO electrde from five cycles, 1 mM monomer solutio/dCN+ 0.1 M TBAREt 50 mV $scan rate)D)Vis/NIR spectraf
ecp(BETe) recorded during the forward scan (oxidation) in theqping processorofiles for neutral (red), radical cation (green) and
dication species (blue) are highlighted. E) Cyclic voltammogram of the revexipng of egp(BTH(Tz)2) (deposited on ITO
electrode from five cycles, 1 mM monomer solutin ACN+ 0.1 M TBAREt 50 mV $scan rate)F)Vis/NIR spectraf ec
p(BE(Ts),) recorded during the forward scan (oxidation) in thelgping process.
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BT.Ts showed a similar behaviour, even if the peaks are less pronounced: the radical cation
resulted to be a transient and less defined species.

This trend is even more evident for IE).: in the CV, only one oxidation peak can be observed

FYRZ FNRY GKS aLISOGNRSt SOl NELQH B dndiedulted tybef @ 2 A & X
an extremely evanescent species. This trend can be summarized considering the delocalization

of the chaged species that appears to be more extended in a more conjugated systemg) (BT

and even more in a branched structure £{83),) with respect to the parent monomer BIk.

In-situ conductance analysis confirmed the behaviour observed in spectroelectracak
experiments. Comparisons of the results obtained fofTB{Figure39), with those achievedfor
BT(Ts): (Figure 59), allowed to deduce that the branched structure tife terthiophene in
BT(Ts). greatly destabilizes the radical cation species. Radical cation stabilization, therefore,
resulted to be dependent not only on the size of the side chain in the monomer and in the

oligomeric structures, but also on the spa&) arrangement.

100 H
50 16

50

1/ pA
LW (mS)
I/ pA

-
LW (mS)

50 -

-50 -

T T T T T T
05 00 05 1,0 3 2 Bl 0
E (vs. Fc/Fc") /1 V E (vs. Fc/Fc") IV

Figure59: In-situ conductance analysis of @BE(Tz)20 0 RSLIR2 &AAGSR 2y wmMn >YImMy G SNRAIAG
monomer solution iIMCN+ TBA&RF, 50 mV ¢ scan rateyecorded inACN+ 0.1 M TBARBolution, 20 mV $scan rate
A) Anodic scan. B) cathodic scan.

4.4.2. 2,2- A a9 83 4ethyfenedioxy)thiophen5-yl]}-3,3-bithianaphthene (BTE)

Monomer34s Ay GKAOK (KS | ( N®BithinapptheSeNddecoriet Mih forF (G K S
3,4-ethylenedioxythiophene (EDOT) units, was designed in order to obtain a compound
interesting not only for its stereochemicgroperties but also for its intrinsic conductive

behaviour.
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Poly(3,4-ethylenedioxythiophene), better known as pEDOT (commercially, as Baytron®),
represents a smart material in the field of conductive polymers due to its peculiar properties. It
plays a elevant role in electronic, antistatic and electric applicatigfig7 It is generally used as
homopolymeric layer or in association with polystyrene sulfonic acid (fP@8allows the
formation of the pEDOPSS complex, widely used as conductive layer in electroluminescent
devices and OFETSs. Furthermore, pEDOT is an electcoatlycting conjugated polymer that
shows remarkable conductivity, relatively stable in ixsdized form, endowed with a quite low
redox potential, a moderate band gap and, last but not least, can form nearly transparent thin
films.148

By consequence, the possibility to prepare a material that combihescbncept of inherent

chirality with remarkable characteristics of EDOT appeared very attractive.

The synthesis of BE: was planned according to the general strategy applied for the preparation

2F ff GKS 2{KSNJ Y 2bfRaraphttiknestaffadSviict2rgfuirédkis this® = o Q
case, the availability of the stannyl derivati®8. The bisEDOT32 was obtained in good yields
starting from commercially available EDOT, which was treated wiulLi andthe resulting

anion submitted to oxidative colipg effected byCuGl.[*9

The bisEDOT was then stannylated to give compowB® suitable precursor for the Pd
catalyzed Stille reaction with B3, 4, monomer34 was obtained in high yields, after overnight

refluxing in toluene, and it was fully characterized from an analytical and spectroscopic point of

view.
o
o)
/ \ 1) n-BuLi 1) n-BuLi BT,Br,
THF \ THF S Pd( PPh3)4
—» —
/N 2)cucl, 2) BusSnCl oluene
§°  78°Cto-45°C 5 -78°C o rt reflux
74% 80% ¥J 84%
32 33 34

Schemel2: Synthesis of 2,0 A a 9 §3\4bthylenetlioxy)thiopherb-yl]}-3,3-bithianaphthene(BTE:) 34.

TDDFT calculation were performed by dr. Carmen Ruiz Delgado at the Universidad de Malaga
andthe lateral views of the optimized geometries fBiE; and BT are reportedin Figure60.

As we can olmve, similar distortions between the two thianaphthene units are found upon
EDOT substitution, whereas the external thiophene units become almost coplanar when going
from BET. to BLE due to the benefits of electron rigidification through inteng SO

interactions.
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Figure60: Lateral views of the CA3LYP/&81G**-optimized geometrie®f BLE, (left) and BT, (right).

In Figure 61 the voltammetric patterns of BE (light grey) andBT;T. (grey), for sake of
comparison, are reported. The anodic CV patterns for both monomers consist of two equal
nearly merging peaks pointing to two equal, slightly interacting conjugated systems.

Actually, inCHCL these two peaks exhibit a 1:1 curtteratio especially at higher scan rates
while in more polar acetonitrile they merge (in fact unlike the former case the following
shoulder decreases with increasing scan rate and should therefore correspond to an electron

transfer product).

j1cv'oS ] (Acm*molidmivis)

29 26 23 2 -7 14 11 -08 05 -02 01 0.4 07 1
E vs Fc*|Fc/ (V)

Figure61: Electrochemical characterization of £(light grey) and B4 (grey) monomer a200 mV'st, on GC
electrode inCHCh + TBARFO.1

The residual interaction between the two half moieties (constituted by three thiophene rings)
through the interanular bond causes a negative shift of the oxidation potentittisrespect to
a-terthiophene(Ex,BTE;= 0.19 V anddz= 0.64 \BT:T; VS Ex a-terthiophene = 1.53 \j9

In addition electronrichness of EDOT rings and the increase of planarity of ea®D@d wings

(suggested byheoretical data) make the BE monomer a better reductant.
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Cathodic peaks iRigure6l are not visible as a consequence of the narrower potential window
of CHCL respect to acetonitrile.

Consistently with theirritrinsic 3D structures, BEzand BFT4 electrooligomerize very rapidly
and regularly, a behavior steadily maintained even after several consecutive CV EigtiestQ

A). The inductive effect of four EDOT moestiis transferred from monomer to oligomer films ec
p(BLE) with a strong decrease of the oxidation onset poten#ial, , of about 0.85 VThe
anodic cycle clearly shows two ws#parated oxidation waves with maxima at 0.05 and 0.33 V
vs Fc¢|Fc. Concerning first reduction a value €f.89 V forEnset can only be provided, whereas
the Ensetfor first oxidationisn ®o ¢ =X NB@.dzlLEW Yy 3 Ay | n

00

A ——Cycle 1 B

400 Cycle 2
Cycle 3
Cycle 4
300 4 Cycle 5

200 0 —

s

>
100 4 y/
01 == \—/\_/

-100

I/ mA
1/ mA

-200

-200

T T T -400 T T T T T T T
0.5 0.0 0.5 25 20 15 1.0 05 0.0 05 1.0

Evs Fc'|Fc/V Evs Fc'|Fc/V

Figure62: A) Electrooligomerization of BE; (1 mM)in a 0.1 M TBAREHC) solution on ITO electrode, scan r&i@
mV st. B) CV profile of egligo(BTE:) ina 0.1 M TBARREcetonitrile monomer free solution on ITO electrode, scan

rate20 mV ¢.
<ma/nNm (eV)
; 7 T T iy ) H)
oligomer neutral rad!cal dication malvVe  FaN® e’ B MR R Eband
state cation (HOMQeV) (LUMO/eV) gap/eV
. -1.70/-1.89
ecoligo(BTE) 516 700 798 1005 0.03 0.29 -0.39 (4.71) (340/-3.21) 1.31/15
ec-oligo(BET4) 449 714 791 543 986 0.60 0.86 1.76 0.44 (5.54) 1.60/-175 04/2.19
go=hls ' : : SR (350/-335) O °
Tablel: Optical and electrochemical characteristics ofBand BT, T4 in comparison with ep(EDOT® recorded in
CHCL + TBAPE

In-situ spectroelectrochemical measurements rgeperformed in order to study absorption
profiles as a function of the electrode potential with the aim of correlating redox waves in the
cyclic voltammograms with relative abundance of the neutral and charged species involved in
the process. Irigure63 A and Ghe cyclic voltammograms of adigo(BEE:) and eeoligo(BET4)

deposited on ITO electrodes are shown. The corresponding absorption spectra during the
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forward anodic scans are shownhigure63 B and DBackwardscans not reported here, point

to reversible charge/discharge processes for both oligomeric films with a small hysteresis.

0,8
100

o
)

absorption / a.u.
o
-
L

-100 4 027X
075V

T T T T
1,0 0,5 0,0 05 10 400 600 800 1000
E (vs Fc/Fc)) IV I /nm

200

+0.90 V
100

I/ mA

-100

=4 0.00 V

T T T T T T T T
1,0 0,5 0,0 05 1,0 400 600 800 1000
E (vs Fc/Fc') I V wavelenght / nm

Figure63: In-situ spectroelectrochemistry of ep(BLEs): A) Cyclic voltammogram of the reversibledpping of ee
p(BTE:) (deposited on ITO electrode from five cycles, 1 mM monomer solution i6ICHTBARR, 50 mV ¢ scan
rate) ACN+ 0.1 M TBARRBolution, 20 mV-&scan rateB)Vis/NIR spectraf ecp(BTEs;) recorded during the forward
scan (oxidation) in the-doping processprofiles for neutral (red), radical cation (green) and dication spgbies)
are highlighted.

From the absorption spectra, the-goping of both oligomeric films reveals three different
specieslin the neutral state eoligo(BEE:) has an absorption maximum at 516 nm with a slightly
visible vibronic structureThe first bad at shorter wavelengthsocresponds to the neutral state,
FO0GNRO6dzi ER (12N Wab tileiagogdid voltammetric scan the absorption band of
the neutral species (red curve Figure63 B at E=-0.75V) decreases while a new abption

band with a peak maximum of 798n (green curve irFigure63 B at E=0.05V) arises. The
gradual conversion of the neutral species into the radical cation one also results in an isosbestic
point at about 600hm. At more positive potentials, the absorption band of the radical cation in

turn decreases with concurrent increase of a third characteristic absorption band at around
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1000nm (blue curve inFigure 63 B at E=0.35V), indicating the formation of the dication
specied®

In Figure 64, the absorptogram of theec-p(BTLE) is reported: particularly remarkable is the
perfectly revergble profiles for the wavelengths associated to the neutral, radical cation and
dication species; furthermore, no hysteresis was observed for} theof neutral and dication

species.

1,0

100
0,8

o
)

o
S
absorption / a.u.

-100 ~

-1,0 0,5 0:0 0,5 1,0
E (vs Fc*/Fc) / V

Figure64: Absorptogramof BLE:.. Absorption as function of polarization potential at constant wavelengths,
corresponding to maximum absorbance for the neutiah {516 nm), radical cation (798 nm) and dication (1005 nm).
ITO in ACN 0.1 M TBARFscan rate20 mV s.

The conductance of the oligomeric films was finally investigated by electrodepositing the two
Y2Y2YSNBR 2y wmn > Yelectrades (Figuie 83\ |8wer oxidafidr levels
conductivity is supported by polarons (relative maximum at Ovis ¥¢|Fc and about 0.5 Ws

Fc|Fc forecp(BTE) and eep(BTT.4) respectively).

At more positive potentials, wdre bipolarons become the dominant charge carriéfigre63),

a second peak signal is observed, with the films reaching their maximum conductivity around
0.4 Vvs Fc|Fc and 0.8 Ws Fc|Fc for ecoligo(BTE) ard ecp(BTTs) respectively At the
conductivity maximum both polarons and bipolarons are present, allowing an electron hopping
YSOKIYyAaY 2F O0ALREINRYya FNBY LRftFNRY 2NJ ySdziNI
conductivity that disappears when there ar® unoxidized or polaron sites, explaining our
observed conductivity decrease Wifurther positive polarizatioff3>354 Hygeresis is observed

from the direct to the reverse potential sweep, with the maximum of conductance béifigs

at higher values for theharge process respect to the discharge one according toqus\data

on polythiophene film$*® In Figure65 B and Cfilms are polarized in the cathodic direction, and
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the conductance signal possibly correspaidradical anion andlianion states. The overall
pattern is rather similato the one observed for goping, with maxima at slightly high€fax

values respect to the-gdoping case.
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Figure65: In-situ conductance analysis of @¢BLE)0 RS L2 aA G SR 2y wmnan >Y Ay SNRAIAGI G ¢
monomer solution in CiCL + TBRF, 50 mV 3 scan rate) ACM 0.1 M TBARBolution, 20 mV-§scan rate. A) Anodic
scan. B) cathodic scam-situ conductance analysis of g¢BTTs) (depositedon 1Y AY i SNRAIAGE ISR t G S
mM monomer solution in ACN + TBAPI® mV ¢ scan rate) ACM 0.1 M TBARRolution, 20 mV-$scan rate. C)
Anodic scan. D) cathodic scan

Monomer 34 was also chemically oxidized in order to evaluate the formation a€ncyclic
oligomers; unfortunately, the presence of the EDOT units leads to oligomers which are much less
soluble than those obtained from the oxidation of.BI For this reason, we found impossible to
extract significant amounts of material with the $&tet apparatus. However, a MALDI spectrum
was recorded on the oligomeric mixture recovered from the electrodes surface after
electrodeposition. The analysis of the spectrufifigure 66) showed that the film was
constituted by a mixture of oligomers, even if, due to the low resolution, it was not possible to

understand whether they were cyclic or opehain structures
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Figure66: MALDIanalysis of electrochemically oxidizedBTOligomeic material analyzed througéolidphase
method.

After the characterization described above, the racemate ofEBWas submitted to HPLC
analysis on a chiral stationary phaseorder to resolve it into antipodedJnfortunately, we did

not succeedn resdving it into antipodes even at analytical level.

The best results we obtained areported inFigure67. The peaks characterized by an elution
time of 29 and 33 minutes, respectively, correspond to the two an@socs confirmed by the

CD detector, but the separation was partial and required long elution times. Furthermore, a
broad peak with elution time in the range of -5 minutes was present in the chromatogram,
probably due to the formation of aggregates, c@nthe presence of bgroducts could be

excluded on the basis of tHe-NMR spectrum.

o -
[N
o
Ny
=3
w
=3
N
S

Elution time
Figure67: Analytical resolution attempts of racemate BTE, throughHPLC on a chiral stationary pha€&P:

Chimlpak IB (250 mm x 4.6 mnbDl),eluent:n-hexane : IPAO : 30flow rate: 1 mimin, temperature: 25°Cdetector:
UV (black) and CD (red) at 360 nm.
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4.4.3. 2,2-Bis{2[7-(thiophen-2-yl)-2,1,3benzothiadiazol4-yl]thiophen-5-yl}-3,3*
bithianaphthene (BT.BTDR)

The last monomer synthesizedith the aim to confer special properties to the material by
functionalizing the bithiophene chains connected to the bithianaphthene atropisomeric sgaffold
was characterized by the introduction of a 2;b@nzothiadiazole (BTD) ring between the
thiophene units of BIT4. BTD is one of the most important heterocyclic ring used in the
chemistry of photoluminescent compounds and widely employed in light techn&18ig The
derivatives of BTD (beside fungicides, herbicides and antibacterial applig¢at@mnsally possess
several favorable characteristics for electronics: indeed, they exhibit strong electron
withdrawing nature, they are efficient fluorophores, afford wettlered crystal structures as a
result of their highly polarized properties and are suitable to be used as electron acceptors units
for devices based on donaicceptor (DA) interactions.

Consequently, the introduction of the BTD system in inherently chiratture appeared to be
particularly appealing in the light of obtaining compounds with bigger cavities and, at the same
time, endowed with different, and hopefully better, optical and optoelectronic properties.

The synthesif the new monomer38, showedin Schemel3, started from commercially
available benzolc][1,2,5]thiadiazole, which afforded the corresponding dibromo deriZdiire
good vyields by reaction with bromine in refluxing hydrobromic acid solufibe. presence ot

two bromine atoms was th&ey for the subsequent introduction of the two thiophene moieties
through a Stille coupling.

The 4,7di(thiophen2-yl)benzothiadiazole36) was obtained in satisfactory yields and converted
into the correspondig moneanion by regioselective lithiation with-BuLi in the presence of
2,2,6,6tetramethylpiperidine in THF solution. The anion was quenched with trimetyigl
chloride to give the corresponding stannyl derivati8& which was used without further
purification in a new Paatalyzed Stille coupling with B, 4 using DMF as solvent.

The expected 2,Dis{2[7-(thiophen2-yl)-2,1,3benzothiadiazeh-yl]thiophen5-yl}-3,3-
bithianaphthene 88), nicknamed with acronym BBTD, was obtained in moderateigids and

fully characterized from an analytical and spectroscopic point of view.
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Bu3zSn(thiophene)

1) n-BulLi
HBr aq. (47%) PA(PPhg)y ™P
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N/\ /\N reflux reflux MeaanI
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45%
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Schemel3: Synthesis 02,2-bis{2[7-(thiophen2-yl)-2,1,3benzothiadiazel-yl]thiophen5-yl}-3,3-bithianaphtrenee
(BT:BTD) 38.

BT.BTD appeared,at first sight to be optically different from the other inherently chiral
monomers synthesized so fathat display a yellowishcolor, the introduction of the
benzothiadiazole confers a deep redlorto BLBTD.

A detiled discussion of the optoelectronic properties of this compound is reported in paragraph
45.1

BTBTD was chemically oxidized with iron trichloride following the standard procedure and the

MALDI spectrunof the material ollected by Soxhlet extractiois reportedin Figure68. The

spectrum shows the presence of some unreacted material and of the dimeric compound only.

This unexpected result could be ascribed to the low solubifitthe starting monomer, and by
consequence of the oligomers, rather than to the inability ofEHD to form highermolecular

weight oligomers.

ns. [a.u.]

* .
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e

£4000+
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3000 4

2000+
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Figure68: MALDRnalysis of chemically oxidized,BTD. Oligomersextracted by HFE
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BTBTD was electrochemically characterized on a GC electrode both as monomer and as

oligomeric film.

The oligomeric film was depositdcbm a 0.5 mM solution of BBTD in CHCL + 0.1 M TBARF

at 200 mV 3 scan rate and the voltammogram is reportéal Figure 69 B. The reduction

potential resulted to be expectedly high due to the presence of the benzothiadiazole system: the

energy gap of monome38was 0.6 V less than that found for B4

>

i/ev®s [ Amol’ dm3ecm? V05 g05

ife | Acm2mol 'dm?

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5
E/V vs Fc*|Fc

1,0

2,0

0.6

-04 0.2 0.0 0.2 04 06
E/V vsFc*|Fc

08

1.0

Figure69: A)Complete CV patterns &LBTD monomer(0.5 mM) 200 mV st scan ratesolvent:ACN+ 0.1 M
TBAPE B)Potentiodynamic electraxidation ofBL,BTD on GCelectrode.Thirty-sixconsecutive cycles ab2 mV g

scan rate0.5 mM ofBL,BTR in CHCL+ 0.1 M TBARF

Despite the interesting properties of this new inherently chiral compound, the low solubility of

BTBTD was foundan unsurmountable problem in the attempts of racemate resolution by HPLC

on a chiral stationary phase.
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45. Summaryz2 ¥ -bitlian&phtene canpounds

4.5.1. Photophysicalo Z-lmtlanaphtene monomers comparisons

The absorption and the emission spectra af the new chiral monomer I 8 SR 2y
bithianaphthene scaffoldrecorded in diluted, aiequilibrated dichloromeétane solution, at
room temperature are summarized in a sequence of Figdres) Figure70 to Figure73, while

the photophysical data are givenTrable2.

<abs <em (solution)  Lifetime _ Quantumyield  <em(solid) Quantum yield 8
(solution) (nm) (ns) U (solution) (nm) v solid [Mlcm1]
(nm)
BT:T4 398 535 1.95 21% 509 13% 48000
BT:Ts 408 521 0.7 13% 557 2% 56700
BTTeBu 395 534 0.7 12% 554 11% 56000
BT.DTR 391 523 1.16 12% 540 3% 59000
BT.CPDT 398 535 1.95 21% 540 3% 58000
BTo(T3)2 305; 369 508 0.9 8.5% 538 7% 36000
BTE 401 536 1.8 14% 560 17% 57500
BTBTD  358;485 633 6.3 51% 672 5% 38500

Table2: Optical characterization af >-itl@lanaphthenemonomers Values were recorded in GEb deaerated
solution.

Compared to the parent monomer B, the absorption maxima of Bls, BLTsBu, BIDTR,
BT.CPDTand BTE, are redshifted of more than @ nm. This reghift is presumably due to the
widerp-O2y adzal GA2Yy I FF2NRSR -obigdthiofihkre chdih 2 yha casero? y
BT.Ts and BETeBu. On the other hand, in the case oz,BTR and BFCPD7, the bathochromic
effect is attributable tathe central fuseering units, which increases the planarity of the system,
allowing a more extendeg-O2 y2dza+ G SR 3INRdzy R & (| tofyothiogHene Ay
chain of BTa.

Quite different is the case of B, in which the reeshifted absorptn band is probably due to

the increased planarization of the bithiophene lateral edge imposed by the steric hindrance of
the EDOT substituents. This hypothesis is further supported by the observed increased
extinction coefficients (ranging from 5% 10* and 5.93 10* M ! cm? for the different
oligothiophenes, in comparison with 43810 M ! cm? for B%Ts) and by the slight vibronic
structure observed in the spectra of ITR and BFCPDT, as expected for a more planar and

more rigid conformation.
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Figure70: UV profile §olidlines) and fluorescence profileléshedine) of BT, T4, BT.Ts andBTLTeBu Profiles were

recorded in CKCh deaerated solution

All the observed absorption maxima correspond to thEyp* transition, also in the casef dhe

BTDTB, since the nitrogen longair is involved in the aromatig-system of the pyrrole fused

i K $NFrBifoNIald HoK& expectEl. The presence of nitrogen

NA y 3

I YRZ

atom has a slight influence on the frontier orbitals, actingetexctron withdrawingwith p-

orbitals and destabilizing mainly the HOMO level.
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Figure71: UV profile ¢olidlines) and fluorescence profileléshedine) ofBT,Ts, BL,CPDTandBT,DTR. Profiles were

recorded in CkChL deaeratedsolution.

However, the electrochemicalata (Table3) indicatethat both the HOMO and the LUMO levels

are equally affected (being the LUMO level stabilized), and consequently the transition energy is
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not affectedby the presence of the pyrrole unit as it might be expedtd? Indeed, a red shift

of the absorption is observed even if it is the smallest one in the series.

A canpletely different behaviomwas observed for BA 1), and for BIBTD. In both cases two
different absorption bandsvere observed, with a strong reduction of the molar extinction
coefficients. In the case of the BT:). the higher energy absorption bandt 305 nm, is
attributable to thep Iy p* transition localized on the lateral, necbnjugated thiophene ring,
while the lower energy band at 369 nm is due to tpelh p* transition involving the
atropoisomeric scaffold. Both of them result blghifted withrespect to theBT; T4, in agreement
with the reduced coplanarity afforded by the thiophene substituentbirposition on the
thiophene ring of the lateral chain.

In the case of BBTD, the high energy absorption band at 358 nm, is assigned @$§tsp*
trangtion, while the low energy band, at 485 nm and strongly-sbdted with respect to the
band of B7T4, is most probably due to the intramolecular charge transfer (ICT) transition
between the donor benzothiophene moiety and the benzothiadiazole acceptivrwirere the
LUMO is localize§“2 The nature of the LUMO is confirmed also by the electrochemical data;
indeed, BIBTD displays the lowest reduction potential of thvéhole series and, consequently,

the lowest banedgap

0,1 - -~ 1000000
. ——BT2T4
0,09 \ —BT2TI)Z 900000
0,08 \ ——BT2BTD2 800000
\
0,07 \ - 700000
\
0,06 \ - 600000
\ —
0,05 \ - 5000005
1] A 3
20,04 v - 400000
)
0,03 . - 300000
0,02 “_ 200000
0,01 ~ _ % 100000
\\ e
0 l - = ol o _an O
250 350 450 550 650 750

1 (nm)

Figure72: UV profile ¢olidlines) and fluorescence profileléshedine) ofBT,Ts, BTx(Ts), and BT,BTD. Profiles were
recorded in CkCh deaerated solution.
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Figure73: UV profile (dashed line) and fluorescence profile (solid line) gf,BRrofiles were recorded in @Eb
deaerated solution.

Structural factors have significant effects also on the emission properties of these
oligothiophenes. Irparticular, the increased conjugation among the thiophene rings affords a
red shifted emission maximum. Only the,8%), monomer displays the same emission energy of
the parent compound BT, thus confirming again the lack of conjugation between thes¢hr
lateral thiophene rings. While the introduction of the fusedg units, as in BCPDTand BIE,
allowing an extension of thp-conjugation, affords an important red shift of the emission band.
As already observed in the absorption spectrum, the eimissf BTBTD results strongly red
shifted. This monomer displays also the longest emission lifetime and the highest
photoluminescence quantum yield within the series, in agreement with the ICT character of the

emission transition.

Backbone structure andigidity, can have a significant effect on the photoluminescence
guantum vyieldF of this kind of oligothiophenes. Indeed, the presence of the chemical bridge
reduces the occurring of thenteranular torsional vibrations, thus resulting in increased
fluorescence. This effect is particularly evident fob®@HDT and B¥(Ts)., showing the highest
and the lowestF values respectivelyH = 21% for BBCLPDTand F = 8% for BAT3),). All the
other monomers display values which are intermediate with respect tleeswo values. In
particular it is interesting to note that the emission intensities ofTB&nd of the analogous

buthyl derivative BIT¢Bu, are lower than the emission of the parent compoundTBTndeed,
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the third thiophene ring provides an increase thie torsional and vibrational modes thus
resulting in decreased emission intensities.

Moreover, the presence of the node, even if it should not preclude conjugative interaction,
affords a distortion from the coplanarity of the two halves thus hamperingftinmation of an
extended conjugated planar structure. The lack of vibrational structure in the emission spectra is
in agreement with this hypothesis. Actually, the ground state of these oligothiophenes barely
match the planar quinoidike structure propoed for the excited states, thus requiring a greater
conformational reorganization energy.

Ongoing from emission in solution to the solid state, the panorama is completely different. The
more planar oligothiophenes display the lowest emission quantum yidldis is most probably

due to the formation ofp-p staking interactions between the molecules which leads to the
formation of weakly emissive aggregated species predominantly in the solid state. In agreement
with this hypothesis the emissions intensities BTLTsBu and of BiE, both containing
substituents on theb positions on the lateral thiophenes having an important steric demand,
result the highest ones within the series and, fopBTeven higher than the solution emission
intensity.

On the other land, the strong quenching of the emission observed feBBD on passing from
solution to solid state is correlated to the ICT nature of the transition which, in the solid state,
could occur in intermolecular way, instead of in intramolecular one, affigrdi separation of

charge and a quenching of the emission.

452. 9f SO0 NP O Kbihvakaphthene ma@honter comparisons

0

Table3&d dzY Y NAT Sa GKS St SOG NP OKSitfiian@dhtheneOniohohr<O i S NA & G A

Generally, all the monomers resulted to have similar electrochemical properties, with oxidation
BEonset Detween 0.32 and 0.49 Vs Fc|Fc redox couple and reductionyfe: between-2.21 and-

2.43 WsFc|Fc.

BTDTR showed slightly different electrochemicaproperties: the introduction of the
dithienopirrole unit leads to an energy band gap of 2.65 V, similar to those found for the other
analyzed monomers. However, both the oxidation and reduction onset potentials resulted to be
at higher potential.

The proprties of BIBTD were found to be particularly remarkable: the introduction of the

benzothiadiazole, indeed, led to strong increase of the reduction potential and, consequently, to
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a decrease of the energy band gap. Additionally, HOMO and LUMO energlidted to be

particularly low.

A P My Wi, Electrochemical HOMO (eV)  LUMO (eV)
Fc\fti Fc\:LS|Fc band gap/eV
B4 0.49 -2.43 2.92 -5.29 -2.37
BT 0.32 -2.30 2.62 5.12 -2.50
BT:TsBu 0.35 2.12 2.47 -5.15 -2.33
BTLDTR 0.71 -1.94 2.65 -5.12 -2.47
BRCPDT 0.41 -2.21 2.62 -5.21 -2.59
BRE 0.05 -2.37 2.42 -4.75 -2.43
BLBTD 0.53 -1.72 2.25 -5.85 -3.62

Table3: Electrochemical characterizatiégh¥  -bitRiam&phthenemonomers Analysisvere carried outin ACN+ 0.1
M TBAPE 200 mV st
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5. 9f SOGNRI OGAGS Yl-binSdsdaffold o a SR

In order to eyand the investigation oninherently chiral materials, in parallel to the monomers
OK I NJ Ol S NX-bitGidraplihene latromsieri€scaffold, a different class of inherently
chiral compoundsbased on the 2iindolic core was investigated. The first member of this
family, namely theN-methyl derivative(3,3-bis(2,2'bithiophen5-yl)-1,1-bismethyt1H,1'H-2,2"
biindole) 39a (reported inFigure74), had beensynthesized some years ago and the choice of

this atropisomeric core was based both on electronic and stemsideratiors.

39a

Figure74: Structural formula of INEzMe 39a

As forthe electronic properties, the oxidative potential of the biindole comajch electron
richer than the bithianaphthenescaffold results to bevery low, allowing to performthe
enantiorecognitiortests ina hitherto unexploredpotential region.

By means of DFT calculations the structure of the more stable conformers ,&f &1d
IND:T:Me wasdetermined the dihedralanglesof the biheteroaromatic scaffoldesulted to be

very different, moving from & for BTT,to 115° for INDTsMe (Figure75).

Figure75: Geometryof the most stable conformers of BIL (left) andIND: TzMe (right). OFTcalculationsat
B3LYP/TZVP level of theory.
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Furthermore, the biindole core can be easily functionalized at the nitrogen atoms allowing a
simpletuning of some properties of the final material importamtr fapplicative purposes, such

as solubility and processability.

RacemicNID:T:Me was electrochemally characterizedThe complete CV pattern ahonomer

393 recorded at 20 mV ¢ scan ratein CHCL + 0.1 M TBARBolution, is reported inFigure76

A. It ischaracterized by numerous oxidation peattee first couple of reversible oxidation peaks
corresponds to the oxidation diie biindolic core, while the secorghir of peaks corresponds to

the oxidation of the bithiophene moieties.

The electrodeposition dND;TzMe on GC electrode over thirgix consecuti potentiodynamic
cycles is reported ifigure76 B: the growth of the oligomeric filigs smooth and regular and the

electrodepositedilm wasfound highly stable underepeatedoxidative gcles

A 6
4 L
E
‘E
=l
g o
£
@
=
= 2
s,
6
-3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0 05 1,0 1.5
E 1V (Fc'/Fe)
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[—r1 —1m v
VI —TX —ixi
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Figure76: A)Complete CV pattern dND;T4Me monomer(0.5 mM) 200 mV ¢ scan ratesolvent:CHCh+ 0.1 M
TBAPE B)Potentiodynamic electraxidation ofIND;TsaMe on GC electrode. Thirsix consecutive cycles at 200 mV s
scan rate0.5mM of IND;T;Mein CHCL + 0.1 M TBARF
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The racemate was resolved into antipodes through spraparative HPLC on a chiral stationary
phase The HPLChromatograms CDdetected, of the racemate and of pure enantiomease
reported inFigure77.

The |  values are+808°and -818° (0.1 M in CHG@)l for the first and the second eluted

enantiomerrespectively

(+)

© > o o w o

20
15
10 ee>99.0%

ee =98.0 %
-18

-27
-36
4 6 8 10 12

Elution time (min)

Figure77: Analyticalesolutionof the racemateof INDTsMethrough HPLC on a chirstationary phaseCSP: Chinpak
IB-3 (250 mm x 4.6 mm |.D.)luent: n-hexane: CHCb: ethanol 100: 5: 1, flow rate: 1 n/min, temperature: 25°C,
detector: UV andCD at380 nm.

The enantiopure antipodes dND:TsMe were fully characterized from a&hiroptical point of
view. The ECD and the CPL spectra agported inFigure78.

The antipodesexhibited remarkablegum values (3.2 103) similar to that showed by BT,
enantiomers.The absolute axial configaion was assigned by comparison of 8€D profile of

the first eluted monomer with the calculated ECD profile for tBeefantiomer Figure78 B).
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Figure78: A) CD profilesf (+)}-39 (green) and(-)-39 (red). B)Experimental and calculated ECD and absorption spectra
for the first eluted monomer$. C)CPL of+)-39 (greer) and(-)-39 (red).

Prompted by the preliminary interesting results obtained for the INDMe, a deeper
investigation @ this monomerwas carried out under different perspectives during the present
PhD research projecin particular, the chemical oxidation was studied for the first time and

some interesting enantiorecognition experiments were performed.

5.1. The family ofthe N-alkylderivatives of the 3,3'bis(2,2bithiophen-
5-yl)-1H,1'H-2,2"-biindole

The general synthetic pathway, reportedSchemel5, of the 2,2-biindole based monomers is a
variant of the Larockeaction that is particularly advantageous since it allows the formation of
the interanular bond betweenthe two indole units and their functionalization with the
heteroarylic substituents a singlestep!¢3

Theclassical Larock reaction was reported for the first time in 1991famdd wide application
for the prepamtion of a wide variety of indols with different substituent®¥ Larock

heteroannulation is a palladiw®l G ft 81 SR OKSY2aSt SOGABS | yR af .
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betweenortho-iodoanilines and disubstituted alkynes to form substituted indole derivatives: the

catalytic cycle is repted in Schemel4.

L---Pd---L

Et cr
| NH,
N
H Ph _ CEl
L L---Pd"--L
&
Et
[----Pd---L
. ”NH,

N
j PnC

L---Pg---L
ol
Ph—=—tt
L
» L,
L=-PA A, ||b---Pd---L
¢ Il
Ph Et
KI, KHCO>}\ I NHQ/
L---Pd /£
K,CO h Et
2 3 al

Ph

Schemel4: Catalytic cycle of the classic LarockcBthlyzed heteroannulation.

As anticipated, we usedhanteresting variant of the Larock reaction presented by AbBidibr

the preparation of 24 -fiindole derivatives functionalized in position 3 with different aryl
substituents.

The reaction requiresa double alkyne derivative, namely the2,2,2trifluoro-N-(2-(4-[2,2,2-
trifluoro-acetylaminephenyl}buta-1,3-diynyl}phenyl}acetamide 41 and a suable aromatic
haloderivative.We exploited this strategy using heteroaromatic iododerivatives and, for the
synthesis of this family, we employed tBeodobithiophere 42, obtained by direct iodination
with N-iodosuccinimiden 1 : 1 CHQ: acetic acidsdution.

Compound40 was synthesized, according to the literature procedure, from commercially
available 2-iodoaniline that underwent a Sonogashira palladioatalyzed reaction in the
presence of ethynyltrimethylsilan@ SAland copper(l) iodie in triethyamine asa solvent. The
2-alkynyl aniline was not isolateahd, after deprotection of therimethylsilylgroup by means of
KF, underwent a Glaser coupling in the presence of oxygen as oxidant with copper (I) as a
catalyst!® Product41 was then obtained in good yields by acylation46fwith trifluoracetic
anhydride ina pyridine and CKCb solution The trifluoroacetyl group is crucial for the
subsequent Larock coupling reactj@ince it reduces the nucleophiligiof the nitrogen atoms

and directs the catalyst to selectively bind to the alkyne to promote the closure of the indole
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ring. The last stepvas theabove mentioned palladium mediated Larock coupling tatethe
3,3-bis@,2-bithiophen5-yl)-1H,1H,2-biindole (43) in acceptableyields.

1) PdCIy(PPhj3),

cul Pd(PPha),
NH, TMSA (CF4CONO j\ 5-iodo-2,2"-bithiophene
1 TEA NHe Z 1 > FsC” O NH . T
2)KF Z 2 pyridine i K2CO;4
0, O CHCI 0 ACN
rt rt reflux
69% 77% 48%
40 41 43

Scheméls: Synthesis ofhe 3,3-big(2,2-bithiophen5-yl)-1H,1'H-2,2-biindole (INDT:H)43.

The 2,2biindole derivatives43 was used as th&ey intermediatefor accessall the alkylated
derivatives39ad. The final stepconsistsin the reaction of the appropriatealkyliodine with the

dianion generatedy usingKOH irN,N-dimethylformamide at 0 °C.

R =Me 39a
R =Et 39b
R=Pr 39c
R = Hex 39d

Figure79: Structural formula of INET4 derivativeswith differen N-n-alkylic chains

The racemates of all the mentioned-alkylated compounds were resolved into antipodes at
analytical leveby HPLC oi€SKchiral stationary phaselhe HPLC chromatograrase reported

in Figure80. It is interesting to observe that, as the length of the alkylic chains increases, the
separation of the two antipodegs easier. In particular, &ery good resolution was obtained
when the biindole scaffold was functionalized with propyl and hexyl groups.

Additionally, it was observedn inversion of the absolute configuration of the first eluted

enantiomer by moving from thdl-methyl to theN-ethyl derivatived®®
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Figure80: Analytical resolution of the racemate oj ND:TsHex B INDT4Pr G INDTEt D INDTsMethrough HPLC on
a chiral stationary phas€SP: Chirafik IB3 (250 mm x 4.6 mm 1.D.)luent: n-hexane: ethanol 100: 10, fow rate: 1
mL/min, temperature: 25°C.

Unfortunately, the monomer functionalized with hexyl groups was found to be too soluble for
electrochemical purposes andonsequentlyjts use for the preparation of chiral surfacess
limited, despite the easy racemate resolution process.

The monomer functionalized with methyl groups gives very stable oligomeric, filotsthe
resolution process is long and tedious due to the small difference between thati@n times

of the antipodes.A gmd compromise between electrochemical feasibility and racemate
resolution was foundn IND;T4Pr.

The electrochemical characterizatiorof INDT:Pr and subsequent potentiodynamicfilm

deposition areeported inFigure81.
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Figure81: A)Complete CV pattern dND; TsPrmonomer(0.5 mM) 200 mV ¢ scan ratesolvent: CHCh+ 0.1 M
TBAPE B)Potentiodynamic electraxidation ofIND;TsPron GC electrode. Thirgix consecutive cycles at@iV ¢
scan rate0.5 mM ofIND, T4Prin CHCL + 0.1 M TBARF

A preliminary enantiorecognition test was carriedit on the enantiopure oligomeric films oB¢

IND:T:Me and R)-IND:T4Pr, which arethe first eluted monomers iithe resolution processThe

enantiomers ofthe N,N-dimethyl1-ferrocenylethylaminewere used asprobes which provided

an electrochemical and chemically reversible peak in a region where the conjugated film is still

neutral Figure83 A). The results weraeally outstanding the separation between the oxidative

peaks of the two enantiomensas found270 mV.

Furthermore, the oxidation potential value of ti&probe resulted to be the lower on the film

derived from the electrooxidation of thérst eluted enantiomer of INOsMe (Figure82 A),

while it showed the higher oxidative potential value on th#gm derived from the

electrooxidation of the first eluted enantiomer &ND;T4Pr. This was a proof ofi¢ inversion of

the configuration of the eluted enantiomers during the racemate resolution processes.
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Figure82: Enantiorecognition tests on enantiopuee-p(INDTsMe). A) §-ec-p(INDTsMe) (depositedfrom thirty-six
cycles0.5 mM monomer solution in GBb + TBAF, 200 mV 3 scan rateon GC electroden the presence ofR)- and
(9-enantiopureN,N-dimethyt1-ferrocenylethylaming2 mM) inCHCb+0.1 M TBACIOsolution,50 mV ¢ scan rate
B)A) R-ecp(INDT4P1 (deposted from thirty-sixcycles0.5 mM monomer solution in GBb + TBRK, 200 mV $
scan rateon GC electrodeh the presencef enantiopure(R- and §- N,N-dimethyl1-ferrocenylethylaming2 mM)
in CHCb +0.1 M TBACIOsolution,50 mV ¢ scan rate

Additional enantiorecognition experiments were carried out on the films derived from the
electrooxidationof both the enantiomers ofND TsMe.

Madopar®, a drug used for the treatment of Parkinds®asewhich consists in 4:1 mixture of
L-DOPA and bensazide was usedas probe it is. A single oxidation peak was observed. Also in
this case the enantiodiscrimination was very highe difference between the oxidation
potential valuess 140 mV.

The thirdtest (Figure83 B)was carried out with Ketoprofera very popularmnon-steroidal anti
inflammatory drug (NSAID)in CHCbL solution + TBAFs as a support electrolyte.The
electrochemical reduction of the ketonic function is involved in this testeaG

enantiodiseimination (about 330 mVjvas observedalso in this case, whictleserves special
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attention sine it is one of therare examples ofenantioselection observeih the cathodic

region.

Figure83: Enantiorecognition tests on enaonpureec-p(INDT:Me). A) §-ec-p(INDTsMe) (red) and RQ-ec-
p(INDT4Me) (green)depositedfrom thirty-sixcyclesd.5 mM monomer solution in GBb + TBAF, 200 mV $scan
rate on GC electrodej the presence of Madopar dry @ mM), inHCI + wateat pH 2,50 mV ¢ scan rate B) §-ec-

p(INDTsMe) (red) andR)- ec-p(INDTsMe) (green)depositedfrom thirty-sixcycles).5 mM monomer solution in
CHCb + TBAP4 200 mV $ scan rateon GC electrodeh the presence of Ketoprofen dr§g mM), in CHC} solution
+1 M TBACI® 50 mV ¢ scan rate

RacemateIND; TzMe was chemically oxidizedy adding the monomer to a FeQilurry in dry
CHG The residue, obtained afté®bxhlet extraction with THF, was submitted to a purification
process by gravimetric tamn chromatographyin order toisolate eachsingle oligomer. Each

fraction was analyzed by HRALDI and irFigure 84 the spectra ofthe two main fractions

collected during the chromatographic process are reported

() (c)

(b)
(d)

Figure84: MALDIanalysis ofthe FeGloxidation products oiND; TsMe separated bycolumn chromatographyafter
extracton with THFMass spectruntorresponding to linear dimexa), left. Mass spectrum corresponding to a
mixture ofcyclic dimes (b), cyclic trimes (c) and cyclic tetramer(d), right.
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