


Abstract

The synthesis and reactivity of nitrile oxides and nitroso carbonyls is well
known since a long time, but their use in synthetic applications and in the
pharmaceutical �eld is still quite limited. The aim of this PhD project was
to expand the scope of these highly reactive compounds for the preparation
of a small library of isoxazole-based stapled peptides and isoxazole-based 
u-
orophores containing peptides.

For what is concerning the synthesis of nitrile oxide- or nitroso carbonyl-
stapled peptides (reported in Section I), we explored the synthesis of some
unnatural amino acids that could take part in pericyclic reactions.
The nitrile oxide stapling required the synthesis of some dipolarophile con-
taining amino acids: some alkynyl, alkenyl and nitrile derivatives have been
obtained starting from some di�erent natural amino acids and exploring also
some enantioselective synthesis to obtain the desired amino acids from achi-
ral compounds. On the other side, for the synthesis of nitrile oxide amino
acids, we explored both the formation of oxime and nitro precursors.
The synthesis of a nitroso carbonyl derivative was achievedby the forma-
tion of a hydroxamic acid precursor, while as coupling partners for the HDA
cycloaddition we attempted the insertion of the cyclopentadienyl moiety on
the side chain of some amino acids.
Finally, the insertion of the obtained amino acids into a peptide sequence
was attempted, but the obtained results are still inconclusive.

The synthesis of the 
uorophores (reported in Section II) was carried out re-
lying on a 
uorescent probe that have been already synthetized by Quadrelli
research group. The purpose was in fact the tuning of the optical proper-
ties of the 
uorophore. We attempted to enhance the 
uorescence quantum
yield and to shift the absorption and emission wavelengths by the insertion
of some di�erent functionalized aryl groups on the 
uorophore sca�old or by
the formation of a more conjugated structure.
At the end we obtained a small library of 
uorophores with three di�erent
structures: two of them are based on an isoxazole core, whilethe other relies
on a � -enamino ketone boron complex.
The optical properties of the 
uorescent molecules have been evaluated and
the most promising one was inserted in a 
uorescent probe forproteasome
labelling.
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1 Abbreviations

AcOEt Ethyl Acetate
ATP Adenosine Triphosphate
Boc tert -Butyloxycarbonyl
BOP (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium Hexa
uorophosphate
CuAAC Copper (I) catalyzed Azide-Alkyne Cycloaddition
Cy Cyclohexane
DCC N,N' -Dicyclohexylcarbodiimide
DCE 1,2-Dichloroethane
DCM Dichloromethane
DIBAL Diisobutylaluminium Hydride
DIC N,N' -Diisopropylcarbodiimide
DIPEA Diisopropylethylamine
DMAP 4-Dimethylaminopyridine
DMDO Dimethyldioxirane
DMF Dimethylformamide
DMSO Dimethylsulfoxide
Fmoc Fluorenylmethyloxycarbonyl
FT-IR Fourier Transformat - Infrared Spectroscopy
HBTU 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium Hexa
uorophosphate
HDA Hetero Diels Alder
HOBT Hydroxybenzotriazole
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
mCPBA meta-Chloroperoxybenzoic Acid
n/a Not Attempted
n/o Not Obtained
NaCp Sodium Cyclopentadienide
NBS N -Bromosuccinimide
NCS N -Chlorosuccinimide
NMR Nuclear Magnetic Resonance Spectroscopy
PCC Pyridinium Chlorochromate
PIDA Bis(acetoxy)iodobenzene
PIFA Bis(tri
uoroacetoxy)iodobenzene
Py Pyridine
PyBOP (Benzotriazol-1-yloxy)tris(pyrrolidino)phosphonium Hexa
uorophosphate
SDS Sodium Dodecyl Sulphate
TBAB Tetrabutylammonium Bromide
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TBAF Tetrabutylammonium Fluoride
TBAI Tetrabutylammonium Iodide
t BDPS tert -butyldiphenylsilyl group
TBHP tert -butyl Hydroperoxyde
TFA Tri
uoroacetic Acid
THF Tetrahydrofuran
TOTT 2-(1-oxy-pyridin-2-yl)-1,1,3,3-tetramethylisothiouronium Tetra
uoroborate
TMS Trimethylsilyl group
TS Transition State
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2 Introduction

Proteins are the building block of life. They play a crucial role in all the
aspects of a living organism: they compose the cellular structure, defend
the organism from external threats, transport nutrients and other molecules
and play a pivotal role in the metabolism in the form of enzymes. Usually
proteins are very big and complex macromolecules, formed bylong chains of
amino acids folded in a very speci�c way that confers them a high selectivity
and capability of modulation. However, a very important rolein cellular
systems is played also by small peptide chains with less than50 amino acidic
residues. In fact, some of them are important as regulation factors, trans-
mitting endocrines signals such in the case of the growing factor receptor or
the G protein-coupled receptors, but they also act as antibacterial agents or
in other cases they play the role of neurotransmitters.[1, 2]
Due to the broad spectrum of activity of small peptides, medicinal chemists
watched at this kind of compound as a possible pharmacological treatment
for some di�erent diseases, but soon they realized that these compound dis-
play some disadvantages that limit their application in themedicinal �eld
and the research has moved towards the so called \small molecules". In fact,
peptide chains seem to be too unstable in the cellular environment because
they are easily hydrolysed by enzymes or by the acidic conditions of diges-
tion. Moreover, the penetration of these compounds inside the cells is very
limited by the high molecular weight and by the high polarityof the core
chain of amino acids.[3]
Another limit in the use of peptide-drugs is related to some synthetic issues;
in fact the synthetic procedure for peptide chains requiresa long series of
steps, involving the protection and deprotection of all thefunctional groups
of the single amino acids inserted in the polymeric chains. This makes the
synthesis long and determines the waste of big amounts of chemicals em-
ployed as protecting groups or coupling reagents.[3]
Despite these limitations, in the last decades the innovations in the �eld
of molecular biology raised again the interest in the research of peptide-
based drugs. This inversion of trend was due to many factors:from one
side this kind of pharmaceuticals display some advantages in respect of small
molecules, such as the easier tuning of the selectivity and pharmacokinetic
by structural modi�cation and the fast systemic adsorptionthat prevents
the �rst-pass metabolism; on the other hand the innovation in genetic engi-
neering now allows easier synthesis for peptides by the use of recombinant
techniques. Moreover the spectrum of application of this kind of compounds
was broadened by the discovery of new natural peptides that play di�erent
roles in living organisms.[4]
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In the last 20 years, many new peptide drugs have been developed and ap-
proved worldwide and at the same time lots of peptides are investigated in
di�erent stages of drugs development, especially for the research of new drugs
for the cure of cancer or metabolic diseases.[4]
This spread of new peptide drugs was helped by the development of new tech-
niques for the individuation of bioactive compounds. On oneside, the clas-
sical technique consisting in the manipulation of the structure of well-known
natural peptides for the tune of the pharmacological and pharmacokinetic
properties was enhanced by the use of advanced software for docking and
structure-activity relationship. On the other side, the simultaneous screen-
ing of large libraries of peptides allows the fast individuation of promising
compounds with good biological activity that can be furtherenhanced by
small structural changes.[5]
The functionalization of peptide drugs is usually easier than for small molecules
and this o�ers the possibility to tune at best the propertiesof the compound
of interest. The recent advantages in the development of this kind of drugs
show that peptides usually display non-signi�cant hepaticmetabolism, with
low levels of immunogenicity and drug-drug toxicology, butat the same time
there are still limitation in the scope of these pharmaceuticals.[3, 6]
The main drawback of peptides is their poor membrane permeation: the
impossibility to pass the cellular membrane relegate the activity of these
compounds to the extracellular or transmembrane space. Moreover, this
limit is extended to the intestinal mucosa and the blood-brain barrier. If
the impermeability of the blood-brain barrier could be an advantage, pre-
venting neurotoxic side-e�ects of the drugs, but also not allowing the use
of this compounds for brain diseases, the impossibility to pass the intesti-
nal mucosa is a strong limit for the use of these compounds as drugs. In
fact, thus impedes the use of the oral administration way forthese bioactive
molecules, which is the most common and easy way of drugs administration.
This limit determines the necessity of alternative, more di�cult, administra-
tion mechanisms, such as the subcutaneous or intravenous route. While the
di�culty in the cellular membrane permeation derives from the polarity of
the peptide core, the impossibility to pass the intestinal mucosa depends on
the high molecular weight of peptide drugs. In fact, the bioavailability of
orally-administered drugs is minimal for compounds with molecular weight
higher than 500 Daltons and it decreases as the weight increases.[3]
Another disadvantage of peptide-based drugs is their instability in the cellu-
lar environment that lead to some problems from the pharmacokinetic point
of view. This limit is intrinsic to the nature of peptides: lots of them play im-
portant roles in regulating biological process as hormones. They are studied
to bind selectively the target molecules and then to be rapidly degraded when
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peptide. This can lead to the formation of a membrane-permeable peptide,
but at the same time the methylation of all the nitrogen atomsof the chain
determines the loss of all the hydrogen bond interactions that determines
largely the conformation and the biological activity of thecompound.[7, 11]

For what is concerning the solubility an the cellular penetration of peptides,
the modi�cation of the side chains of the peptide can be explored to enhance
the properties of the peptide. In particular, the insertionof hydrophobic
moieties in side chains not involved in fundamental interactions with the tar-
get substrate can be exploited to tune the polarity of the peptide structure,
enhancing the permeation inside towards the cellular membrane. Moreover,
these structural changes can result in an enhancement of theproteolytic sta-
bility too.[4]

The most promising technique for the enhancement of the proteolytic resis-
tance and the cellular permeability of peptides is the stapling of the peptide
structure. This technique consists in binding together theside chains of two
di�erent amino acids placed at speci�ed positions in the peptide chain. This
external brace forces the peptide into an� -helical conformation, in which
the polar backbone of the chain is hidden inside the helical structure. This
decreases the polarity of the peptide, enhancing the cellular penetration and,
on the other hand, the external brace prevents the proteolysis of the peptide
chain.[4, 7, 8, 12]

2.1 Stapled Peptides

As for proteins, also in small peptides is possible to identify di�erent levels of
structural organization. Peptides are too small to displaytertiary or quater-
nary structures, but is still possible to identify di�erent secondary structures.
One of the most interesting ones is the� -helix. This structure, formed by at
least 4 amino acid residues, consists in a right-handed spiral which is main-
tained in this compact folding by the hydrogen bond interactions between
the amidic hydrogen atom of an amino acid (in positioni ) and the carbonyl
group of the monomer in positioni+4 .[1]
These interactions determines a rotation of 100o across the helix axis for ev-
ery single amino acid, resulting in a turn of the helix every 3.6 amino acid
residues; every monomer determines a translation of 1.5�A along the axis of
the structure, that correspond to 5.4�A for each turn of the helix.[1]
This rigid conformation determines that the dihedral angles of the peptide
backbone can assume only very restricted values: the one relative to the
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angle between the C� plane and the N-amide plane (' ) ranges around -60o,
while the other with the C-amide plane ( ) is around -45o. The values of
these angles can range (� 90o < ' < � 35o ; � 15o <  < � 70o), but in every
case the sum of the two angles results to be about -105o. This results in a
characteristic diagonal in the Ramachandran diagram, in which on the two
axis are plotted the values assumed by the dihedral angles. The helical struc-
ture hides the peptide backbone inside the helix, exposing the side chains of
the amino acid that point downward like a pine tree.[1, 13]

The propensity of a peptide to assume the� -helix structure depends on the
amino acids that compose the polymeric chain. Alanine, methionine, leucine,
lysine and glutamate are the amino acids that show a high propensity to-
wards this structure. On the other hand, proline has a detrimental e�ect
on the helical structure, due both to the absence of the hydrogen atom in
the amide bond that is fundamental for the maintenance of thespiral and to
the high hinderance of the side chain of this amino acid, thatforces the axis
of the helix to bend of about 30o. An opposite e�ect make also the glycine
residue unsuitable for the� -helix: in fact, the absence of a side chain on the
glycine � -carbon determines a high 
exibility of the structure, enhancing the
entropic demand required in the wrapping of the peptide chain in the helical
structure.[14]
The entropic demand is the key point in determining the formation of the
helix: the folding in the helical structure is possible onlyif the entropic
cost is compensated by the instauration of enough stabilizing interactions.
These interactions that stabilize the spiral structure do not include only
intra-peptide interactions such as the hydrogen bonds thatare established
between the carbonyl groups and the hydrogen atoms of the amide groups,
but also the ones between the amino acids and the solvent thatsurrounds
the peptide. Non polar solvents favour the formation of the� -helix, in which
the polar backbone is hidden along the axis of the spiral and the less polar
side chains of the amino acids are exposed towards the solvent. On the other
side, a polar solvent can disrupt this conformation, takingpart at the hy-
drogen bond interactions that bring packed the polar core ofthe helix.[15{18]

The idea behind stapled peptides is to reduce this entropic cost by the in-
sertion of an external brace that keeps the amino acids of thepeptide in the
right position to push the peptide to assume the� -helical structure instead
of an unfolded one even in a polar solvent.
This can be achieved by an opportune modi�cation of the side chain of two
amino acids posed at the right position in the peptide chain in order to allow
the binding of the two side chains in an external brace.[15{18]
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The choice of the position in which insert the modi�ed amino acids that will
take part at the stapling and the length of the external braceare very impor-
tant. Usually the stapling residues are collocated in position i and i+4 (or,
less commonly, ati+3 ) with a side brace composed by 7 or 8 atoms between
the two � -carbons of the modi�ed amino acids. Another possibility is to
place the staple between positioni and i+7 : in this case the side brace is
composed of a chain of 10-12 atoms and often one of the amino acids involved
in the stapling has a D-con�guration.[18]
Usually only one stapling structure is employed in the stabilization of the
peptide; sometimes, in the case of very long amino acid chains, two sta-
pling bridges are inserted in the same peptide, to enhance the stabilization
of the helical structure along all the polymer. However, in literature are
not reported stapled peptides with three or more stapling bridges, probably
because still two external braces are enough to stabilize the helical struc-
ture.[17]
Not only the relative position of the stapling amino acids hasto be carefully
decided, but also the position of the staple brace in the peptide has to be
evaluated with attention in order to not interfere with the target-substrate
interactions that determines the bioactivity of the peptide. In order to en-
hance the stabilizing e�ect of the staple may be a good choiceto insert it
in the proximity of a week point of the structure, such as in proximity of a
glycine or proline residue.[18]
Even if the insertion of a stapling brace can drastically reduce the entropic
demand to fold a peptide in an� -helix, this technique is e�ective only with
amino acid chains that are already prone towards this helical structure. In
fact, in the case of peptide in which this structure in very disfavoured, it is
probable that the side chains involved in the formation of the external brace
will never reach the right position required to bind together and so the staple
may never be obtained.[17]

The � -helical structure provides some advantages to the stapledpeptides.
First of all it increases the hydrophobicity of the peptide and allows it to
cross the biological membranes. This is con�rmed by the factthat lots of
transmembrane proteins are anchored to the surface of cellular membrane by
a membrane-spanning helix and some transmembrane channelsare formed
by structures composed by seven� -helices arranged in a ring structure. Some
studies show that the cellular penetration of peptides is directly correlated
with the helicity and the hydrophobicity of the amino acid chain. The pres-
ence of a stapling bridge enhances both these properties, playing a pivotal
role in allowing the access of the peptide inside the cells.[15{18]
The cellular penetration of a peptide also depends on the overhaul net charge
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of the polymeric chain. Negative-charged peptides rarely can pass the mem-
brane, while the cellular penetration in favoured for compounds with a net
charge between 0 and +2: for this reason a carefully evaluation of the amino
acids inserted in the peptide should be necessary in order totune the over-
haul charge and enhance the cellular uptake.[17, 19]
The mechanism of uptake of peptides inside cells is still quite unknown and
it varies depending on the structure of the amino acid chain and cell type.
Some studies show that the most common uptake way is probablyan energy-
dependent pinocytosis, but sometimes also other mechanismare involved
such as clathrin- or caveolin- mediated endocytosis, or even direct cell pen-
etration, such in the case of arginine-rich peptides. The pinocytosis uptake
consists in three steps: in the �rst one, the peptide is bind to the cellular
membrane by dipolar interactions with the negatively charged residues of
the cellular membrane; then the peptide is invaginated inside the membrane
leading to the formation of a small vesicle inside the cell. Finally, the peptide
is released in the cytoplasm by the disruption of the vesicle, which involves
an ATP-dependent mechanism with a drop in the pH of the cellular environ-
ment.[19, 20]

Besides the enhancement of the cellular penetration, the� -helix structure
provides a good resistance towards proteolysis, hiding thepeptide bonds in-
side the helical structures and preventing them from being attacked by pro-
tease enzymes. Proteases, in fact, can attack only unfoldedsubstrates, which
display extended conformations and so, the helical structure provides a good
protection towards them. Moreover, the presence of the stapling bridge not
only reduces the kinetic of the proteolytic digestion, but it de�nitely prevents
the attack of chymotrypsin in the sites between and near the staple brace, as
con�rmed by a study in which a stapled peptide showed a 9-folddi�erence
in half-life in respect of a non-stapled one with the same degree of helical
content.[16, 19, 21]
The stapling enhances also the resistance in acidic environments, with an
increase of peptide half-life even up to two magnitude orders. This could
allow the peptide to survive even in the acidic environment of the stomach
digestion, that may make this kind of peptides suitable for the oral adminis-
tration route.[16, 19]

2.1.1 Stapling Reactions

In literature are listed several examples of reaction suitable to bind together
the side chains of two amino acids to form an external brace. These reactions
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� Per
uorobenzene staple

The results of the studies are quite consistent and show moreor less the same
trend in the helicity conferred by the di�erent staples to the peptides. As
expected, the studies show that the presence of a staple havevery little e�ect
on the helicity content of a peptide in a non-polar medium, inwhich the � -
helical is strongly preferred due to the interaction with the polar solvent. On
the other hand, in a polar medium the presence of a staple determines a far
higher degree of helicity in respect of non-stapled peptides. The comparison
between stapling techniques showed that the lactam and the alkenyl staples
are the ones that provide the higher enhancement in helicity. Also the triazole
staple confers a good degree of helicity, while the staplingbridges involving
the cysteine residues are the ones that gave the worst results in improving
the helical content of the peptide. For what is concerning the m-xylene and
the per
uorobenzene staples this may be determined by the elevated rigidity
of the external brace that contains a planar phenyl ring, while on the other
hand, the sul�de ether staple shows high conformational 
uctuation due to
the poor rigidity of the brace.[16, 21]
The less� -helical content of some stapled peptides consists in a mix with the
310-helix structure, which determines a distorted, more elongated structure.
For what is concerning the lactam stapling, the high helicity induced in the
peptide is not determined by further hydrogen bond interactions of the amide
bond is the side brace with the peptide bond of the amino acid chain. In
fact, the replacement of the hydrogen atom of the amide bond of the staple
with a methyl group does not determine a decrease in the helical content of
the peptide.[16, 21]

In many works reported in literature, the helicity induced in the peptide is
considered the most important property conferred by the stapling. How-
ever, Li and others showed that the cellular uptake of the peptide does not
correlate with the helicity induced in the structure, but with the overhaul
hydrophobicity of the peptide. Moreover they demonstratedthat the hy-
drophobicity of stapled peptides depends predominantly bythe polarity of
the staple itself.[16]
The results show that the alkenyl and per
uorobenzene staples are the ones
with the highest hydrophobicity, followed by the vinyl sul�de and the m-
xylene ones. Finally, the triazole and lactam staples are theones that display
highest polarity, comparable with the values obtained for the non-stapled
peptide. Flow cytometry assays and live-cell confocal microscopy showed
that the cellular uptake of peptides follows exactly the same trend of hy-
drophobicity: the less polar stapled peptides display a higher cellular pene-
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tration, while the more polar ones can barely cross the cellular membrane,
despite their high helical content.[16]

However, the elevate hydrophobicity conferred by some staples may deter-
mine detrimental side e�ects for some biological structures. In fact, some
studies showed that the most hydrophobic peptides have a high haemolytic
activity. Moreover the most lipophilic peptides, such as the alkenyl and the
per
uorobenzene ones, displayed high degrees of cytotoxicactivity, proba-
bly due to the cellular membrane disruption caused by the interaction with
the non-polar peptides. This determines that the choice of the staple has
to be carefully evaluated, considering both the capability of cell penetration
and the side e�ects that can result from an excessive enhancement of the
hydrophobicity of the structure.[16]
With this in mind, cysteine containing staples o�er the opportunity to tune
the properties of the stapling brace by the oxidation of the sulphur atom:
sulphur ethers can be turned into more polar sulfones or sulfoxides, deter-
mining an intermediate hydrophobicity of the staple. However, the oxidation
of the sulphur atom determines also an increase in the rigidity of the staple
brace, which could have detrimental e�ects in the stabilization of the helical
structure.[42]
The polarity of the external brace can be �nely tuned also in the case of
the employment of a bidentate external bridge as staple brace. This tech-
nique is used to bind together cysteine, selenocysteine or tryptophan amino
acid residues, but it is also widely employed in [i,i+7 ]-stapling with all the
other reactions usually involved in peptide stapling: for example a termi-
nal dialkynyl bridge can be employed to bind two azido amino acids. This
technique allows to choose a linker with the desired polarity and moreover it
allows to insert in the staple brace a bioorthogonal functional group that can
be exploited for further modi�cations of the peptide. The use of an external
brace permits also the use of a chiral bridge as external brace: the properties
conferred by di�erent isomers are not easy to assessa priori , but some studies
show that the stapled peptides a�orded by two enantiomers can display very
di�erent values in helicity, cell-permeability and biological activity.[12, 43, 44]

The proteolytic stability conferred by di�erent staples is almost the same
and shows no di�erences between the di�erent techniques involved, probably
because proteolytic enzymes are able to recognize only peptides in extended
conformations.[16, 45, 46] However in literature are also reported some cases
in which stapled peptides showed even shorter life-time than the non-stapled
peptide, probably because of some structural changes determined by the
insertion of the staple.[47]
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3 Discussion

The purpose of this part of this PhD project was the evaluation of the e�cacy
of new kind of reactions in stapling peptide structures. In literature are listed
many di�erent stapling techniques, but the only one we foundinvolving peri-
cyclic reactions is the copper-catalysed azide-alkyne cycloaddition (CuAAC).
In respect of other pericyclic reactions, the CuAAC reactionshows the main
drawback of requiring a metal catalyst, which needs very careful puri�caton
techniques in order to eliminate every trace of metal in the �nal product.[48]
Our idea was to explore the possibility to use other pericyclic reactions to
staple peptides, in particular involving the reactivity of nitrile oxides and
nitroso carbonyl compounds. In order to be able to make a comparison be-
tween the stapling properties of this kind of reactivity andthe major stapling
techniques, our plan was to synthetize some peptides with the same structure
of the ones employed by Fairlie and co-workers in a big comparative work
between di�erent stapling techniques.[21] For this reasonwe decided to syn-
thetize some peptides with the sequence Ac-X-Ala-Ala-Ala-Y-NH2 where X
is a dipolarophile- or diene-functionalized amino acid andY is a 1,3-dipole-
or dienophile-substituted amino acid. In order to make a careful evaluation
of the stapling properties of this kind of reactions, we planned to synthetize
some functionalized amino acids with side chains of di�erent length and then
to determine the best �t for stapling.

3.1 Nitrile Oxide Stapling

Nitrile oxides are usually employed in the synthesis of isoxazole or isoxazo-
line by a 1,3-dipolar cycloaddition with alkynes and alkenes. In contrast with
Huisgen cycloaddition, nitrle oxides can react at room temperature even in
absence of metal catalyst.[48] In order to explore the viability of this kind of
reaction in stapling peptides we decided to synthetize somedi�erent amino
acids bringing a nitirle oxide precursor on the side-chain and some others
amino acidic compounds showing a dipolarophilic moiety such as a double
or triple bond.

Reactivity

The main reaction of nitrile oxides is the 1,3-dipolar cycloaddition with un-
saturated compounds (Scheme 10). Usually the dipolarophiles are alkynes or
ole�ns, that a�ord as product the isoxazole or isoxazoline derivatives, but it is
possible to use also hetero dipolarophiles, such as aldehydes or nitriles.[48{50]
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aniline with benzaldehyde, employing an acetyl moiety as directing group
(as reported in [68]) (Scheme 19). So, the amino group of aniline (13)
was acetylated (as reported in [69]) and the obtained acetanilide (14) was
employed in a dehydrogenative cross-coupling with benzaldehyde employing
Pd(OAc)2/TFA as catalyst and tert -butyl hydroperoxyde as oxidant. The
acetyl directing group was then hydrolysed by heating in HCl solution, af-
fording the desiredo-aminobenzophenone (15) in quite good yields. This
compound was involved in an amidation reaction withN -benzyl-L-proline
(17) which was previously synthetized by simple nucleophilic substitution
with benzyl chloride (as reported in [70]). The coupling reaction between
the two substrates was not so easy: many di�erent synthetic ways were ex-
plored, from the use of coupling reagents such as HBTU (adapting from [71])
or DCC (adapting from [72]) to the use of thionyl chloride (asreported in
[73]), but the yields of reaction were always very poor. Finally the use of
N -methylimidazole appeared as the only way to obtain the desired 2-(N '-
(N -benzylprolyl)amino)benzophenone (18) in quite good yields (as reported
in [70]). The formation of the metal complex (19) was achieved by mixing
the synthetized chiral ligand along with glycine and a nickel (II) salt (NiCl 2

or Ni(NO3)2) in a basic environment (as reported in [70]). The coordination
of the ligand and the glycine to the metal core favours the formation of the
relative Schi�'s base and moreover increases the acidity ofthe glycine hydro-
gen atoms.

As electrophiles for the nucleophilic substitution we chosepropargyl bro-
mide (21a), 6-bromo-1-hexene (21b) and 4-bromo-1-trimethylsilyl-1-butyne
(21c). Both 6-bromo-1-hexene and 4-bromo-1-trimethylsilyl-1-butyne were
synthetized from the respective alcohols by mesylation followed by treatment
with lithium bromide (as reported in [74]). Althought the reaction between
the nickel complex (19) and propargy bromide gave good results employing
acetonitrile as solvent and involving a reaction time of onehour (as reported
in [75]), the reaction with the other two electrophiles was more di�cult and
required a carefull evaluation of the reaction conditions in order to avoid the
formation of by-products and the degradation of the nickel complex (proce-
dures from [76],[77],[78] were evaluated). Finally we foundthe use of DMF
as solvent and a very short reaction period (10 minutes) as the best condi-
tions for this kind of reaction (adapting from [79]). Nevertheless we were not
able to couple the 4-bromo-1-trimethylsilyl-1-butyne to the complex, prob-
ably because of the competition of the elimination reactionthat determines
the formation of a conjugated side-product.
In order to increase the enantiomeric excess of the products, the mixtures
of diasteroisomers were treated with sodium methoxide in a methanol so-
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4 Conclusions

In conclusion, the synthesis of nitrile oxide and nitroso carbonyl stapled
peptides was not achieved because of the failure in the coupling of the dipo-
larophilic amino acids to the peptide and the end of the time at my disposal.
So we could not assess the properties of these kind of stapling techniques,
for which we expected some intermediate properties such as in the case of
the azide-alkyne cycloaddition stapling; in fact the isoxazole stapling bridge
should display a moderate polarity that could allow the cellular uptake of
the peptides without displaying cytotoxic e�ects. However,we posed the
basis for further investigations in this �eld, demonstrating the feasibility of
the synthesis of amino acids precursors of nitrile oxide andnitroso carbonyl
derivatives.

The synthesis of the nitrile oxide precursor turned out to beharder than
expected. Many di�erent synthetic approaches were attempted, several of
which ended in a syntheticcul-de-sac. In particular, serine seemed to be
the best starting material to obtain some oxime-functionalized amino acids
by oxidation or nucleophilic substitution, but it revealedto be too reactive,
especially towards the elimination reaction.
Aspartate and glutamate appeared to be quite good starting points for the
synthesis of nitro derivatives along with lysine. Both the Curtius rearrange-
ment pathway and the nitrile reduction one proved to be quiterobust, until
the last oxidative step. The main issue in these synthetic routes was the ne-
cessity to protect the carboxylic group of the amino acids asprimary amides
to prevent the molecules from intra- or intermolecular cyclizations deter-
mined by the amidation reaction between the ester group and the amino
group on the side chain. The �nal oxidative step to convert the amino group
into a nitro one still requires a better tuning, but the results we obtained
showed us that there are very good chances to obtain a nitro derivative for
these amino acids.
For what is concerning the synthesis of the oxime precursor,the only syn-
thetic pathway that worked was the enantioselective synthesis of ole�nic
amino acids and the subsequent transformation into aldehydes by ozonolysis.
In fact, oxidative or reductive routes seemed to display toolow selectivity: in
many cases the presence of several di�erent functional groups on the amino
acids was not compatible with the reaction conditions and determined the
formation of undesired by-products.
The enantioselective nucleophilic substitution on glycine appeared to be great
for the synthesis of unnatural amino acids, with quite good yields and ex-
cellent enantiomeric excess, but displayed also some important drawbacks.

57



The most important one is probably that this reaction is not catalytic: the
nickel complex is required in stoichiometric amount and at the end of the
reaction the complex has to be hydrolysed, determining the loss of the start-
ing material. The chiral ligand can be recovered (about 80% at a time) but
the nickel complex has to be resynthesized and puri�ed before every nucle-
ophilic substitution. Moreover the elevated molecular weight of the metal
complex in respect of the �nal amino acidic product determines the neces-
sity to work with elevated quantities of nickel complex (to obtain a decent
amount of product), which made more di�cult the already tough separation
of the diasteroisomers. The main limitation in the scope of this reaction was
the impossibility to link homoallyl and homopropargyl groups because of the
competition with the elimination reaction, while the failure in the coupling
of the oxolane derivatives is probably due to the hindrance of the heteroaro-
matic ring. Also the separation of the obtained amino acids from the nickel
salts revealed to be quite tricky: there are lots of papers inliterature in
which this issue was easily overcome by the use of an ion-exchange resin,
but after some di�erent unsuccessful attempts with this strategy, we decided
to proceed with the protection of the amino acid functional groups and the
subsequent separation of the product from the nickel salts by extraction in
an organic solvent.
The ozonolysis and the successive aldehyde functionalization worked quite
well, but the instability of the oxime moiety in the acidic environment de-
termined the necessity of a change in the synthetic pathway.We chose to
proceed with the functionalization of the side chain of the ole�nic amino
acids only after the coupling into a peptide, but another possibility could
simply be the replacement of the Boc protecting group with a Fmoc one.
The formation of both the isomers of the oxime derivative could be annoying
because of the very hard separation, but in this context we decided to move
on without isolating them because both the isomers can be converted in the
same nitrile oxide derivative.

The synthesis of dipolarophilic amino acid was way easier because there are
lot of works reported in literature in which they are synthesized. However,
the only way to obtain a full-hydrocarbon dipolarophilic side chain is still
the use of the nickel-catalysed enantioselective nucleophilic substitution that
we exploit in the synthesis of the nitrile oxide precursors.The synthesis of
nitrile derivatives was carried out very easily from asparagine and glutamine
derivatives with the use of cyanuric chloride: unfortunately the failure in the
synthesis of the peptides do not allow us to know if these compounds can be
useful in this kind of intramolecular cycloadditions or if they display a too
low reactivity to take part in these reactions.
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The synthesis of the hydroxamic derivative was quite easy. We chose to em-
ploy a protected hydroxylamine to have the possibility to separate easily the
hydroxamic acid product from the unreacted carboxylic acidand to have a
product easier to handle. Despite the good results in the synthesis of the
hydroxamic acid we did not proceed with the subsequent stepsbecause the
failure in the synthesis of diene amino acids made useless the synthesis of a
dienophile amino acid.

Bigger issues were found in the synthesis of diene amino acids. The insertion
of the cyclopentadienyl moiety into an amino acid appeared to be harder
than we thought. In fact, the high propensity towards [1; 5]-sigmatropic shift
determined the formation of some di�erent regioisomers quite impossible to
isolate. This may not be a problem considering that all the isomers can re-
act with the nitroso carbonyl in a hetero Diels Alder reaction, but it makes
quite impossible to really identify and characterize the products. Moreover
the high tendency of cyclopentadiene to dimerize determined also the for-
mation a wide range of cycloadduction products, probably both between the
cyclopentadienyl amino acids and the free cyclopentadiene, but also between
two cyclopentadienyl amino acids. At the �rst we though that this problem
was mainly determined by the formation of an acyl-cyclopentadiene deriva-
tive, which is activated towards the Diels Alder reaction by the presence of an
electron withdrawing group, but the same problem was found in the synthe-
sis of all-hydrocarbon cyclopentadienyl amino acid. The reaction conditions
for the insertion of this moiety still require a better tuning, but maybe a
better choice could be the insertion of di�erent diene derivatives, which do
not display the self-cycloaddition issue.

The coupling process revealed itself harder than expected.If HBTU ap-
peared to be excellent in the synthesis of the alanine spacer, in the coupling
of the unnatural amino acids the use of this reagent turned out to be a fail-
ure. This was probably due to the presence of some residual water in the
reaction environment after the hydrolysis of the ester group. The hydrolysed
amino acids were dried at the vacuum pump for long time, but probably some
water molecule still remained inside the product. In order to overcome this
problem a better drying process is required or it is possibleto use another
ester group that could be removed in non-hydrolytic conditions, such as a
benzyl one.
We attempted also the coupling between amino acids by the activation of
the carboxylic group asp-nitrophenol ester. We chose this kind of synthetic
pathway because in this way in the coupling reaction mixturethere would
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not have been a jumble of di�erent side products as in the use of condensing
reagents. Unfortunately, also in this case the reaction appeared to work quite
well in the coupling of the ole�nic amino acid with the alanine sequence, but
when we attempted the activation of the dipolarophilic amino acids the de-
sired product were not obtained. The degradation of the activated amino
acids was probably due to the repeated washing with water to remove the
excess ofp-nitrophenol or by the hydrolysis of the ester in the acidic condi-
tions of the chromatographic column.
The use of a solid-phase synthesis would certainly have beenpreferable: our
lack of experience in the use of this technique drove us away from it, but
probably it would have avoided the problems that we found in the coupling
step.

In conclusion, the synthesis of nitrile oxide and nitroso carbonyl stapled pep-
tides was not accomplished. This prevent us from drawing anyconclusion
about the properties conferred to the peptides by these stapling techniques.
On the other side, we posed the basis for further investigations in this �eld:
a synthetic pathway for the synthesis of nitrile oxide and nitroso carbonyl
amino acids have been identi�ed and checked; an optimal tuning for the cou-
pling of the amino acids is still required, but there are excellent possibilities
to achieve the synthesis of the desired products.
Moreover the synthetic pathway for the synthesis of these unnatural amino
acids is not limited to the application in the stapled peptides �eld. The
bioorthogonality of the reactivity of nitrile oxides and nitroso carbonyls
could be useful in the functionalization of proteins and other biological sub-
strates. In addition, the cycloaddition reactions of thesecompounds lead to
the formation of some interesting heterocycles such as isoxazoles, isoxazolines
and dihydrooxazines; these heterocyclic compounds can be also precursors of
other important sca�olds such as� -enamino ketones or� -enamino alcohols.
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5 Experimental Section

5.1 General Methods
1H-NMR and 13C-NMR were registered on Bruker AVANCE 300 spectrom-
eter in deuterated solvent solutions. The chemical shifts are expressed in
ppm, using tetramethylsilane as internal reference.

FT-IR spectra were registered using a FT-IR Perkin-Elmer RX-1 spectrom-
eter desolving the analysed products in DCM.

The rotatory power was misured with a Perkin Elmer 241 polarimeter with
a mercury vapor lamp using methanol as solvent.

All solvents and reagents were purcheased by Sigma Aldrich andTCI Chem-
icals.

Chromatographic columns were performed using Kieslgel 60,70-230 (Merk),
with a BIOTAGE mplc or BIOTAGE Isolera One with KP-SIL columns or
by gravity on glass columns.
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8.14 (d, 1 H, arom.).

13C-NMR (� , CDCl3): 23.7; 24.8; 28.6; 30.8; 33.5; 35.2; 56.9; 63.1; 70.3;
70.4; 114.7; 120.7; 123.7; 123.8; 126.6; 127.2; 127.6; 127.7; 128.9; 128.9; 129.0
129.1; 129.2; 129.7; 131.6; 131.7; 132.1; 133.2; 133.9; 138.5; 142.3; 170.4;
179.5; 180.4.
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13C-NMR (� , CDCl3): 22.32; 22.96; 50.41; 50.5; 52.66; 71.47; 78.33; 169.7;
170.75.

[� ]D : + 5.8 deg� mL � g� 1 � dm� 1.
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1 Abbreviations

AcOEt Ethyl Acetate
ATP Adenosine Triphosphate
BODIPY Boron-Dipyrromethene
CuAAC Copper (I) catalyzed Azide-Alkyne Cycloaddition
Cy Cyclohexane
DCM Dichloromethane
DMF Dimethylformamide
DMSO Dimethylsulfoxide
DNA Deoxyribonucleic Acid
FT-IR Fourier Transformat - Infrared Spectroscopy
GFP Green Fluorescent Protein
HOMO Highest Occupied Molecular Orbital
IFN- 
 Interferon 

LUMO Lowest Unoccupied Molecular Orbital
NBD Nitrobenzoxadiazole
NCS N -Chlorosuccinimide
NF-� B Nuclear Factor � B
NMR Nuclear Magnetic Resonance Spectroscopy
PIDA Bis(acetoxy)iodobenzene
PIFA Bis(tri
uoroacetoxy)iodobenzene
TBAF Tetrabutylammonium Fluoride
THF Tetrahydrofuran
TMS Trimethylsilyl group

149



2 Introduction

In last decades, the study of molecular biology has taken more and more
importance in the development of new drugs and in the understanding of
the biological mechanisms involved in all aspects of life. This has been made
possible by the discovery of a great variety of 
uorescent probes. In fact,
these probes have permitted the development of many di�erent biological
assays, allowing us to tag speci�c targets and even to \see" inside cells. At
the moment, hundreds of 
uorescent probes are employed in some di�erent
biological assays, from proteomics toin vivo imaging to high-throughput
screening.[1{5]
Usually these probes are composed by three di�erent parts: a warhead, a
linker and a 
uorophore.[6, 7]
The warhead is the portion reserved to the target recognition: the selectivity
of the probes depends on the high speci�c interactions between this part and
the target substrate. The warhead structure depends on the speci�c target
of the probe: it can be composed by many di�erent chemical structures, such
as an antibody, an aptamer, a peptide or a small molecule.[6,7]
The linker has the only task to bind together the warhead and the 
uo-
rophore. It is composed by a short chain of atoms and does not play an
important role in the recognition of the target substrate. However, its struc-
ture and the spacing that it determines between the other twoparts of the
probe could play a pivotal role in determining the chemical and biological
properties of the probe.[6, 7]
The 
uorophore is the part of the probes that allows the easy identi�cation
and localization of the probe and, therefore, of the target substrate to which
the probe is bound. Depending on the application �eld, the optical properties
required can be opportunely tuned by the choice of the adequate 
uorescent
molecule.[6, 7]

Depending on the probe structure and its application, two possible ways can
be employed in order to insert the 
uorescent probe on the analysed tar-
get. The �rst option is to insert directly the whole probe to the required
environment, while, especially forin vivo applications, it is possible to use
a two-steps technique. It consists in the �rst introductionof the warhead
that interacts with the target substrate and then the selectively bind of the

uorophore portion to the side chain of the warhead. This technique has
some important advantages: �rst of all, the absence of the 
uorophore in
the binding step of the warhead to its target determines an improvement in
the selectivity and activity of the binding, eliminating the risk of side in-
teractions with the 
uorescent part of the probe. The other advantage is
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the better cellular uptake provided by the insertion of the two parts of the
probe in di�erent steps. In fact, the 
uorescent probes employed in biological
assays have an elevated molecular weight and their cellularuptake is very
low due to their large size. The introduction in a two-step manner overcome
this problem, separating the probe into two di�erent parts of lower molecular
weight that display better cellular permeation.[6, 7]

The binding between the warhead and the 
uorophore has to be very fast
and selective. This is made possible by the insertion on boththe part of the
probes of two complementary functional groups, which can react together
without interfering with the other functionalities usually presented in the
cellular environment. Moreover, the reaction has to be verye�cient even at
very low concentrations and it must do not a�ord toxic by-products. During
the years, scientists have developed some di�erent reactions with the de-
sired characteristics of selectivity and e�ciency and gavethem the name of
\bioorthogonal reactions".[6, 7]

2.1 Bioorthogonal Reactions

The most popular bioorthogonal reaction is for sure the azide-alkyne cy-
cloaddition (Scheme 1, patha), that took the name of \click-chemistry" by
the great success it had in this �eld.[8, 9] This reaction involves two func-
tional groups that are not present in the biological environment. These func-
tionalities are linked together into a 1,2,3-triazole ringby a metal catalysed
1,3-dipolar cycloaddition. Until the beginning of the 21st century, the azide-
alkyne cycloaddition was not considered to be useful on the �eld of biological
chemistry because of the high temperature required for the cyclization. In
2002, Sharpless and Meldal showed that the rate of this reaction could be
enhanced even up to 7 magnitude orders by a copper (I) catalysis. This al-
lows to conduct the reaction at room temperature and pressure, making the
reaction suitable for biological applications. Moreover,the copper catalysis
enhances the regioselectivity of the reaction, determining the formation of
the sole 1,4-disubstituted triazole. Also ruthenium complexes can be em-
ployed as catalysts for this cycloaddition (Scheme 1, pathc), but they a�ord
the 1,5-regioisomer.[10{12]
However, the metal catalysis can limit the application inin vivo analysis,
because even low concentrations of copper or ruthenium display strong cy-
totoxic e�ects. This problem can be overcome by the use of strained cy-
cloalkenes or cycloalkynes as dipolarophiles (Scheme 1, path b). In this case
in fact, it is possible to avoid the metal catalysis because the reaction is pro-
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as dipolarophiles in hetero Diels Alder reactions (Scheme 3A): the cycloaddi-
tion with a diene partner determines the formation of a disubstituted dihydro
oxazine ring. The presence of an electron-withdrawing group in � -position
to the nitroso moiety determines a lowering of the LUMO energyof the com-
pound, enhancing its reactivity towards the pericyclic reaction. Thus results
in a higher reactivity for acylnitroso derivatives in respect of simple nitroso
compounds.[25{28]
The low LUMO energy of nitroso derivatives allows to employ them in ene
reactions with ole�ns (Scheme 3B). The pericyclic reactiona�ords an allylic
N,N -disubstituted hydroxylamine as product. However, this kind of com-
pound is not very stable in the biological environment. In fact, both acidic
and basic conditions can lead to the degradation of the hydroxylamine into
its imine or amine relative, while oxidizing conditions maydetermine the for-
mation of a nitrone species, which can undergo some di�erentdegradation
pathways. Even in this case, the presence of electron-withdrawing groups
enhances the reactivity of nitroso compounds towards ene reaction and pro-
vides a better resistance towards product degradation.[25, 27, 29]
The reactivity of nitroso and nitrosocarbonyl compounds isnot widely used
in the �eld of bioorthogonal chemistry because of their highreactivity that
determines the need of anin situ generation of these species. To overcome
the problem relative to the use of oxidizing agents for the synthesis of ni-
troso compound in biological environment, it is possible touse two alterna-
tive ways. One is to block the nitroso moiety by a Diels Alder reaction with
dimethyl anthracene: the mild heating of the cycloadduct determines a retro-
Diels Alder reaction, with the generationin situ of the reactive nitroso com-
pound. Otherwise, is possible to employ 1,2,4-oxadiazole-4-oxides as source
of nitroso compounds by the photolysis of the heteroaromatic ring.[27, 29]
Another very interesting bioorthogonal reaction is the Diels Alder / retro-

Diels Alder reaction between 1,2,4,5-tetrazines and unsaturated compounds
such as alkenes and alkynes (Scheme 3C). Usually aromatic compounds are
not prone towards pericyclic reactions because these kind of reactions lead to
a loss of aromaticity. Tetrazines, however, have a low aromatic stabilization
energy because of the distortion and the closed-shell repulsion that the nitro-
gen atoms determine in the aromatic ring. In addition, tetrazines have low
LUMO energy, that determines the possibility to react in inverse electronic-
demand Diels Alder reactions. The pericyclic reaction with alkynyl groups
results in the formation of an unstable bicyclic compound that is further in-
volved in a retro-cycloaddition that determines the elimination of a nitrogen
molecule and the formation of a disubstituted pyridanzine ring. In the same
way, the cycloaddition with an ole�nic compound results in the formation of
an unstable bicyclic molecule that degrades into a dihydropyridaizine ring.
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ground singlet state. Thus determines that the energy of theemitted photon
is always less than the energy of the absorbed one: the di�erence between
the wavelength of the emitted photon and the one of the absorbed proton
is called Stokes shift. High stoke shift values are preferred for 
uorophores
employed in biological assays in order to have a better identi�cation between
the stimulating radiation and the emitted one.
The other parameters that characterize 
uorescence are the
uorescence
quantum yield, the maximum wavelength of absorption and emission and
the molecular brightness.
For biological purposes, it is preferred to employ 
uorophores which maxi-
mum wavelength of excitation is longer as possible. In fact,the tissue pen-
etration of light depends on the frequency of emission and itdecreases with
the lowering of the wavelength of radiation. Near-infrared radiation displays
the maximum penetration in biological tissue, while visible or UV light shows
poor penetration, that decreases as the radiation energy increases. Moreover,
high-energy photons, such as UV light, can damage tissues andit is prefer-
able to avoid it in in vivo applications.
The 
uorescence quantum yield (�F ) describes the e�ciency of the 
uo-
rophore to emit a photon when stimulated with a proper wavelength. The

uorescent quantum yield is determined by the ratio betweenthe photons
emitted and the photons absorbed: the values ranges from 0 (no 
uorescence)
to 1 (maximum of 
uorescence e�ciency).
Fluorescence quantum yield is very important in determiningthe e�ciency
of a 
uorophore, but a better evaluation is provided by the molecular bright-
ness (q). This value puts together the 
uorescence yield and the molecular
absorption coe�cient ( "). The molecular absorption coe�cient can be eas-
ily calculated by the Lambert-Beer equation and it shows thepropensity of
a molecule to absorb a photon. Combining this value with the 
uorescent
quantum yield it is possible to have a good idea of the power ofthe 
uo-
rophore.[1, 3, 5]

Usually 
uorophores are characterized by high conjugated structures. This
is determined by some di�erent factors: the high delocalization of electrons
enhances the surface suitable for the excitation of the 
uorophore and more-
over high conjugated structures display LUMO energy enough low to allow
the � ! � � transition. On the other side, the aromatic structures usually
display poor 
exibility and no freedom of rotation, resulting in disfavouring
the internal conversion as pathway of deactivation.[32{34]
A good variety of 
uorophores has been developed during the years: here are
reported the most common classes of 
uorescent molecules usually employed
in biological assays.
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ing time and reducing the number of reactions. However, the �rst attempts
a�orded the desired product (10) only in 30% yield, because of the compe-
tition with the substitution on the brominated position of the anthracene
sca�old.
Unsatis�ed by these results, we tried to go through the other way. Unfortu-
nately, the cross-coupling reaction (attempted employing4-methoxyphenyl
boronic acid as coupling partner) displayed even less regioselectivity than
the nucleophilic substitution, a�ording a mixture of products substituted on
both side of the molecules. In order to overcome this problem, we also tried
to use propargyl chloride instead of propargyl bromide in the dipolar cycload-
dition step. We thought that this change could shift the regioselectivity of
the Suzuki reaction towards the substitution on the anthracene moiety, but
even in this case a mixture of monosubstituted and disubstituted products
were obtained.
So we returned to the �rst option and, after few attempts, the nucleophilic
substitution reaction was optimized enhancing the yield tomore than 80%:
the reaction was performed in acetone, maintaining the mixture under re
ux
overnight and employing potassium carbonate as base to promote the depro-
tonation of the phenolic derivative and to neutralize the hydrogen halides
developed during the reaction (adapting from [67]).

The structure of the product was con�rmed by the presence in the 1H-NMR
spectrum of the signals of both the reaction partners, with the exception of
the phenol terminal hydrogen, and by the disappearance of the broad band
relative to the phenol hydroxyl group in the FT-IR spectrum.

The obtained product (10) was used as sca�old for a Suzuki cross-coupling
reaction to insert a small variety of aromatic moieties, bringing both electron-
withdrawing and electron-donating groups (Figure 14). Thisreaction allows
to couple together even sterically hindered arylic groups,of which one is an
aryl halide and the other is an organoboron compound, such asboronic acids
or boronate esters. In this case, we decided to use a small library of aryl
boronic acids as coupling partners, employing tetrakis (triphenylphosphine)
palladium (0) as catalyst and potassium carbonate as base. The reagents
were stirred for 6 hours at 63oC in anhydrous DCM under nitrogen atmo-
sphere (adapting from [70]).

The structure of the products was con�rmed by the presence ofthe peaks
relative of both the coupling partners in the1H-NMR spectra.
The coupling yield have been quite satisfying, with the exception of the very
hindered 2,6-dimethoxyphenyl boronic acid, for which we decided to do not
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by the nucleophilic substitution with propargyl bromide (adapting from [67]),
a�ording the desired probes (28a-c). The reaction was performed in acetone,
maintaining the mixture under re
ux overnight. Potassium carbonate was
used as base to promote the deprotonation of the phenolic derivatives and
to neutralize the hydrobromic acid developed during the reaction (adapting
from [67]).
The structure of the products was con�rmed by the presence inthe 1H-NMR
spectra of the signals of both the reaction partners, with the exception of
the phenol terminal hydrogen, and by the disappearance of the broad band
relative to the phenol hydroxyl group in the FT-IR spectra.

Since we have already noticed that the isoxazole probes havebetter optical
properties than the boron complexes, we decided to do not proceed with the
further steps for the synthesis of the boron probes.
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Optical Properties
The molar absorption coe�cient of the analysed compounds were acquired
by the absorbance values obtained in the Uv/Vis analysis, knowing the con-
centration of the sample and the length of the optical path (1cm).

Table 1: Maximum wavelengths of absorption (� MAX Abs ) and molar absorp-
tion coe�cients ( ") of the analysed compounds.

� MAX Abs [nm] " ( � 103) [M � 1 cm � 1]

Comp. DCM MeOH DMSO/H 2O DCM MeOH DMSO/H 2O

13a 394 391 398 7.02 6.16 7.48

13b 394 391 396 6.76 6.48 6.62

13c 394 391 391 8.37 8.09 6.89

13d 393 390 394 8.71 7.65 6.07

13e 395 392 397 11.7 9.20 7.45

13f 395 392 393 9.70 7.84 9.40

13g 395 392 396 7.44 6.76 8.37

13h 394 391 396 6.99 6.41 2.18

15a 396 392 396 11.9 12.7 7.51

15b 395 392 396 6.91 6.56 6.68

15c 396 392 396 3.48 9.97 8.91

15d 395 391 396 7.88 7.89 8.01

15e 397 393 397 8.38 9.10 7.17
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Table 2: Slope coe�cient (c), solvent refraction index (n) and 
uorescent
quantum yield (� F ) of the standard references employed for the quantum
yield calculation of the analyzed 
uorophores.

Comp. c n � F

31 27330 1.33 0.48

32 375150 1.33 0.17

The emission areas of each samples were plotted against the absorbance of
the 
uorophore. Then the plots were interpolated, obtaining a gradient value
that allow us to determine the 
uorescence quantum yield, simply using the
following equation:

� x = � ST D

�
cx

cST D

� �
nST D

nx

�

where � is the 
uorescence quantum yield,n is the refractive index of the
solvent andc is the slope coe�cient obtained by the interpolation of the area
vs absorbance plots.
The molecular brightness (q) was calculated multiplying the 
uorescence
quantum yield (� F ) and the molar absorption coe�cient (") of the probes.

Table 3: Maximum wavelengths of emission (� MAX Em ) and Stokes shifts of
the analysed compounds.

� MAX Em [nm] Stokes Shift [nm]

Comp. DCM MeOH DMSO/H 2O DCM MeOH DMSO/H 2O

13a 438 434 442 57 53 61

13b 434 425 432 53 44 51

13c 418 419 421 37 38 40
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Table 3: Maximum wavelengths of emission (� MAX Em ) and Stokes shifts of
the analysed compounds.

� MAX Em [nm] Stokes Shift [nm]

Comp. DCM MeOH DMSO/H 2O DCM MeOH DMSO/H 2O

13d 436 427 433 55 46 52

13e 441 443 452 60 62 71

13f 430 423 435 49 42 54

13g 429 424 434 48 43 53

13h 432 425 437 51 44 56

15a 492 490 482 111 109 101

15b 496 496 497 115 115 116

15c 437 430 434 56 49 53

15d 491 495 491 110 114 110

15e 511 493 463 130 112 82

15f 483 460 455 102 79 74

15g 488 486 460 107 105 79

28a 436 427 440 55 46 59

28b 428 422 434 47 41 53

28c 430 424 435 49 43 54

29 496 496 497 115 115 116
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Table 4: Fluorescent quantum yields (�F ) and molecular brightness (q) of
the analysed compounds.

� F q ( � 103) [M � 1 cm � 1]

Comp. DCM MeOH DMSO/H 2O DCM MeOH DMSO/H 2O

13a 0.73 0.97 0.71 5.12 5.97 5.31

13b 0.99 0.99 0.91 6.69 6.41 6.03

13c 0.00 0.00 0.00 0.00 0.00 0.00

13d 0.90 0.92 0.17 7.84 7.04 1.03

13e 0.14 0.11 0.05 1.64 1.01 0.37

13f 0.13 0.10 0.22 1.26 0.78 2.07

13g 0.81 0.74 0.89 6.03 5.00 7.45

13h 0.94 0.96 0.65 6.57 6.16 1.42

15a 0.09 0.04 0.04 1.07 0.51 0.30

15b 0.07 0.02 0.02 0.48 0.13 0.13

15c 0.02 0.00 0.00 0.07 0.00 0.00

15d 0.10 0.02 0.03 0.79 0.16 0.25

15e 0.08 0.01 0.05 0.67 0.09 0.36

15f 0.01 0.01 0.01 0.04 0.07 0.01

15g 0.12 0.03 0.08 0.94 0.23 0.58
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The results show that in the case of the isoxazole probes the transition is
con�ned into the anthracene sca�old, while for the boron 
uorophores the
transition determines a partial charge transfer to the boracycle as shown in
Figure 17.
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Figure 19: Structure of the proteasome (A ) and location of the active sites
(B ).

one over the other and composite by seven subunits each. The external � -
rings play a regulatory role by the interaction with ATP molecules, while the
� -rings display three di�erent catalytic sites each, all placed in a di�erent
subunit: the � 1c, � 2c and� 5c subunits. Each catalytic subunit has its spe-
ci�c target: the � 1c subunit acts in a caspase-like manner, cleaving amino
acid sequences preferentially after acidic residues; the� 2c subunit cleaves
predominantly after basic residues, in a trypsin-like manner, while the � 5c
acts after hydrophobic residues like chymotrypsin. Also in immunoprotea-
some, the catalytic activity relies on three di�erent subunits (� 1i, � 2i and
� 5i), but the substrate selectivity of these subunit does notcorrespond with
the selectivity of constitutive proteasome subunits. However, the proteolytic
activity of all these subunits relies on the hydroxy group ofa N-terminal
threonine residue, which breaks the substrate peptide bonds acting as a nu-
cleophile.[79, 81, 82]

Proteasome Inhibition
Epoxomicin, as some other proteasome inhibitors, displaysa double elec-
trophilic moiety on the warhead, in order to bind the threonine residue
responsible of the proteolytic activity of the proteasome. In particular,
epoxomicin has an� ',� '-epoxyketone warhead, which interacts with the N-
terminal threonine determining the formation of a 1-4 oxazepane ring that
inhibits the activity of the proteasome. This seven-membered ring derives
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5 Conclusions

The purpose of this research project was the improvement of the optical
properties of the original 
uorescent probe (29) already synthesized by our
research group in 2016. With this in mind we synthesized a small library of

uorescent probes with three di�erent core structures: an isoxazole derivative
(13a-h), a � -enamino ketone boron complex (15a-g) and a full-conjugated
one (28a-c).
The general idea was to insert some aryl moieties with some electron with-
drawing or electron donating functional groups to evaluatehow they can
modify the optical properties of the probe. The Suzuki cross-coupling reac-
tion revealed to be really useful in the insertion of a broad variety of aromatic
sca�olds on the anthracene structure: the only limit that wefound was in
the coupling of the high hindered 2,6-dimethoxyphenylboronic acid, for which
the coupling product (12h) was obtained only in very low yields.
The only issue encountered in the synthesis of the isoxazoleor boron complex
derivatives was the poor selectivity of the nucleophilic reaction between the
alkyl halide and the aromatic one. In fact the poor aromatic character of
the central ring of anthracene allow the halide in 10-position to take part
in nucleophilic substitution reactions. Surprisingly also the Suzuki reaction
displayed the same poor selectivity between the two halides, determining the
formation of double-couple products instead the desired products. The use
of a chlorine derivative (7� ) instead of a bromine one (7� ) was expected to
shift the selectivity of the coupling reaction towards the aryl bromide, but
also in this case the cross-coupling showed very poor regioselectivity between
the halides.
On the other side, in the �rst attempt in the synthesis of the full-conjugated
probes, the Hiyama cross-coupling was chosen because of the high selectivity
of the reaction. In fact the trimethylsilyl group involved in this cross-coupling
does not take part in the Suzuki reaction because it needs thepresence of

uoride anions to be activated. However, the Hiyama cross-coupling did not
work as expected, both on the enamino ketone derivative (19) and the isox-
azole one (18).
The second synthetic pathway for the synthesis of the conjugated 
uorophores
instead seems to be quite robust; maybe one improvement could be the use
of an O-trimethylsilyl-protected phenol derivative as dipolarophile, in this
way we could prevent the formation of some side-products in the subsequent
reactions.

The optical analysis show that the isoxazole derivatives (13) display a way
stronger 
uorescence than the boron complexes (15): in fact the molar ab-
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sorption coe�cient remain quite the same for all kinds of 
uorophores, rang-
ing approximately from 3� 103 to 13� 103 M � 1 cm� 1, while the 
uorescent
quantum yield of the isoxazole probes (13) is the majority of cases is more
than 10 fold higher than for the corresponding boron complexes (15). The
enhancement in the conjugation of the structure did not determine an in-
crease in molecular brightness. The conjugated probes (28) in fact display
almost the same properties of the isoxazole derivatives, maintaining more
or less the same molar absorbance but showing slightly lower
uorescence
quantum yields.

The substitution on the boron complex sca�olds (15) with di�erent aryl
groups did not resulted in big changes in the optical properties of the probes.
The 
uorescent quantum yields remained almost the same of the original
probe, with slightly changes between one and the other. On the other side
the isoxazole derivatives (13) showed a quite important in
uence of the na-
ture of the substituent: the best results in 
uorescence forthese compounds
were obtained with the tolyl (13b) and furyl (13g) derivatives, which display
very high quantum yields not only in DCM but also in more polarsolvents.
Also the tri
uoromethyl derivative ( 13d) showed a good quantum yield in
a non-polar environment, but employing a DMSO/water mixture as solvent
the 
uorescence dropped of about 5 folds. The worst results instead were
obtained surely with the nitro derivative (13c), which displayed almost no

uorescence, probably because of the formation of excimersand the easy con-
vertion to the triplet state by Intersystem Crossing. Also the isoquinoline
derivative (13f ) and the methoxy one (13e) showed poor 
uorescence, while
the ethoxycarbonyl compound (13a) displayed intermediate values.
The results seem to be quite uncertain in determining di�erent e�ects de-
pending on the electronic nature of the substituents: in some cases electron
withdrawing groups (13a, 13d) seem to enhance the 
uorescence quantum
yield, while some electron donating ones (13e) appear to have bad e�ects
on 
uorescence. At the same time though an electron rich heterocycle (13g)
determine an improvement in 
uorescence in respect of an electron poor one
(13f ). Moreover the dimethoxy derivative (13h) showed a 
uorescence quan-
tum yield way higher than the methoxy compound (13e). One of the most
important things to determine the quantum yield of the 
uorophores appear
to be the position of the substituents on the aromatic ring: probably a sub-
stituent in ortho-position prevents the molecule from rotational de-excitation
locking the rotation of the phenyl group around the bond withanthracene
by steric hindrance, enhancing the 
uorescence quantum yield such in the
case of the tolyl (13b) and furyl (13g) derivtives. It is also possible that
this enhancement is determined by the shielding e�ect of theortho groups
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that prevent the 
uorophore from the interaction with solvent molecules that
could deactivate the excited state.
For what is concerning the full-conjugated probes, the nitro derivative (28c)
kept show almost no 
uorescence, while the other two probes (28a and 28b)
display a 
uorescence quantum yields about 0.6.

If on one side we succeeded in the enhancement of the 
uorescent quantum
yield of the probe by the synthesis of the isoxazole derivatives, the same
good results were not achieved in shifting the absorption wavelength of the
probes. In fact the insertion of the di�erent groups appear to have only a
very slightly e�ect in shifting the absorption of the molecules: electron do-
nating groups seemed to have a bathochromic e�ect in respectof electron
withdrawing ones.
The isoxazole probes (13 and 28) in fact showed almost the same wavelenght
of maximum absorption in respect of the boron complexes (15), but at the
same time they display an average lower stoke shift (s 50 nm vss 100 nm).
Hence, the emission of the isoxazole compounds is at lower wavelengths than
the original 
uorescent probe (29), in the violet-blue region of the spectrum.
So unfortunately the modi�cation of the structure of the 
uorescent probe
did not shift the absorption of the 
uorophores at higher wavelengths, main-
taining the maximum of absorption in the near-UV region.

The 
uorescent probe that displayed the best optical properties, the tolyl
derivative (13b), was linked to an epoxomicin derivative by a click-chemistry
reaction in good yields. The probe was sent to the University of Milano Bic-
occa for the test its biological properties, but the problems linked to Covid-19
pandemic delayed the planned analysis and at the moment the results are
still unknown.

In conclusion we synthetized a small library of 
uorophoresexploiting a ro-
bust synthetic pathway through the use of the reactivity of anthracene nitrile
oxide. We succeeded in the enhancement of the 
uorescence ofthe starting
probe, obtaining some 
uorophore with a brightness comparable to already
known 
uorophores, but we were unable to shift the absorption of the 
uo-
rophores in the visible region of the spectrum.
The alkynyl moiety inserted in the probe allow us to employ this kind of

uorophores in biological applications, exploiting the bioorthogonality of the
reaction. At the same time, the alkynyl group could be exploited for the bind-
ing with functionalized surfaces or nanoparticles, with possible applications
in the electronic �eld.
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6 Experimental Section

6.1 General Methods
1H-NMR and 13C-NMR were registered on Bruker AVANCE 300 spectrom-
eter in deuterated solvent solutions. The chemical shifts are expressed in
ppm, using tetramethylsilane as internal reference.

IR spectra were registered using a FT-IR Perkin-Elmer RX-1 spectrometer
desolving the analysed products in DCM.

UV-VIS spectra were registered with a Jasco V-550 UV/VIS Spectropho-
tometer.
Fluorescence spectra were registered with a Perkin-Elmer ls55 Luminescence
Spectrometer.

Mass spectrometry analysis were performed with a Thermo Scienti�c LCQ
Fleet system (LCQ Fleet ion trap mass spectrometer equipped with an Elec-
trospray Ionization source).

All solvents and reagents were purcheased by Sigma Aldrich andTCI Chem-
icals.

Chromatographic columns were performed using Kieslgel 60,70-230 (Merk),
with a BIOTAGE mplc or BIOTAGE Isolera One with KP-SIL columns or
by gravity with glass columns.
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M.P.: 166-168oC.

FT-IR: � C= O 1654 cm� 1, � C= O 1735 cm� 1, � C� C 2305 cm� 1, � NH 2 3296-3470
cm� 1.

1H-NMR ( � , CDCl3): 3.03 (s, 1 H,� CH); 4.68 (s, 2 H, CH2); 5.81 (s, 1 H,
C=C-H); 5.90 (bs, 1 H, NH); 6.81 (d, 2 H, arom.); 7.35 (d, 2 H, arom.); 7.48
(m, 2 H, arom.); 7.59 (m, 2 H, arom.); 8.13 (d, 2 H, arom.); 8.26 (m,2 H,
arom.); 10.44 (bs, 1 H, NH).

13C-NMR (� , CDCl3): -0.1; 14.1; 60.3; 71.7; 75.8; 110.9; 112.5; 114.6; 125.3;
125.5; 125.6; 126.2; 126.4; 126.9; 127.3; 128.0; 128.3; 129.0; 130.1; 133.5;
143.1; 149.7; 158.4; 166.3; 194.3.
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Yield: 40%

M.P.: 175-179oC.

FT-IR: � C= C 1618 cm� 1, � C� C 2305 cm� 1, � � C� H 3296 cm� 1, � NH 3360 cm� 1.

1H-NMR ( � , CDCl3): 3.03 (s, 1 H,� C-H); 4.96 (s, 2 H, CH2); 6.27 (s, 1 H,
C=C-H); 6.77 (m, 1 H, fur.); 6.86 (m, 2 H, arom.); 7.42-7.85 (m, 7 H,fur. +
arom. + NH); 7.98 (d, 2 H, arom.).

13C-NMR (� , CDCl3): 67.4; 77.1; 83.0; 97.8; 111.0; 112.9; 114.5; 123.9; 126.5;
126.9; 127.4; 130.7; 133.7; 149.1; 157.4; 173.9; 177.5.
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