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Abstract

The synthesis and reactivity of nitrile oxides and nitroso @&rbonyls is well
known since a long time, but their use in synthetic applicatins 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 foretipreparation
of a small library of isoxazole-based stapled peptides arsbkxazole-based u-
orophores containing peptides.

For what is concerning the synthesis of nitrile oxide- or nibso carbonyl-

stapled peptides (reported in Section I), we explored the sthesis of some
unnatural amino acids that could take part in pericyclic reations.

The nitrile oxide stapling required the synthesis of some piolarophile con-

taining amino acids: some alkynyl, alkenyl and nitrile devatives have been
obtained starting from some di erent natural amino acids ad exploring also
some enantioselective synthesis to obtain the desired amiacids from achi-
ral compounds. On the other side, for the synthesis of nitdl oxide amino
acids, we explored both the formation of oxime and nitro precsors.

The synthesis of a nitroso carbonyl derivative was achievds the forma-

tion of a hydroxamic acid precursor, while as coupling parars for the HDA

cycloaddition we attempted the insertion of the cyclopeni@ienyl moiety on

the side chain of some amino acids.

Finally, the insertion of the obtained amino acids into a peptle sequence
was attempted, but the obtained results are still inconcluse.

The synthesis of the uorophores (reported in Section Il) wacarried out re-
lying on a uorescent probe that have been already synthetd by Quadrelli
research group. The purpose was in fact the tuning of the opal proper-
ties of the uorophore. We attempted to enhance the uoresgee quantum
yield and to shift the absorption and emission wavelengthsylthe insertion
of some di erent functionalized aryl groups on the uoropheoe sca old or by
the formation of a more conjugated structure.

At the end we obtained a small library of uorophores with thiee di erent
structures: two of them are based on an isoxazole core, whihe other relies
on a -enamino ketone boron complex.

The optical properties of the uorescent molecules have beevaluated and
the most promising one was inserted in a uorescent probe f@roteasome
labelling.



Section I:

Synthesis of Nitroso
Carbonyl and Nitrile Oxide
Stapled Peptides
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1 Abbreviations

AcOEt
ATP
Boc
BOP
CuAAC
Cy
DCC
DCE
DCM
DIBAL
DIC
DIPEA
DMAP
DMDO
DMF
DMSO
Fmoc
FT-IR
HBTU
HDA
HOBT
HOMO
LUMO
mCPBA
n/a
n/o
NaCp
NBS
NCS
NMR
PCC
PIDA
PIFA
Py
PyBOP
SDS
TBAB

Ethyl Acetate

Adenosine Triphosphate

tert-Butyloxycarbonyl
(Benzotriazol-1-yloxy)tris(dimethylamino)phosphamium Hexa uorophosphate
Copper (I) catalyzed Azide-Alkyne Cycloaddition
Cyclohexane

N,N' -Dicyclohexylcarbodiimide
1,2-Dichloroethane

Dichloromethane

Diisobutylaluminium Hydride

N,N' -Diisopropylcarbodiimide
Diisopropylethylamine

4-Dimethylaminopyridine

Dimethyldioxirane

Dimethylformamide

Dimethylsulfoxide

Fluorenylmethyloxycarbonyl

Fourier Transformat - Infrared Spectroscopy
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronim Hexa uorophosphate
Hetero Diels Alder

Hydroxybenzotriazole

Highest Occupied Molecular Orbital

Lowest Unoccupied Molecular Orbital
meta-Chloroperoxybenzoic Acid

Not Attempted

Not Obtained

Sodium Cyclopentadienide

N -Bromosuccinimide

N -Chlorosuccinimide

Nuclear Magnetic Resonance Spectroscopy
Pyridinium Chlorochromate
Bis(acetoxy)iodobenzene

Bis(tri uoroacetoxy)iodobenzene

Pyridine
(Benzotriazol-1-yloxy)tris(pyrrolidino)phosphanium Hexa uorophosphate
Sodium Dodecyl Sulphate
Tetrabutylammonium Bromide



TBAF  Tetrabutylammonium Fluoride

TBAI  Tetrabutylammonium lodide

tBDPS 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
T™MS Trimethylsilyl group

TS Transition State



2 Introduction

Proteins are the building block of life. They play a crucial @le in all the
aspects of a living organism: they compose the cellular stture, defend
the organism from external threats, transport nutrients ad other molecules
and play a pivotal role in the metabolism in the form of enzynge Usually
proteins are very big and complex macromolecules, formed lmng chains of
amino acids folded in a very speci ¢ way that confers them a ¢iin selectivity
and capability of modulation. However, a very important rolein cellular
systems is played also by small peptide chains with less th&@ amino acidic
residues. In fact, some of them are important as regulatiomdtors, trans-
mitting endocrines signals such in the case of the growingctar receptor or
the G protein-coupled receptors, but they also act as antiloterial agents or
in other cases they play the role of neurotransmitters.[1] 2

Due to the broad spectrum of activity of small peptides, medinal chemists
watched at this kind of compound as a possible pharmacolodi¢eeatment
for some di erent diseases, but soon they realized that thesompound dis-
play some disadvantages that limit their application in themedicinal eld
and the research has moved towards the so called \small malés". In fact,
peptide chains seem to be too unstable in the cellular envinment because
they are easily hydrolysed by enzymes or by the acidic conidibs of diges-
tion. Moreover, the penetration of these compounds insidée cells is very
limited by the high molecular weight and by the high polarity of the core
chain of amino acids.[3]

Another limit in the use of peptide-drugs is related to some sghetic issues;
in fact the synthetic procedure for peptide chains requirea long series of
steps, involving the protection and deprotection of all théunctional groups
of the single amino acids inserted in the polymeric chains. his makes the
synthesis long and determines the waste of big amounts of ofieals em-
ployed as protecting groups or coupling reagents.[3]

Despite these limitations, in the last decades the innovatns in the eld
of molecular biology raised again the interest in the resedr of peptide-
based drugs. This inversion of trend was due to many factorsrom one
side this kind of pharmaceuticals display some advantagesriespect of small
molecules, such as the easier tuning of the selectivity anthgrmacokinetic
by structural modi cation and the fast systemic adsorptionthat prevents
the rst-pass metabolism; on the other hand the innovationn genetic engi-
neering now allows easier synthesis for peptides by the uderecombinant
techniques. Moreover the spectrum of application of this kd of compounds
was broadened by the discovery of new natural peptides thatgy di erent
roles in living organisms.[4]



In the last 20 years, many new peptide drugs have been deveddpand ap-
proved worldwide and at the same time lots of peptides are iestigated in
di erent stages of drugs development, especially for thesearch of new drugs
for the cure of cancer or metabolic diseases.[4]

This spread of new peptide drugs was helped by the developrhehnew tech-
nigues for the individuation of bioactive compounds. On onside, the clas-
sical technique consisting in the manipulation of the struare of well-known
natural peptides for the tune of the pharmacological and pmeacokinetic
properties was enhanced by the use of advanced software farcking and
structure-activity relationship. On the other side, the smultaneous screen-
ing of large libraries of peptides allows the fast individugn of promising
compounds with good biological activity that can be furtherenhanced by
small structural changes.[5]

The functionalization of peptide drugs is usually easier #im 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 #hikind of drugs
show that peptides usually display non-signi cant hepatienetabolism, with
low levels of immunogenicity and drug-drug toxicology, buat the same time
there are still limitation in the scope of these pharmaceutals.[3, 6]

The main drawback of peptides is their poor membrane permean: the
impossibility to pass the cellular membrane relegate the &aty of these
compounds to the extracellular or transmembrane space. Maver, this
limit is extended to the intestinal mucosa and the blood-bria barrier. If
the impermeability of the blood-brain barrier could be an adantage, pre-
venting neurotoxic side-e ects of the drugs, but also not &wing the use
of this compounds for brain diseases, the impossibility toags the intesti-
nal mucosa is a strong limit for the use of these compounds asigls. In
fact, thus impedes the use of the oral administration way fahese bioactive
molecules, which is the most common and easy way of drugs adisiration.
This limit determines the necessity of alternative, more dtult, administra-
tion mechanisms, such as the subcutaneous or intravenousit@ While the
di culty in the cellular membrane permeation derives from the polarity of
the peptide core, the impossibility to pass the intestinal mcosa depends on
the high molecular weight of peptide drugs. In fact, the bioailability of
orally-administered drugs is minimal for compounds with mecular weight
higher than 500 Daltons and it decreases as the weight incses.[3]
Another disadvantage of peptide-based drugs is their instdity in the cellu-
lar environment that lead to some problems from the pharmakmetic point
of view. This limit is intrinsic to the nature of peptides: lds of them play im-
portant roles in regulating biological process as hormone§hey are studied
to bind selectively the target molecules and then to be rapigldegraded when
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their aim is achieved. The advanced regulatory system of feedback loops for
the control of the synthesis and the spread of peptides can intervene, rapidly
degrading the administered drug and removing it by renal filtration.[3]

To overcome the problems linked to the proteolytic resistance of peptides,
some research groups developed different techniques involving the structural
modification of the amino acid chain. Many modification can be exploited
to tune the properties of a peptide, but is very important to have a precise
idea of the interactions that are fundamental for the biological activity of
the peptide. In fact, even a small structural modification can determine the
complete loss of activity and a prior structure-activity relationship analysis
is recommend to understand which modifications are the best for each com-
pound.[4]

H (@] R, H O
S
0 R, O R,

Figure 1: Example of protection of the C- and N- termini of a peptide.

One possibility for the enhancement of the resistance of a peptide is the
functionalization of the termini of the peptide chain, in the case of they are
not involved in biological interactions with the target substrate (Figure 1).
For what concerns the N-terminus, the easiest way is the acetylation of the
amine, while the C-terminus can be converted in a primary amide. These
modifications can afford a protection towards some proteolytic enzymes such
in the case of exopeptidases which start their degradation activity from the
N- and C- termini of the peptide, but in many cases they are not enough to
prevent the hydrolysis of peptides.[7, 8]

0O R, 0

*H5N H
3 ’/,H’LN\“H“/ /,,HJ\O_
H

R, O R,

Figure 2: Example of peptide with a D-amino acid.

The degradation of the peptide, especially by chymotrypsin, can be pre-
vented by the insertion of a D-amino acid inside the peptide chain(Figure



2). However, the replacement of an L-amino acid with another one with in-
verted configuration determines very big changes in the conformation of the
peptide chain that can result in the total disruption of the interactions with
the target substrate with the loss of the biological activity. In some cases,
peptides formed by only D-amino acids have been synthesized, but rarely
these compounds displayed efficacy in the pharmaceutical field.[7, 9]

QXRy @
"HsN, , N,
3 ‘)L”/S( ,.’)Lo_
R4 O R;

Figure 3: Example of peptide with an «, a-disubstituted amino acid.

The resistance of the peptide can also be improved by the use of a,a-
disubstituted-amino acids (Figure 3). Usually the hydrogen atom on the
stereogenic carbon of the amino acids is replaced with a methyl group; this
provides a good protection for the nearby amino acids, as for the use of
D-amino acids, but this modification does not interfere with the internal in-
teraction of the different parts of the peptide, preserving the structure and
the biological activity of the compound. This is confirmed by some studies
that display that the original spatial disposition of the peptides is preserved
and is some cases, especially for helical peptides, the conformation of the
chain seems to be even more stable. The only drawback of this structural
modification are the harsher reaction conditions required for the coupling
of a, a-disubstituted-amino acids due to the steric hindrance of the methyl
group.[10]

O R, CH;O

*H;N N,
S G

|
R, CHs; O R

Figure 4: Example of a N-methylated peptide

Another possible modification of the peptide structure consists in the trans-
formation of all the peptide bond in tertiary amides by the methylation of all
the nitrogen atoms involved in the bond between the different amino acids
(Figure 4). This modification enhances the resistance of the compound to-
wards hydrolysis and improve the solubility and the cellular permeation of the
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peptide. This can lead to the formation of a membrane-permbke peptide,
but at the same time the methylation of all the nitrogen atomsof the chain
determines the loss of all the hydrogen bond interactions dh determines
largely the conformation and the biological activity of thecompound.[7, 11]

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

The most promising technique for the enhancement of the prtlytic resis-
tance and the cellular permeability of peptides is the staplg of the peptide
structure. This technique consists in binding together thside chains of two
di erent amino acids placed at speci ed positions in the peide chain. This
external brace forces the peptide into an -helical conformation, in which
the polar backbone of the chain is hidden inside the helicairgcture. This

decreases the polarity of the peptide, enhancing the celmlpenetration and,
on the other hand, the external brace prevents the proteoligsof the peptide
chain.[4, 7, 8, 12]

2.1 Stapled Peptides

As for proteins, also in small peptides is possible to idenjifli erent levels of
structural organization. Peptides are too small to displayertiary 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 sgiwhich is main-
tained in this compact folding by the hydrogen bond interadgbns between
the amidic hydrogen atom of an amino acid (in positiom) and the carbonyl
group of the monomer in position+4 .[1]

These interactions determines a rotation of 10Gacross the helix axis for ev-
ery single amino acid, resulting in a turn of the helix every.8 amino acid
residues; every monomer determines a translation of 1A5along the axis of
the structure, that correspond to 5.4A for each turn of the helix.[1]

This rigid conformation determines that the dihedral angle of the peptide
backbone can assume only very restricted values: the oneatele to the
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angle between the C plane and the N-amide plane’() ranges around -60),
while the other with the C-amide plane () is around -4%. The values of
these angles can range OQ(° <'< 357; 1¥< < 7(°), but in every
case the sum of the two angles results to be about -205This results in a
characteristic diagonal in the Ramachandran diagram, in wth on the two
axis are plotted the values assumed by the dihedral angleshd helical struc-
ture hides the peptide backbone inside the helix, exposinbé 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, metmine, leucine,
lysine and glutamate are the amino acids that show a high prepsity to-
wards this structure. On the other hand, proline has a detrimntal e ect
on the helical structure, due both to the absence of the hydgen atom in
the amide bond that is fundamental for the maintenance of thepiral and to
the high hinderance of the side chain of this amino acid, thdbrces the axis
of the helix to bend of about 30. 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, enhacing the
entropic demand required in the wrapping of the peptide chaiin the helical
structure.[14]

The entropic demand is the key point in determining the formigon of the
helix: the folding in the helical structure is possible onlyif the entropic
cost is compensated by the instauration of enough stabilig interactions.
These interactions that stabilize the spiral structure do at include only
intra-peptide interactions such as the hydrogen bonds thatre established
between the carbonyl groups and the hydrogen atoms of the ai®ei groups,
but also the ones between the amino acids and the solvent thatirrounds
the peptide. Non polar solvents favour the formation of the -helix, in which
the polar backbone is hidden along the axis of the spiral andhe less polar
side chains of the amino acids are exposed towards the sotvedn the other
side, a polar solvent can disrupt this conformation, takingart at the hy-
drogen bond interactions that bring packed the polar core dfie helix.[15{18]

The idea behind stapled peptides is to reduce this entropiost by the in-
sertion of an external brace that keeps the amino acids of tipeptide 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 sidehain of two
amino acids posed at the right position in the peptide chaimiorder to allow
the binding of the two side chains in an external brace.[15§]
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The choice of the position in which insert the modi ed amino eids that will
take part at the stapling and the length of the external bracare very impor-
tant. Usually the stapling residues are collocated in posgn i and i+4 (or,
less commonly, ai+3 ) with a side brace composed by 7 or 8 atoms between
the two -carbons of the modied amino acids. Another possibility isd
place the staple between positiom and i+7 : in this case the side brace is
composed of a chain of 10-12 atoms and often one of the aminmaénvolved
in the stapling has a D-con guration.[18]

Usually only one stapling structure is employed in the stab#ation of the
peptide; sometimes, in the case of very long amino acid chginwo sta-
pling bridges are inserted in the same peptide, to enhanceetlstabilization
of the helical structure along all the polymer. However, in terature are
not reported stapled peptides with three or more stapling lmges, probably
because still two external braces are enough to stabilizeetthelical struc-
ture.[17]

Not only the relative position of the stapling amino acids hat be carefully
decided, but also the position of the staple brace in the page has to be
evaluated with attention in order to not interfere with the target-substrate
interactions that determines the bioactivity of the peptice. In order to en-
hance the stabilizing e ect of the staple may be a good choide insert it
in the proximity of a week point of the structure, such as in poximity of a
glycine or proline residue.[18]

Even if the insertion of a stapling brace can drastically racte 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 helitatructure. In
fact, in the case of peptide in which this structure in very difavoured, it is
probable that the side chains involved in the formation of th external brace
will never reach the right position required to bind togetheand so the staple
may never be obtained.[17]

The -helical structure provides some advantages to the staplgzeptides.
First of all it increases the hydrophobicity of the peptide ad allows it to
cross the biological membranes. This is con rmed by the fadhat lots of
transmembrane proteins are anchored to the surface of cédlumembrane by
a membrane-spanning helix and some transmembrane channate formed
by structures composed by seven-helices arranged in a ring structure. Some
studies show that the cellular penetration of peptides is déctly correlated
with the helicity and the hydrophobicity of the amino acid clain. The pres-
ence of a stapling bridge enhances both these propertiesayphg a pivotal
role in allowing the access of the peptide inside the cellif18]

The cellular penetration of a peptide also depends on the at@ul net charge
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of the polymeric chain. Negative-charged peptides rarely mgass the mem-
brane, while the cellular penetration in favoured for compomds with a net

charge between 0 and +2: for this reason a carefully evaluati of the amino
acids inserted in the peptide should be necessary in ordertime the over-

haul charge and enhance the cellular uptake.[17, 19]

The mechanism of uptake of peptides inside cells is still geiunknown and

it varies depending on the structure of the amino acid chainna cell type.

Some studies show that the most common uptake way is probalapn energy-
dependent pinocytosis, but sometimes also other mechanisare involved

such as clathrin- or caveolin- mediated endocytosis, or evdirect cell pen-

etration, such in the case of arginine-rich peptides. The pocytosis uptake
consists in three steps: in the rst one, the peptide is binda the cellular

membrane by dipolar interactions with the negatively chargd residues of
the cellular membrane; then the peptide is invaginated inge the membrane
leading to the formation of a small vesicle inside the cell. Rally, the peptide

is released in the cytoplasm by the disruption of the vesiglvhich involves

an ATP-dependent mechanism with a drop in the pH of the cellal environ-

ment.[19, 20]

Besides the enhancement of the cellular penetration, the-helix structure

provides a good resistance towards proteolysis, hiding tipeptide bonds in-
side the helical structures and preventing them from beingtitacked by pro-

tease enzymes. Proteases, in fact, can attack only unfoldaabstrates, which
display extended conformations and so, the helical struate provides a good
protection towards them. Moreover, the presence of the stipg bridge not

only reduces the kinetic of the proteolytic digestion, buttide nitely prevents

the attack of chymotrypsin in the sites between and near thdaple brace, as
con rmed by a study in which a stapled peptide showed a 9-foldi erence

in half-life in respect of a non-stapled one with the same deg of helical
content.[16, 19, 21]

The stapling enhances also the resistance in acidic envimeants, with an

increase of peptide half-life even up to two magnitude order This could
allow the peptide to survive even in the acidic environmentfdhe stomach
digestion, that may make this kind of peptides suitable forhe oral adminis-
tration route.[16, 19]

2.1.1 Stapling Reactions

In literature are listed several examples of reaction suitée to bind together
the side chains of two amino acids to form an external brace.h&se reactions
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have to respond to some requisites: first of all, mild reaction conditions are
required in order to do not disrupt the peptide chain and to preserve all the
stereogenic centres of the amino acids; moreover the cyclization reaction has
to be selective, preserving all the functional groups of the side chains of the
amino acids from side reactions.[16]

In some cases natural amino acids are exploited for these reactions, but in
many others the insertion of unnatural amino acids is required. The choice
of the staple type determines the properties of the final peptide and has to
carefully evaluated depending on the desired characteristics and the peptide
structure.

Here are listed the most common reactions exploited for the stapling of pep-
tides.

Ring Closing Metathesis
The most common stapling reaction is probably the ring-closing metathe-

llii /7/ %i\%/\ Grubbs Catalyst

~

~__

Scheme 1: Example of ring-closing methatesis stapling reaction.

sis between two amino acids that display a double bond in the side chain
(Scheme 1).[16, 19, 21-23] The metathesis reaction could be catalysed by
some different Grubbs or Schrock catalysts and consists in a double [2+2]
cycloaddition / cycloelimination between an olefin and the carbene-metal
complex that leads to the formation of an alkenyl chain with the loss of
an ethylene molecule. Usually [24-2] cycloadditions are symmetry forbidden
and require very high activation energies, but the interactions with the d or-
bitals of the metal centre result in the lowering of the energy required for the
cycloaddition and so the reaction can take place at room temperature. The
equilibrium of the reaction is shifted towards the products by the elimination

of gaseous ethylene that can be easily removed from the reaction vessel.[24-
27]

Copper Catalysed Azide Alkyne Cycloaddition

The copper catalysed azide-alkyne cycloaddition had great success in the
field of medicinal chemistry due to the mild reaction conditions required and
the elevated bioorthogonality, deserving the name of Click Chemistry. Some

15



Cuso,

{

N;
§ Sodium Ascorbate
S

Scheme 2: Example of Cu-catalysed azide alkyne cycloaddition stapling re-
action.

research groups attempted to employ this kind of reaction in the synthesis
of stapled peptides (Scheme 2).[16, 21] The reaction consists in a 1,3-dipolar
cycloaddition between an azide and a terminal alkyne and requires the pres-
ence of a metal catalyst. In fact, a metal centre coordinating both the dipole
and the dipolarophile is necessary to activate the azide towards the cycload-
dition. Usually a copper (I) catalyst is employed in the cycloaddition, leading
to the formation of a 1,4-disubstituted 1,2,3-triazole ring, but is also possi-
ble to employ a ruthenium catalyst, which determines the formation of the
other regioisomer, the 1,5-cycloadduct. The driving force of the reaction is
the formation of the aromatic triazole ring, that is way more stable than the
reagents (AG® = -61 kcal mol™1).[28]

Lactamization Reaction
Some studies looking for a stapling reaction involving only natural amino

Scheme 3: Example of lactamization stapling reaction.

acids have found in the lactamization reaction between lysine and the car-
boxylic group of aspartic or glutamic acid the easiest way to achieve this
result (Scheme 3). This amidation reaction can be easily achieved by the
use of condensing agents, such as carbodiimides (DCC, DIC,...), phospho-
nium salts (BOP, PyBOP,...) or uronium salts (HBTU, TOTT,...) or by the
activation of the carboxylic moiety into an activated form such as a mixed
anhydride or acyl chloride. The lactamization reaction proceeds in mild con-
ditions, especially with the use of coupling agents, but lacks the selectivity
of other kinds of reactions: for this reason it is necessary to protect all the
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other side chains of the peptide that could act as nucleophile or that could
be activated by the treatment with a coupling agent.[16, 21, 29]

Cysteine - Xylene Nucleophilic Substitution
Another possibility to use natural amino acids in the stapling of a peptide

:ﬁHsl\ Br/\g/\m ) /7))

HS~\~,/*\

Scheme 4: Example of cysteine-dibromoxylene stapling reaction.

consists in the insertion of a bridge between two cysteine derivatives. Usu-
ally the reaction is conducted employing «,o’-dibromo-m-xylene as bidentate
electrophilic bridge and activating the sulthydryl group of cysteine by the
treatment with a mild base such as DIPEA or Et3N (Scheme 4). This leads
to the formation of a quite stable dithioether bridge that shows a high degree
of hydrophobicity due to the presence of the phenyl ring.[16, 21]

Cysteine - Perfluorobenzene Nucleophilic Substitution
In the same way, also perfluorobenzene can be employed as bridge to link

HS,

Base

L)

Scheme 5: Example of cysteine-perfluorobenzene stapling reaction.

together two cysteine residues (Scheme 5). In this case the reaction involved
is an aromatic nucleophilic substitution. Thus is allowed by the presence of
the fluorine atoms on the benzene ring, which determines a high electron-
withdrawing effect, providing an electron-poor aromatic ring for which the
nucleophilic substitution is favoured. It is interesting to note that the first
nucleophilic substitution on the aromatic ring increases the rate of the second
attack to the electrophilic ring: this is due to the good ability of sulphur
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Per uorobenzene staple

The results of the studies are quite consistent and show mareless 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 haeey little e ect
on the helicity content of a peptide in a non-polar medium, iwhich the -
helical is strongly preferred due to the interaction with tke polar solvent. On
the other hand, in a polar medium the presence of a staple datanes a far
higher degree of helicity in respect of non-stapled peptisleThe comparison
between stapling techniques showed that the lactam and thékanyl staples
are the ones that provide the higher enhancement in helicitAlso the triazole
staple confers a good degree of helicity, while the staplifgidges involving
the cysteine residues are the ones that gave the worst resuih improving
the helical content of the peptide. For what is concerning gam-xylene and
the per uorobenzene staples this may be determined by theeshted rigidity
of the external brace that contains a planar phenyl ring, wie on the other
hand, the sul de ether staple shows high conformational utiation due to
the poor rigidity of the brace.[16, 21]

The less -helical content of some stapled peptides consists in a mixtivthe
310-helix structure, which determines a distorted, more eloraged structure.
For what is concerning the lactam stapling, the high helicyt induced in the
peptide is not determined by further hydrogen bond interaebns of the amide
bond is the side brace with the peptide bond of the amino acichain. In
fact, the replacement of the hydrogen atom of the amide bond the staple
with a methyl group does not determine a decrease in the heallcontent of
the peptide.[16, 21]

In many works reported in literature, the helicity induced n the peptide is
considered the most important property conferred by the sming. How-
ever, Li and others showed that the cellular uptake of the péipe does not
correlate with the helicity induced in the structure, but wih the overhaul
hydrophobicity of the peptide. Moreover they demonstratedhat the hy-
drophobicity of stapled peptides depends predominantly bthe polarity of
the staple itself.[16]

The results show that the alkenyl and per uorobenzene stapé 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 thanes that display
highest polarity, comparable with the values obtained forHe non-stapled
peptide. Flow cytometry assays and live-cell confocal migoopy showed
that the cellular uptake of peptides follows exactly the samtrend of hy-
drophobicity: the less polar stapled peptides display a Higr cellular pene-
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tration, while the more polar ones can barely cross the celdu membrane,
despite their high helical content.[16]

However, the elevate hydrophobicity conferred by some sta&sl may deter-
mine detrimental side e ects for some biological structuse In fact, some
studies showed that the most hydrophobic peptides have a hignaemolytic
activity. Moreover the most lipophilic peptides, such as ta alkenyl and the
per uorobenzene ones, displayed high degrees of cytotoxctivity, proba-
bly due to the cellular membrane disruption caused by the istaction with
the non-polar peptides. This determines that the choice ohé staple has
to be carefully evaluated, considering both the capabilityfacell penetration
and the side e ects that can result from an excessive enhameent of the
hydrophobicity of the structure.[16]

With this in mind, cysteine containing staples o er the oppotunity to tune
the properties of the stapling brace by the oxidation of theuphur atom:
sulphur ethers can be turned into more polar sulfones or soides, deter-
mining an intermediate hydrophobicity of the staple. Howewe the oxidation
of the sulphur atom determines also an increase in the rigigdiof the staple
brace, which could have detrimental e ects in the stabilizion of the helical
structure.[42]

The polarity of the external brace can be nely tuned also inte case of
the employment of a bidentate external bridge as staple brac This tech-
nique is used to bind together cysteine, selenocysteine oygtophan amino
acid residues, but it is also widely employed in,{+7 ]-stapling with all the
other reactions usually involved in peptide stapling: for>ample a termi-
nal dialkynyl bridge can be employed to bind two azido aminocds. This
technique allows to choose a linker with the desired polayiand moreover it
allows to insert in the staple brace a bioorthogonal functiwal group that can
be exploited for further modi cations of the peptide. The us of an external
brace permits also the use of a chiral bridge as external beacthe properties
conferred by di erent isomers are not easy to asseagriori, but some studies
show that the stapled peptides a orded by two enantiomers cedisplay very
di erent values in helicity, cell-permeability and biologcal 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 iolved, probably
because proteolytic enzymes are able to recognize only pées in extended
conformations.[16, 45, 46] However in literature are alsoperted some cases
in which stapled peptides showed even shorter life-time thahe non-stapled
peptide, probably because of some structural changes detemed by the
insertion of the staple.[47]
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3 Discussion

The purpose of this part of this PhD project was the evaluatio of the e cacy
of new kind of reactions in stapling peptide structures. Interature are listed
many di erent stapling techniques, but the only one we foundhvolving peri-
cyclic reactions is the copper-catalysed azide-alkyne tyaddition (CUAAC).
In respect of other pericyclic reactions, the CUAAC reactioshows the main
drawback of requiring a metal catalyst, which needs very caiful puri caton
techniques in order to eliminate every trace of metal in thenal product.[48]
Our idea was to explore the possibility to use other pericyicl reactions to
staple peptides, in particular involving the reactivity of nitrile oxides and
nitroso carbonyl compounds. In order to be able to make a corpson be-
tween the stapling properties of this kind of reactivity andhe major stapling
techniques, our plan was to synthetize some peptides withdlsame structure
of the ones employed by Fairlie and co-workers in a big compdive work
between di erent stapling techniques.[21] For this reasowe decided to syn-
thetize some peptides with the sequence Ac-X-Ala-Ala-Ala-Y-NHwhere X
is a dipolarophile- or diene-functionalized amino acid and is a 1,3-dipole-
or dienophile-substituted amino acid. In order to make a caful evaluation
of the stapling properties of this kind of reactions, we plared to synthetize
some functionalized amino acids with side chains of di erétength and then
to determine the best t for stapling.

3.1 Nitrile Oxide Stapling

Nitrile oxides are usually employed in the synthesis of isozale or isoxazo-
line by a 1,3-dipolar cycloaddition with alkynes and alkerge In contrast with
Huisgen cycloaddition, nitrle oxides can react at room tempature even in
absence of metal catalyst.[48] In order to explore the vidity of this kind of
reaction in stapling peptides we decided to synthetize sonaieerent amino
acids bringing a nitirle oxide precursor on the side-chainnd some others
amino acidic compounds showing a dipolarophilic moiety du@s a double
or triple bond.

Reactivity

The main reaction of nitrile oxides is the 1,3-dipolar cyckddition with un-
saturated compounds (Scheme 10). Usually the dipolaroptslare alkynes or
ole ns, that a ord as product the isoxazole or isoxazoline @rivatives, but it is
possible to use also hetero dipolarophiles, such as aldedyadr nitriles.[48{50]
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aniline with benzaldehyde, employing an acetyl moiety as rdicting group
(as reported in [68]) (Scheme 19). So, the amino group of and (13)
was acetylated (as reported in [69]) and the obtained acetidide (14) was
employed in a dehydrogenative cross-coupling with benzaldyde employing
Pd(OAC),/TFA as catalyst and tert-butyl hydroperoxyde as oxidant. The
acetyl directing group was then hydrolysed by heating in HCldution, af-
fording the desiredo-aminobenzophenonel®) in quite good yields. This
compound was involved in an amidation reaction witiN -benzyl-L-proline
(17) which was previously synthetized by simple nucleophilicubstitution
with benzyl chloride (as reported in [70]). The coupling redion between
the two substrates was not so easy: many di erent synthetic ays were ex-
plored, from the use of coupling reagents such as HBTU (adapgj from [71])
or DCC (adapting from [72]) to the use of thionyl chloride (ageported in
[73]), but the yields of reaction were always very poor. Finigl the use of
N -methylimidazole appeared as the only way to obtain the desd 2-(N'-
(N -benzylprolyl)amino)benzophenonel@) in quite good yields (as reported
in [70]). The formation of the metal complex {9) was achieved by mixing
the synthetized chiral ligand along with glycine and a nickgll) salt (NiCl ,
or Ni(NO3),) in a basic environment (as reported in [70]). The coordinain
of the ligand and the glycine to the metal core favours the foration of the
relative Schi 's base and moreover increases the acidity tfe glycine hydro-
gen atoms.

As electrophiles for the nucleophilic substitution we chospropargy! bro-
mide (21a), 6-bromo-1-hexeneZ1b) and 4-bromo-1-trimethylsilyl-1-butyne
(21c). Both 6-bromo-1-hexene and 4-bromo-1-trimethylsilyl-butyne were
synthetized from the respective alcohols by mesylation foled by treatment
with lithium bromide (as reported in [74]). Althought the reaction between
the nickel complex (9) and propargy bromide gave good results employing
acetonitrile as solvent and involving a reaction time of onkour (as reported
in [75]), the reaction with the other two electrophiles was wre di cult and
required a carefull evaluation of the reaction conditionsiiorder to avoid the
formation of by-products and the degradation of the nickelamplex (proce-
dures from [76],[77],[78] were evaluated). Finally we fourtle use of DMF
as solvent and a very short reaction period (10 minutes) aséhbest condi-
tions for this kind of reaction (adapting from [79]). Nevertleless we were not
able to couple the 4-bromo-1-trimethylsilyl-1-butyne to he complex, prob-
ably because of the competition of the elimination reactiothat determines
the formation of a conjugated side-product.

In order to increase the enantiomeric excess of the productbe mixtures
of diasteroisomers were treated with sodium methoxide in aethanol so-
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4 Conclusions

In conclusion, the synthesis of nitrile oxide and nitroso cbonyl stapled
peptides was not achieved because of the failure in the canpl of the dipo-
larophilic amino acids to the peptide and the end of the timetany disposal.
So we could not assess the properties of these kind of stagli®chniques,
for which we expected some intermediate properties such asthe case of
the azide-alkyne cycloaddition stapling; in fact the isoxaole stapling bridge
should display a moderate polarity that could allow the celilar uptake of
the peptides without displaying cytotoxic e ects. However,we posed the
basis for further investigations in this eld, demonstratng the feasibility of
the synthesis of amino acids precursors of nitrile oxide amdtroso carbonyl
derivatives.

The synthesis of the nitrile oxide precursor turned out to béarder than
expected. Many di erent synthetic approaches were attempt, several of
which ended in a syntheticcul-de-sac In particular, serine seemed to be
the best starting material to obtain some oxime-functiona&ed 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 jras for the
synthesis of nitro derivatives along with lysine. Both the @rtius rearrange-
ment pathway and the nitrile reduction one proved to be quitegobust, until
the last oxidative step. The main issue in these synthetic ubes was the ne-
cessity to protect the carboxylic group of the amino acids ggimary amides
to prevent the molecules from intra- or intermolecular cycations deter-
mined by the amidation reaction between the ester group anché amino
group on the side chain. The nal oxidative step to convert tke amino group
into a nitro one still requires a better tuning, but the resuls we obtained
showed us that there are very good chances to obtain a nitrordative for
these amino acids.

For what is concerning the synthesis of the oxime precursahe only syn-
thetic pathway that worked was the enantioselective syntlsés of ole nic
amino acids and the subsequent transformation into aldehgd by ozonolysis.
In fact, oxidative or reductive routes seemed to display tolmw selectivity: in
many cases the presence of several di erent functional gmsion the amino
acids was not compatible with the reaction conditions and dermined the
formation of undesired by-products.

The enantioselective nucleophilic substitution on glycimappeared to be great
for the synthesis of unnatural amino acids, with quite goodiglds and ex-
cellent enantiomeric excess, but displayed also some imamt drawbacks.
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The most important one is probably that this reaction is not atalytic: the
nickel complex is required in stoichiometric amount and athte end of the
reaction the complex has to be hydrolysed, determining theds of the start-
ing material. The chiral ligand can be recovered (about 80% a time) but
the nickel complex has to be resynthesized and puri ed befrevery nucle-
ophilic substitution. Moreover the elevated molecular wght of the metal
complex in respect of the nal amino acidic product determies the neces-
sity to work with elevated quantities of nickel complex (to btain a decent
amount of product), which made more di cult the already tough separation
of the diasteroisomers. The main limitation in the scope ohts reaction was
the impossibility to link homoallyl and homopropargyl groys because of the
competition with the elimination reaction, while the failure in the coupling
of the oxolane derivatives is probably due to the hindranced the heteroaro-
matic ring. Also the separation of the obtained amino acidsdm the nickel
salts revealed to be quite tricky: there are lots of papers iliterature in
which this issue was easily overcome by the use of an ion-exbe resin,
but after some di erent unsuccessful attempts with this stategy, we decided
to proceed with the protection of the amino acid functional gpups and the
subsequent separation of the product from the nickel salts/kextraction in
an organic solvent.

The ozonolysis and the successive aldehyde functionalipat worked quite
well, but the instability of the oxime moiety in the acidic ervironment de-
termined the necessity of a change in the synthetic pathwayWe chose to
proceed with the functionalization of the side chain of thele nic amino
acids only after the coupling into a peptide, but another pasbility could
simply be the replacement of the Boc protecting group with a Fot one.
The formation of both the isomers of the oxime derivative cdd be annoying
because of the very hard separation, but in this context we dieled to move
on without isolating them because both the isomers can be a@mnted in the
same nitrile oxide derivative.

The synthesis of dipolarophilic amino acid was way easier dmise there are
lot of works reported in literature in which they are synthezed. However,
the only way to obtain a full-hydrocarbon dipolarophilic sile chain is still
the use of the nickel-catalysed enantioselective nucleadlhsubstitution that
we exploit in the synthesis of the nitrile oxide precursorsThe synthesis of
nitrile derivatives was carried out very easily from aspagine and glutamine
derivatives with the use of cyanuric chloride: unfortunaty the failure in the
synthesis of the peptides do not allow us to know if these comgnds can be
useful in this kind of intramolecular cycloadditions or if hey display a too
low reactivity to take part in these reactions.
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The synthesis of the hydroxamic derivative was quite easy. &\those to em-
ploy a protected hydroxylamine to have the possibility to ggarate easily the
hydroxamic acid product from the unreacted carboxylic acidnd to have a
product easier to handle. Despite the good results in the syresis of the
hydroxamic acid we did not proceed with the subsequent stejppecause the
failure in the synthesis of diene amino acids made uselesg synthesis of a
dienophile amino acid.

Bigger issues were found in the synthesis of diene amino acid he insertion
of the cyclopentadienyl moiety into an amino acid appearedotbe harder
than we thought. In fact, the high propensity towards [15]-sigmatropic shift
determined the formation of some di erent regioisomers gi@ impossible to
isolate. This may not be a problem considering that all the @ners can re-
act with the nitroso carbonyl in a hetero Diels Alder reactionbut it makes
quite impossible to really identify and characterize the mducts. Moreover
the high tendency of cyclopentadiene to dimerize determidealso the for-
mation a wide range of cycloadduction products, probably ltlo between the
cyclopentadienyl amino acids and the free cyclopentadieraut also between
two cyclopentadienyl amino acids. At the rst we though thatthis problem
was mainly determined by the formation of an acyl-cyclopeatliene deriva-
tive, which is activated towards the Diels Alder reaction by lhe presence of an
electron withdrawing group, but the same problem was founahithe synthe-
sis of all-hydrocarbon cyclopentadienyl amino acid. The aetion 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 deratives, which do
not display the self-cycloaddition issue.

The coupling process revealed itself harder than expectedf HBTU ap-
peared to be excellent in the synthesis of the alanine spacir the coupling
of the unnatural amino acids the use of this reagent turned oto be a fail-
ure. This was probably due to the presence of some residualterain the
reaction environment after the hydrolysis of the ester grqu The hydrolysed
amino acids were dried at the vacuum pump for long time, but pbably some
water molecule still remained inside the product. In ordera overcome this
problem a better drying process is required or it is possibte use another
ester group that could be removed in non-hydrolytic conditins, such as a
benzyl one.

We attempted also the coupling between amino acids by the ation of
the carboxylic group asp-nitrophenol ester. We chose this kind of synthetic
pathway because in this way in the coupling reaction mixtur¢here would
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not have been a jumble of di erent side products as in the usé oondensing
reagents. Unfortunately, also in this case the reaction apaeed to work quite
well in the coupling of the ole nic amino acid with the alanire sequence, but
when we attempted the activation of the dipolarophilic amio acids the de-
sired product were not obtained. The degradation of the astted amino
acids was probably due to the repeated washing with water temove the
excess op-nitrophenol or by the hydrolysis of the ester in the acidic andi-
tions of the chromatographic column.

The use of a solid-phase synthesis would certainly have bgaeferable: our
lack of experience in the use of this technique drove us awaprh it, but
probably it would have avoided the problems that we found inhe coupling
step.

In conclusion, the synthesis of nitrile oxide and nitroso chonyl stapled pep-
tides was not accomplished. This prevent us from drawing argonclusion
about the properties conferred to the peptides by these stiipg techniques.
On the other side, we posed the basis for further investigatis in this eld:
a synthetic pathway for the synthesis of nitrile oxide and nmioso carbonyl
amino acids have been identi ed and checked; an optimal tumj for the cou-
pling of the amino acids is still required, but there are exdlent possibilities
to achieve the synthesis of the desired products.

Moreover the synthetic pathway for the synthesis of these amatural amino
acids is not limited to the application in the stapled peptiggs eld. The
bioorthogonality of the reactivity of nitrile oxides and niroso carbonyls
could be useful in the functionalization of proteins and otr biological sub-
strates. In addition, the cycloaddition reactions of theseompounds lead to
the formation of some interesting heterocycles such as isawles, isoxazolines
and dihydrooxazines; these heterocyclic compounds can bgogprecursors of
other important sca olds such as -enamino ketones or -enamino alcohols.
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5 Experimental Section

5.1 General Methods

'H-NMR and '3C-NMR were registered on Bruker AVANCE 300 spectrom-
eter in deuterated solvent solutions. The chemical shiftsra expressed in
ppm, using tetramethylsilane as internal reference.

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

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

All solvents and reagents were purcheased by Sigma Aldrich am@l Chem-
icals.

Chromatographic columns were performed using Kieslgel 60)-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.).

3C-NMR ( , CDCIls): 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;71228.9; 128.9; 129.0
129.1; 129.2; 129.7; 131.6; 131.7; 132.1; 133.2; 133.9;513812.3; 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.

[ Io: +58deg mL g ! dm 1.
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1 Abbreviations

AcOEt Ethyl Acetate

ATP Adenosine Triphosphate

BODIPY Boron-Dipyrromethene
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DCM Dichloromethane

DMF Dimethylformamide

DMSO Dimethylsulfoxide
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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
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2 Introduction

In last decades, the study of molecular biology has taken nemland more
importance in the development of new drugs and in the undeestding of
the biological mechanisms involved in all aspects of life.his has been made
possible by the discovery of a great variety of uorescent pbes. In fact,
these probes have permitted the development of many di erérbiological
assays, allowing us to tag speci c targets and even to \seefiside cells. At
the moment, hundreds of uorescent probes are employed inrse di erent
biological assays, from proteomics tan vivo imaging to high-throughput
screening.[1{5]

Usually these probes are composed by three di erent parts: aavihead, a
linker and a uorophore.[6, 7]

The warhead is the portion reserved to the target recognitio the selectivity
of the probes depends on the high speci c interactions betes this part and
the target substrate. The warhead structure depends on thesci ¢ target
of the probe: it can be composed by many di erent chemical stctures, such
as an antibody, an aptamer, a peptide or a small molecule.[B]

The linker has the only task to bind together the warhead andhe uo-
rophore. It is composed by a short chain of atoms and does noap an
important role in the recognition of the target substrate. Havever, its struc-
ture and the spacing that it determines between the other twparts of the
probe could play a pivotal role in determining the chemicalrad biological
properties of the probe.[6, 7]

The uorophore is the part of the probes that allows the easydenti cation
and localization of the probe and, therefore, of the targeudstrate to which
the probe is bound. Depending on the application eld, the dpal properties
required can be opportunely tuned by the choice of the adegeauorescent
molecule.[6, 7]

Depending on the probe structure and its application, two Esible ways can
be employed in order to insert the uorescent probe on the ahgsed tar-
get. The rst option is to insert directly the whole probe to the required
environment, while, especially foiin 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 seleavely bind of the
uorophore portion to the side chain of the warhead. This teenique has
some important advantages: rst of all, the absence of the arophore in
the binding step of the warhead to its target determines an iprovement in
the selectivity and activity of the binding, eliminating the risk of side in-
teractions with the uorescent part of the probe. The other dvantage is
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the better cellular uptake provided by the insertion of the wo parts of the
probe in di erent steps. In fact, the uorescent probes empulyed in biological
assays have an elevated molecular weight and their cellulaptake is very
low due to their large size. The introduction in a two-step m@aner overcome
this problem, separating the probe into two di erent parts ¢ lower molecular
weight that display better cellular permeation.[6, 7]

The binding between the warhead and the uorophore has to beewy fast
and selective. This is made possible by the insertion on bothe part of the
probes of two complementary functional groups, which can aet together
without interfering with the other functionalities usually presented in the
cellular environment. Moreover, the reaction has to be verg cient even at

very low concentrations and it must do not a ord toxic by-praducts. During
the years, scientists have developed some dierent reaat® with the de-
sired characteristics of selectivity and e ciency and gavehem the name of
\bioorthogonal reactions".[6, 7]

2.1 Bioorthogonal Reactions

The most popular bioorthogonal reaction is for sure the azédalkyne 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 imvves two func-
tional groups that are not present in the biological enviroment. These func-
tionalities are linked together into a 1,2,3-triazole rindpy a metal catalysed
1,3-dipolar cycloaddition. Until the beginning of the 21 century, the azide-
alkyne cycloaddition was not considered to be useful on theld of biological
chemistry because of the high temperature required for the/dization. In
2002, Sharpless and Meldal showed that the rate of this reamt could be
enhanced even up to 7 magnitude orders by a copper () catalys This al-
lows to conduct the reaction at room temperature and pressey making the
reaction suitable for biological applications. Moreoverthe copper catalysis
enhances the regioselectivity of the reaction, determirgnthe formation of
the sole 1,4-disubstituted triazole. Also ruthenium compies can be em-
ployed as catalysts for this cycloaddition (Scheme 1, patt), 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 depp strong cy-
totoxic e ects. This problem can be overcome by the use of stined cy-
cloalkenes or cycloalkynes as dipolarophiles (Scheme 1thph). In this case
in fact, it is possible to avoid the metal catalysis becausée reaction is pro-
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as dipolarophiles in hetero Diels Alder reactions (Scheme 3Ahe cycloaddi-
tion with a diene partner determines the formation of a disuftituted dihydro
oxazine ring. The presence of an electron-withdrawing grpun -position
to the nitroso moiety determines a lowering of the LUMO energgf the com-
pound, enhancing its reactivity towards the pericyclic reeion. Thus results
in a higher reactivity for acylnitroso derivatives in respet of simple nitroso
compounds.[25{28]

The low LUMO energy of nitroso derivatives allows to employ t#m in ene
reactions with ole ns (Scheme 3B). The pericyclic reactioa ords an allylic
N,N -disubstituted hydroxylamine as product. However, this kid of com-
pound is not very stable in the biological environment. In fet, both acidic
and basic conditions can lead to the degradation of the hydtglamine into
its imine or amine relative, while oxidizing conditions mayletermine the for-
mation of a nitrone species, which can undergo some di eredegradation
pathways. Even in this case, the presence of electron-wittagving groups
enhances the reactivity of nitroso compounds towards eneation and pro-
vides a better resistance towards product degradation.[287, 29]

The reactivity of nitroso and nitrosocarbonyl compounds isiot widely used
in the eld of bioorthogonal chemistry because of their highieactivity that
determines the need of ain situ generation of these species. To overcome
the problem relative to the use of oxidizing agents for the syhesis of ni-
troso compound in biological environment, it is possible tase two alterna-
tive ways. One is to block the nitroso moiety by a Diels Alder redion with
dimethyl anthracene: the mild heating of the cycloadduct dermines a retro-
Diels Alder reaction, with the generationin situ of the reactive nitroso com-
pound. Otherwise, is possible to employ 1,2,4-oxadiaz@lesxides as source
of nitroso compounds by the photolysis of the heteroaromatring.[27, 29]
Another very interesting bioorthogonal reaction is the Died Alder / retro-
Diels Alder reaction between 1,2,4,5-tetrazines and unsafied compounds
such as alkenes and alkynes (Scheme 3C). Usually aromatic ponnds are
not prone towards pericyclic reactions because these kinflreactions lead to
a loss of aromaticity. Tetrazines, however, have a low aronna stabilization
energy because of the distortion and the closed-shell regioh that the nitro-
gen atoms determine in the aromatic ring. In addition, tetraines have low
LUMO energy, that determines the possibility to react in invese electronic-
demand Diels Alder reactions. The pericyclic reaction withlkynyl groups
results in the formation of an unstable bicyclic compound @ is further in-
volved in a retro-cycloaddition that determines the elimiation of a nitrogen
molecule and the formation of a disubstituted pyridanzineing. In the same
way, the cycloaddition with an ole nic compound results in he formation of
an unstable bicyclic molecule that degrades into a dihydrgpdaizine ring.
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ground singlet state. Thus determines that the energy of themitted photon
is always less than the energy of the absorbed one: the di ece between
the wavelength of the emitted photon and the one of the absoed proton
is called Stokes shift High stoke shift values are preferred for uorophores
employed in biological assays in order to have a better idewation between
the stimulating radiation and the emitted one.

The other parameters that characterize uorescence are theiorescence
guantum yield, the maximum wavelength of absorption and erssion and
the molecular brightness.

For biological purposes, it is preferred to employ uoroph@s which maxi-
mum wavelength of excitation is longer as possible. In fadhe tissue pen-
etration of light depends on the frequency of emission and diecreases with
the lowering of the wavelength of radiation. Near-infraredadiation displays
the maximum penetration in biological tissue, while visild or UV light shows
poor penetration, that decreases as the radiation energycireases. Moreover,
high-energy photons, such as UV light, can damage tissues ahds prefer-
able to avoid it in in vivo applications.

The uorescence quantum yield () describes the e ciency of the uo-
rophore to emit a photon when stimulated with a proper wavelgth. The
uorescent quantum yield is determined by the ratio betweerthe photons
emitted and the photons absorbed: the values ranges from ®(ruorescence)
to 1 (maximum of uorescence e ciency).

Fluorescence quantum yield is very important in determininghe e ciency
of a uorophore, but a better evaluation is provided by the mtecular bright-
ness ). This value puts together the uorescence yield and the metular
absorption coe cient ("). The molecular absorption coe cient can be eas-
ily calculated by the Lambert-Beer equation and it shows th@ropensity of
a molecule to absorb a photon. Combining this value with theuorescent
guantum vyield it is possible to have a good idea of the power tfe uo-
rophore.[1, 3, 5]

Usually uorophores are characterized by high conjugated sitctures. This
is determined by some di erent factors: the high delocaliz@n of electrons
enhances the surface suitable for the excitation of the uophore and more-
over high conjugated structures display LUMO energy enouglow to allow
the ! transition. On the other side, the aromatic structures usuéy
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 thegrs: here are
reported the most common classes of uorescent moleculesially employed
in biological assays.
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ing time and reducing the number of reactions. However, the st attempts
a orded the desired product (LO) 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 ay. Unfortu-
nately, the cross-coupling reaction (attempted employing-methoxyphenyl
boronic acid as coupling partner) displayed even less reggbectivity than
the nucleophilic substitution, a ording a mixture of products substituted on
both side of the molecules. In order to overcome this problemwe also tried
to use propargyl chloride instead of propargyl bromide in #adipolar cycload-
dition step. We thought that this change could shift the regiselectivity of
the Suzuki reaction towards the substitution on the anthraene moiety, but
even in this case a mixture of monosubstituted and disubstited products
were obtained.

So we returned to the rst option and, after few attempts, the micleophilic
substitution reaction was optimized enhancing the yield tanore than 80%:
the reaction was performed in acetone, maintaining the minte under re ux
overnight and employing potassium carbonate as base to prote the depro-
tonation of the phenolic derivative and to neutralize the hgrogen halides
developed during the reaction (adapting from [67]).

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

The obtained product (L0) was used as sca old for a Suzuki cross-coupling
reaction to insert a small variety of aromatic moieties, briging both electron-
withdrawing and electron-donating groups (Figure 14). Thiseaction allows
to couple together even sterically hindered arylic groupsf which one is an
aryl halide and the other is an organoboron compound, such lasronic acids
or boronate esters. In this case, we decided to use a smalkdity of aryl
boronic acids as coupling partners, employing tetrakis (whenylphosphine)
palladium (0) as catalyst and potassium carbonate as base.h& reagents
were stirred for 6 hours at 63C in anhydrous DCM under nitrogen atmo-
sphere (adapting from [70]).

The structure of the products was con rmed by the presence dhe peaks
relative of both the coupling partners in the!H-NMR spectra.

The coupling yield have been quite satisfying, with the exp&on of the very
hindered 2,6-dimethoxyphenyl boronic acid, for which we de&led 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 @rbonate was
used as base to promote the deprotonation of the phenolic detives and
to neutralize the hydrobromic acid developed during the resion (adapting
from [67]).

The structure of the products was con rmed by the presence e *H-NMR
spectra of the signals of both the reaction partners, with # exception of
the phenol terminal hydrogen, and by the disappearance ofdhbroad band
relative to the phenol hydroxyl group in the FT-IR spectra.

Since we have already noticed that the isoxazole probes hawetter optical

properties than the boron complexes, we decided to do not meed 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 we acquired
by the absorbance values obtained in the Uv/Vis analysis, knamg the con-
centration of the sample and the length of the optical path (tm).

Table 1: Maximum wavelengths of absorption (vax .. ) @nd molar absorp-
tion coe cients (") of the analysed compounds.

MAX aps [NM]

"( 103 M lcm Y

Comp. DCM MeOH DMSO/H 20 DCM MeOH DMSO/H 20
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 () and uorescent
guantum vyield ( g) of the standard references employed for the quantum
yield calculation of the analyzed uorophores.

Comp. c n =
31 27330 1.33 0.48
32 375150 1.33 0.17

The emission areas of each samples were plotted against ths@bance of
the uorophore. Then the plots were interpolated, obtainiig a gradient value
that allow us to determine the uorescence quantum yield, siply using the
following equation:

Cx NsTD
Cstp Ny

— STD

X

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 aea
vs absorbance plots.

The molecular brightness ) was calculated multiplying the uorescence
quantum yield ( ¢) and the molar absorption coe cient (") of the probes.

Table 3: Maximum wavelengths of emission {ax ., ) and Stokes shifts of
the analysed compounds.

MAX gn [NM] Stokes Shift [nm]
Comp. DCM MeOH DMSO/H 20 DCM MeOH DMSO/H 20
13a 438 434 442 57 53 61
13b 434 425 432 53 44 51
13c 418 419 421 37 38 40

209




Table 3: Maximum wavelengths of emission {yax ., ) and Stokes shifts of
the analysed compounds.

MAX gm [NM]

Stokes Shift [nm]

Comp. DCM MeOH DMSO/H 20 DCM MeOH DMSO/H 20
13d 436 427 433 55 46 52
13e 441 443 452 60 62 71
13f 430 423 435 49 42 54
139 429 424 434 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
15¢g 488 486 460 107 105 79
28a 436 427 440 55 46 59
28b 428 422 434 a7 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 (¢) and molecular brightness ¢) of

the analysed compounds.

F g ( 10%[M
Comp. DCM MeOH DMSO/H 20 DCM MeOH DMSO/H 20
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
139 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
15¢g 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 thensition is
con ned into the anthracene sca old, while for the boron uaophores the

transition determines a partial charge transfer to the boraycle as shown in
Figure 17.
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Figure 19: Structure of the proteasomeA) and location of the active sites

(B).

one over the other and composite by seven subunits each. Thdeenal -
rings play a regulatory role by the interaction with ATP molecules, while the

-rings display three di erent catalytic sites each, all plaed 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; th€c subunit cleaves
predominantly after basic residues, in a trypsin-like marer, while the 5c
acts after hydrophobic residues like chymotrypsin. Also inmimunoprotea-
some, the catalytic activity relies on three di erent subuits ( 1i, 2i and

5i), but the substrate selectivity of these subunit does natorrespond with
the selectivity of constitutive proteasome subunits. Howey, the proteolytic
activity of all these subunits relies on the hydroxy group o& N-terminal
threonine residue, which breaks the substrate peptide bos@cting as a nu-
cleophile.[79, 81, 82]

Proteasome Inhibition

Epoxomicin, as some other proteasome inhibitors, displays double elec-
trophilic moiety on the warhead, in order to bind the threonne 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 oxazmne ring that
inhibits the activity of the proteasome. This seven-membed ring derives
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5 Conclusions

The purpose of this research project was the improvement ofié¢ optical
properties of the original uorescent probe 29) already synthesized by our
research group in 2016. With this in mind we synthesized a srhébrary of
uorescent probes with three di erent core structures: ansoxazole derivative
(13a-h), a -enamino ketone boron complexl6a-g) and a full-conjugated
one (28a-c).

The general idea was to insert some aryl moieties with someeron with-
drawing or electron donating functional groups to evaluaténow they can
modify the optical properties of the probe. The Suzuki crossoupling reac-
tion revealed to be really useful in the insertion of a broadaviety of aromatic
sca olds on the anthracene structure: the only limit that wefound was in
the coupling of the high hindered 2,6-dimethoxyphenylboroc acid, for which
the coupling product (12h) was obtained only in very low vyields.

The only issue encountered in the synthesis of the isoxazoleboron complex
derivatives was the poor selectivity of the nucleophilic extion between the
alkyl halide and the aromatic one. In fact the poor aromatic ltaracter of
the central ring of anthracene allow the halide in 10-posidin to take part
in nucleophilic substitution reactions. Surprisingly als the Suzuki reaction
displayed the same poor selectivity between the two halidedetermining the
formation of double-couple products instead the desired guucts. The use
of a chlorine derivative (7 ) instead of a bromine one{ ) was expected to
shift the selectivity of the coupling reaction towards the gyl bromide, but
also in this case the cross-coupling showed very poor regiestivity between
the halides.

On the other side, in the rst attempt in the synthesis of the till-conjugated
probes, the Hiyama cross-coupling was chosen because of tigh Iselectivity
of the reaction. In fact the trimethylsilyl group involved in this cross-coupling
does not take part in the Suzuki reaction because it needs tipeesence of
uoride anions to be activated. However, the Hiyama cross-cpling did not
work as expected, both on the enamino ketone derivativd¥) and the isox-
azole one 18).

The second synthetic pathway for the synthesis of the conjated uorophores
instead seems to be quite robust; maybe one improvement ablle the use
of an O-trimethylsilyl-protected phenol derivative as dipolarghile, in this
way we could prevent the formation of some side-products ihe subsequent
reactions.

The optical analysis show that the isoxazole derivativesl8) display a way
stronger uorescence than the boron complexed5): in fact the molar ab-
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sorption coe cient remain quite the same for all kinds of uaophores, rang-
ing approximately from 3 10° to 13 10° M ! cm !, while the uorescent

guantum yield of the isoxazole probesi@) is the majority of cases is more
than 10 fold higher than for the corresponding boron comples (15). The

enhancement in the conjugation of the structure did not detenine an in-

crease in molecular brightness. The conjugated probe?3j in fact display

almost the same properties of the isoxazole derivatives, miining more

or less the same molar absorbance but showing slightly lowelorescence
guantum vyields.

The substitution on the boron complex sca olds 15) with dierent aryl
groups did not resulted in big changes in the optical prope#ds of the probes.
The uorescent quantum yields remained almost the same of ¢horiginal
probe, with slightly changes between one and the other. Onehother side
the isoxazole derivatives 13) showed a quite important in uence of the na-
ture of the substituent: the best results in uorescence fothese 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 vyield in
a non-polar environment, but employing a DMSO/water mixtue as solvent
the uorescence dropped of about 5 folds. The worst resultastead were
obtained surely with the nitro derivative (13c), which displayed almost no
uorescence, probably because of the formation of excimensd the easy con-
vertion to the triplet state by Intersystem Crossing. Also the isoquinoline
derivative (13f) and the methoxy one (3e) showed poor uorescence, while
the ethoxycarbonyl compound {3a) displayed intermediate values.

The results seem to be quite uncertain in determining di en&t e ects de-
pending on the electronic nature of the substituents: in soencases electron
withdrawing groups (13a, 13d) seem to enhance the uorescence quantum
yield, while some electron donating oneslBe) appear to have bad e ects
on uorescence. At the same time though an electron rich hetecycle (139)
determine an improvement in uorescence in respect of an eteon poor one
(13f). Moreover the dimethoxy derivative (L3h) 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: pbably a sub-
stituent in ortho-position prevents the molecule from rotational de-exciteon
locking the rotation of the phenyl group around the bond withanthracene
by steric hindrance, enhancing the uorescence quantum Yiesuch in the
case of the tolyl (3b) and furyl (13g) derivtives. It is also possible that
this enhancement is determined by the shielding e ect of thertho 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 nitr derivative (28c)
kept show almost no uorescence, while the other two probe&&a and 28b)
display a uorescence quantum yields about 0.6.

If on one side we succeeded in the enhancement of the uoregoguantum
yield of the probe by the synthesis of the isoxazole derivaés, the same
good results were not achieved in shifting the absorption walength of the
probes. In fact the insertion of the di erent groups appeard have only a
very slightly e ect in shifting the absorption of the molecues: electron do-
nating groups seemed to have a bathochromic e ect in respect electron
withdrawing ones.

The isoxazole probesl3 and 28) in fact showed almost the same wavelenght
of maximum absorption in respect of the boron complexed§), but at the
same time they display an average lower stoke shifs 60 nm vss 100 nm).
Hence, the emission of the isoxazole compounds is at lower alangths than
the original uorescent probe 9), 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 waelengths, main-
taining the maximum of absorption in the near-UV region.

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

In conclusion we synthetized a small library of uorophoregxploiting a ro-
bust synthetic pathway through the use of the reactivity of athracene nitrile
oxide. We succeeded in the enhancement of the uorescencelhs starting

probe, obtaining some uorophore with a brightness compabée to already
known uorophores, but we were unable to shift the absorptio of the uo-

rophores in the visible region of the spectrum.

The alkynyl moiety inserted in the probe allow us to employ tts kind of
uorophores in biological applications, exploiting the boorthogonality of the
reaction. At the same time, the alkynyl group could be explted for the bind-

ing with functionalized surfaces or nanoparticles, with pssible applications
in the electronic eld.
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6 Experimental Section

6.1 General Methods

'H-NMR and '3C-NMR were registered on Bruker AVANCE 300 spectrom-
eter in deuterated solvent solutions. The chemical shiftsra expressed in
ppm, using tetramethylsilane as internal reference.

IR spectra were registered using a FT-IR Perkin-Elmer RX-1 spgometer
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-Elmeiss Luminescence
Spectrometer.

Mass spectrometry analysis were performed with a Thermo 8nti ¢ LCQ
Fleet system (LCQ Fleet ion trap mass spectrometer equippedtiian Elec-
trospray lonization source).

All solvents and reagents were purcheased by Sigma Aldrich am@l Chem-
icals.

Chromatographic columns were performed using Kieslgel 60)-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.: 166-168C.

FT-IR: c-=0 1654 cm?, c-0 1735cm?, ¢ ¢ 2305cm?, NH, 3296-3470
cm 1

'H-NMR ( , CDCl3): 3.03 (s, 1 H, CH); 4.68 (s, 2 H, CH); 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.);.48
(m, 2 H, arom.); 7.59 (m, 2 H, arom.); 8.13 (d, 2 H, arom.); 8.26 (n 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;01280.1; 133.5;
143.1; 149.7; 158.4; 166.3; 194.3.
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Yield: 40%

M.P.: 175-179C.

FT-IR: ¢-¢c 1618 cm l, c ¢ 2305cm 1, c H 3296 cm 1, NH 3360 cm 1
!H-NMR ( , CDCl3): 3.03 (s, 1 H, C-H); 4.96 (s, 2 H, CH); 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 Hur. +
arom. + NH); 7.98 (d, 2 H, arom.).

13C-NMR ( , CDCl,): 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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