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Abstract

Abstract

Protein kinases (PKs) ardamily of 518 enzymes that catalyze the phosphorylation of substrates containing
serine, threonine or tyrosine residues (Ser/Thr/Tyr). One of the members of this superfamily is Casein Kinase
1 (CK1l), a subset that is ¢d&€rdasdedilbmy pairtiicaudfacr m:
the PhD thesis is focused. This target is involved in several physiological processes modulating different
signaling pathways and deregulations can lead to the development of pathological conditions icahating
circadian rhythm disorders and neurodegenerative
diseases (AD; PD) and Amyotrophic Lateral Sclerosis (ALS) which are all characterized by
hyperphosphorylation of proteins and accumulatbaggregates contributing to trigger neuroinflammatory

and neurodegenerative processes. Given the role o
target tobe studed. In this PhD thesis, series of AAdlPo mp et i t i ve CK1 (nhdéveldpadioi t or s
obtain promising candidates that can be used as tools in neurodegenerative diseases. Several heteroaromati
systems have been functionalized to outline and deepen a stractiwity relationship profile (SAR).
Metabolismbased, new scaffdlbased and molecular simplificatidrased strategies has been applied to gain

the fixed goal.

Synthesis and characterization of bexjthfiazole derivativesa metaboBmbased strategy

Riluzole 34), an approved drug for ALS, is characterized by anciatieid and unclear mechanism of action.

It has proved to reduce the excitotoxic effects o
research group in which | conducted the Riridl the collaborators of Padua, havesilico postulated and
experimentally demonstrated an aofi viéyloft 8B4 hResl w
underwent a strong hepatic and extrahepatic metabolism; one of the main metabolites produced is the
hydroxylamine that is subjected daick glucurongeonjugation Therefore, the first purpose is represented by

the achievement of this metabolite to esS4ablish
hydroxylamine metabolite3Q) displaysan IGoi n t he hi gh mi cr o moabreeswiththenge o
reported one for riluzole. This represents an important achievement since provides the validation of the
hypot hesi s f omediaddactidm can he®ne Gfkht echanisms of action explicated by riluzole.
Moreover, a series of futionalized derivatives has been developed to modify phase Il metabolism of the
approved candidate. Several types of alkyl and arylalkyl chains have been introduced and most of the
synthesized compounds have proved to be inactive with the exception dfgeigtive that has registered

an act i vi t7p. lroadditidn, athdhersstitting point is represented by the hydrazine deriviive (

that, according to the computational studies, seems to conserve the capability of binding the target.
Surprishgly, ithasrevealedandgof 3. 64 €M denoting a marked i mprov
structureactivity relationship profile of this series, the hydrazine moiety has been functionalized with linear
and branched chains as well as aryl andalkyl groups. All the developed compounds have proved to be
active excepting ethylhexyl derivative and, in particular, isopentyl and benzyl candidates have proved to be
the best of the series achievingsgof 0.92 98) and 1.62 99), respectively. Fial derivatives have been
characterized from biochemical and biological point of view. The $BBneability using BBEPAMPA

(Parallel Artificial Membrane Permeability Assay) has been predicted and all the synthesized compounds have
proved to be permeableloreover, the ATRcompetitive behavior as well as the stability effect of the binding
towards the target with TSA (Thermal Shift Asshgye been carried out for the best compound of the series.

To explore a preliminary selectivity profile of candidatéset s cr eeni ng on GSK3b, an
in neurodegeneration has been performed for riluzole, its hydroxylamine metabolite and the two best
derivatives; Nhydroxylamine metabolite has reported aglCf 23 . 1 e M, i n the same |

one f or CHnlitioass&ys am aeurbbjastoma cell lines{S¥bY) has been performed; preliminary
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MTT (3-(4,5dimethythiazol2-yl)-2,5diphenytetrazoliumbromidg test to establish if derivatives are toxic

has highlighted a strong toxicity for-hydroxylamine metabolite39). Neuroprotection assays, conducted for
compounds that have displayed to be harmless for cells, have been denoted an important effect of riluzole but
nonpositive contributions for best derivatives of the series. Thus, a preliminary Western Blot analysis has
been carried out for riluzole but the drug has not determined a decrease in the phosphorylatiedfliDP
conclusion, preliminary results have been achieved by assaying riluzadesophilamodels overexpressing
TDP-43: an improvement in the lifespafflies has been observed. Nevertheless, further results are required

to validate all the collected data.
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Developmenbdf tri- and tetrasubstituted pyrazinesew scaffoldbased strategy

A routinely screening of Hmouse molecules designed focompletely different purpose has highlighted the
activity on midoindlariamge df three teisubgtiuted 2amino pyrazines bearir@fluoro-
6-methylpyridire at the €osition and 4luorophenyl ring at the-$focation. The three compounds differ for

the alkyl chain introduced at thep®sition of the scaffold. Stamg from these compounds, several moieties

have been inserted in 3 of the 4 positions of the nucleus trying different combinations in order to enhance the
activity towards CK1u. -&kylmerivats/gsmavé lzeeni assaypdroa theetarg or s
revealing the crucial substitution at théoBation to obtain activity. This SAR hypothesis has been confirmed

by developing 3amino derivatives functionalized with afldlorophenyl at the focation: without moieties at

the 5position, these compountisave reported no activity towards Cl
4-fluorophenyl moiety at the-position while inserting an ester at the@&sition: ethyl ester derivative showed

anlGoo f 1 2 125). Idehdstifigly, the exploration of the iit@n 5 of the ring has led to promising results:
introducing a double fluorophenyl ring & and-6 location, an Iggo f 1 . 83) has leer{ achieved and

the activity improves when#uorophenyl moiety has been substituted with pyridiokieving an 16 of 69.0

nM (138, the best compound of the series. Then, functionalizing bis fluorophenyl derivative with amino
groupsatthesposi ti on such as pi pe rlZzozhasheen redched Chamging natire y ¢
of substituent,nserting a butyl chain at thel@cation, the activity improved 0, ICso= 0. 20 & M) . Gi
promising results of the series, biochemical and biological investigations have been conducted. Firstly, the
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BBB-permeabilities have been evaluategniBerazne derivative as well as the most potent compound of the
series have displayed borderline values while the double fluorophenyl candidate has shown a CNS+ feature
according to the performed BBBAMPA. The ATRcompetitive behavior as well as the capabilitgtabilize

the target have been evaluated for the most potent candidate. Moreover, the most promising derivatives have
been screened on GSK3b: it is inter éasedserigstavardse x p |
other kinases. The derivda ves have proved to be inactive on GS
have been assayed on neuroblastoma cell lines: they have proved to be harmless for cells in MTT assay at the
concentrations of 5 and 10 arMhe mbshactiveederivatiye has shewntai o n
neuroprotective effect at the concentration of 1
conducted to observe a decrease in -ABRhosphorylation; in this case two contradictory results have been
obtained suggesting that further investigations are required to confirm the results.

Trisubstituted pyrazines
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135Tri azines as CKI1d inhibitors: a simplificat

The bicyclic derivatives-(7-amina5-(benzylaminoj[1,2,4]triazolo[1,5a][1,3,5]triazin-2-yl)benzenl,3-diol

(35 that has reported an 4€o f 0.18 €M on CK1u0. Moreover, it ha
peripheral blood lymphocytes as well as neuroblastoma cells. The synthetic strategy to obtain
[1,2,4]triazolo[1,5a]triazine (TT) derivatives involves eight steps and, in particulae, intramolecular
cyclization leads to low yields. In order to simplify the synthetic approach, a molecular simplification has been
applied functionalizing the 1,3{5iazine nucleus opening the possibility to develop a quick and deep SAR
profile. Severakubstituents have been considered: amino moieties have been inseHgak#iph of the
scaffold maintaining poly methoxy and hydroxyphenyl groupsdiked by a linker of different size and
nature including hydrazide, alkyl chain, amino moiety al$ ageureido group. A few compounds of the series
have proved to be active in the high micromolar range, the best one displayed@rf IC 1 9 1®8). ls M (
activity suggests that it behammore as fragment than full inhibitor; therefore, a molecularibyas been
developed by fusing N-benzyt4,6-dichloro-1,3,5triazin-2-amine and 4-fluoro-1H-indazol3-amine
heteroaromatic molecule discovered in a FragriBased Drug Discovery work published by the research
group that r eport e tenwlecular bybrid has deyermméd arRidhpro9emeniin thellC
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(142 3.86 ¢M) confirming this strategy as chall en
competitive CK1d inhibitor. Moreover, t hatonabout eeni
the activity towards another kinase involved in neurodegeneration, has led to an inactive derivative.
Nevertheless, despite the promising Cpt8dicted permeability of the candidate, itheitro investigation on
neuroblastoma cell lines has highlighted a strong toxicity of the derivative in MTT assay. Thus, applying this
strategy the optimization of the compound by functionalizing the indazole fragment can be avaitabld to

allow the developmd of a new series of inhibitors.
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Le proteink i na s i sono undi mportante famiglia di 518 enz
contengono residui di serina, treonina o tirosina. Uno dei membri di questa superfamiglia é la @asein K

1, un insieme di enzimi composto da sei isoflerm | 6 iU$GK1Ilpin padicolare, é la proteina su cui si
focalizza questa teQuesto bersaglio € coinvolto in diversi processi fisiologici che modulano diversi percorsi

di segnalazione e le deregolazioni possono portare allo sviluppo di congtiatofdgiche tra cui cancro,

di sturbi del ritmo circadiano e mal attie neurodeg
nel morbo di Parkinson (AD; PD) e nella sclerosi laterale amiotrofica (SLA), che sono tutti caratterizzati da
iperfosforilazione delle proteinee accumulo di aggregati che contribuiscono a innescare processi
neur oinfiammator. e neurodegenerativi. Dato il r
interessante bersaglio da studiare. In questa tesidiadttar, sono state sviluppate
competitivi per ottenere candidati promettenti che possono essere utilizzati come strumenti nelle malattie
neurodegenerative. Diversi sistemi eteroaromatici sono stati funzionalizzati per delinpprefenaire un

profilo di relazione strutturattivita (SAR). Per raggiungere I'obiettivo prefissato sono state applicate nuove
strategie basate sul metabolismo, basate su scaffold e basate sulla semplificazione molecolare.

Sintesi e cetterizzazione dierivati benzofllthiazolici:u n a s t metabosmbased i

I riluzolo (34), un farmaco approvato per la SLA, é caratterizzato da un meccanismo d'azione intricato e poco
chiaro. Ha dimostrato di ridurre gli effetti citotossici del glutammataceelello mitigando la progressione

della malattia. Il gruppo di ricerca in cui ho condotto il dottoratealaboratori di Padova, hanno postulato

in silico e dimostrato sperimentalmente un'attivita di questo candidato si €iluna 1G, di 16.1¢M. Il

riluzolo (34) ha subito un forte metabolismo epatico ed extraepatico; uno dei principali metaboliti prodotti &
l'idrossilammina che viene sottoposta a rapida glucuronoconiugazione. Pertanto, il primo scopo é rappresentato
dal raggiungimento di questo mbtdita per stabilire un legame aggiuntivo tra Ckelil riluzolo (34). Il
metabolita Nidrossilammirico (39) ha mostrato un 1§ nell'intervallo micromolare di 3% €M che concorda

con quello riportato per il riluzolo. Questo rappresentaisuitato importante poiché fornisce la convalida
dellipotesi per cui I'azione mediata da GKiuo essere uno dei meccanismi di azione esplicati dal riluzolo.
Inoltre, & stata sviluppata una serie di derifatizionalizzati per modificare il metabolisndi fase Il del
candidato approvato. Sono stati introdotti diversi tipi di catene alchiliche e arilalchiliche e la maggior parte dei
composti sintetizzati si é rivelata inattiva ad eccezione del derivato pentilico che ha registrato un‘attivita di
4.40 M (73). Inoltre, un altro punto di partenza e rappresentato dal derivato dell'idrd2)neh€, secondo

gli studi computazionali, sembra conservare la capacita di legare il bersaglio. Sorprendentemente, ha rivelato
un IGso di 3.64 €M che denota un netto migramento dell'attivita. Per delineare il profilo della relazione
strutturaattivita di questa serie, la porzione di idrazina é stata funzionalizzata con catene lineari e ramificate,
nonché gruppi arilici e arilalchilici. Tutti i composti sviluppati sheodimostrati attivi ad eccezione del
derivato etilesile e, in particolare, i candidati isopéit# benziici si sono dimostrati i migliori della serie
raggiungendo rispettivamentesi&i 0.92 98) e 162 (99). | derivatifinali sono stati caratteriati dal punto

di vista biochimico e biologico. La permeabildétraverso 18BBB utilizzandoil test BBB-PAMPA (Parallel
Artificial Membrane Permeability Assay) € stgieedettae tutti i composti sintetizzati si sono dimostrati
permeabili. Inoltre, il comportamento competitiveul'ATP e I'effetto di stabilita del legame verso il bersaglio

con TSA (Thermal Shift Assay) sono stati eseguiti per il miglior composto della serie. Per esplorare un profilo
preliminare di selettivita dei candidati, lo screening &SK3®, un'altra chinasi coinvolta nella
neurodegenerazione, e stato eseguitd péwzolo, il suo metabolita idrossilammao ei due migliori derivati;

Il metabolita Nidrossilammiico ha riportato un 16 di 23.1 €M, nello stesso intervallo per gleregistrato

per CK1l. Infine, sono stati eseguiti saggi vitro su linee cellulari di neuroblastoma (SY5Y); il test
preliminare MTT (3(4,5dimetiltiazol2-il)-2,5-difeniltetrazolio bromuro) per stabilire se i derivabno

innocui 0 menohanno evidenziato una forte tossicita per il metabolitadhbssilamminco (39). | saggi di
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neuroprotezione, condotti per composti che si sono dimostnatossiciper le cellulehanno condottadun
importante effetto del riluzolo ma contributi non positpér i migliori derivatidella serie. Pertanto, per il
riluzolo e stata effettuata un'analisi preliminare di Western Blot ma il farmaco non ha determinato una
diminuzione della fosforilazione di TD#3. In conclusione, risultati preliminari sono statieauti
somministrandail riluzolo in modelli di Drosophila che sovraesprimono TD#3: & stato osservato un
miglioramento della durata della vita delle mosche. Tuttavia, sono necessari ulteriori risultati per convalidare

tutti i dati raccolti.
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Sviluppo dipirazinetri- e tetrasostitute u na str ategi a bassmdffeldssul | dut

Uno screeningdi routine di molecole interne progettate per scopi completamente diversi ha evidenziato
I'attivita su CK1i nell'intervalloalto micromolarepertre 2amminopirazine tetraostituite recatm la 2-fluoro-
6-metilpiridina in posizione 6 & gruppo4-fluorofenil nella posizione 5. | tre composti si differenziano per la
catena alchilica introdotta in posizione 3 dalt@ffold Partendo da questi composti, divengippisono stdt

inserii nelle posizioni3 e 4 del nucleo provando diverse combinaziahfine di potenziare l'attivita verso
CK14. Alcuni precursori sintetici di deriva8-alchilici sono stati saggiati sul bersaglio rivelando cruciale la
sostituzione in posizione 5 per ottenere l'attivita. Questa ipotesi SAR é stata confermatargloliep ati
3-amminici funzionalizzati con un-#uorofenile in posizione 6: senzsostituentiin posizione 5, questi
composti non hanno riportato alcuna attivita verso &K situazione cambia introducendaruppo 4-
fluorofenilico in posizione 5 matre si inserisce un estere in posizione 3: il derivato dell'estere etilico ha
mostrato undCso di 123 eM (125. E interessante notare che I'esplorazione della posizione 5 dell'anello ha
portato a risultati promettenti: introducendo un doppio anellordfeailico in posizione-5 e -6, & stato
raggiunaundCso di 1.86 M (137) e l'attivita migliora quando la frazionefliorofenilica é stato sostit@ida
unapiridina raggiungendo WCso di 69.0 nM (L38), il miglior composto della serie. Quindi, funzadizzando

il bis-fluorofenil derivato con gruppi amminici in posizione 3 come la piperazina, si e raggiunta l'attivita di
0.86e¢M (136). Cambiando la natura del sostituente, inserendo una catena butilica in posizione 3, I'attivita
migliora (120, ICso= 0.20¢M). Dati i risultati promettenti della serie, sono state condotte indagini biochimiche
e biologiche. In primo luogo, sono state valutate le permeasiti@verso |8BB: il derivato 3piperazirico
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cosi come il composto piu potente della serieneamostrato valororderline mentre il candidat@on un
doppio fluorofenile ha mostrato una caratteristica CNS+ secondo #HBEBPA eseguito. || comportamento
ATP-competitivo e la capacita di stabilizzare il bersaglio sono stati valutati per il canplidatotente. Inoltre,

i derivati piu promettenti sono stagaggiatisu GSK®: é interessante esplorare la selettivita di questa nuova
serie verso altre chinasi. | derivatisono dimostrati inattivi su GSIR3l composti piu potenti della serie sono
stati testati su linee cellulari di neuroblastoma: si sono dimostrati innocui per le cellule nel test MTT alle
concentrazioni di 5 e 16M; nel saggio di neuroprotezione, in particolare, il derivato piu attivo ha mostrato
un effetto neuroprotettivo allaoncentrazione di EM. L'esperimento preliminare Western Blot & stato
condotto per osservare una diminuzione della fosforilazione di43kh questo caso sono stati ottenuti due
risultati contraddittori che suggeriscono la necessita di ulteriori indpgirdonfermare i risultati.
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1,3,5Triazines come inibitori di CKil: una strateqgia di semplificazione

Il derivato biciclico 5(7-ammina5-(benzilammino)1,2,4]triazolo[1,5a][1,3,5]triazir2-il)benzenl,3- diolo

(35) ha riportato ueiCsodi 0.18 ¢M su CK1il. Inoltre, si & dimostratoam citotossico nei confronti di linfociti

e delle cellule di neuroblastoma. La strategia sintetica per ottenere dérRdftriazolo[1,5a]triazirici (TT)
prevede otto passaggi e, in particolare, la ciclizzazione intramolecolare porta a basser e=@pkficare
l'approccio sintetico, & stata applicata una semplificazione molecolare funzionalizzando il nucleo 1,3,5
triazinico aprendo la possibilita di sviluppare un profilo SAR rapidapprofondito Sono stati considerati
diversi sostituentigruppi amminid sono state inseritin posizione 6 dellscaffold mantenendo i gruppi
polimetossi e idrossifendi come R collegati da urdinker di diversa dimensione e natura tra guiiddazide,

una catenaalchilica, un gruppoammini@ o ureidco. Alcuni composti della serie si sono dimostrati attivi
nell'altorangemicromolare, il migliore ha mostrato @@so di 19.6 eM (174). La sua attivita suggerisce che
si comporti piu come frammento che come inibiwoepleto; pertanto, un ibrido molecolare é stato sviluppato
fondendo | N¥benzit4,6-dicloro-1,3,5triazinr2-ammina e la 4-fluoro-1H-indazol3-ammina, molecola
eteroaromatica scoperta in un lavatiofragmentbasedpubblicato dal gruppo di ricerca che hportato
un‘attivita di 249 ¢M. L'ibrido molecolare ha determinato un miglioramento del'l(142, 3.86 £¢M)
confermando questa strategia conmeente Questa molecola e stata confermata come un initdiaC& 10
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ATP-competitivo. Inoltre, lo screening su GSKIhe permette di ottenere alcune informazioni sull'attivita
nei confronti di un‘altra chinasi coinvolta nella neurodegenerazione, ha portatdedvato inattiveu questo
target Tuttavia, nonostante la promettente permeabilita del candidato, l'indagiit® su linee cellulari di
neuroblastoma ha evidenziato una forteitta del derivato nedaggiodel'MTT. Pertanto, applicando questa
strategia, I'ottimizzazione del composto mediante la funzionalizzazione del frammentoitadazdlessere
condottaper consentire lo sviluppo di una nuova serie di inibitori.
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1. Introduction

1. Introduction

1.1 Protein Kinases

The PhD thesis focuses tiredevelopmentof ATR omp et i ti ve Casein Kinase 1 |
Kinomeis partitioned in about 20 lipid kinases and 518 proteinkin€s&s1 i i s compri sed i n
of humanProtein Kinases (PKghatareencoded ¥ 1.7% of human gese' Among clusteof PKs 478are

eukaryotic PIs (ePKs) and40are composed Hgck sequencesmilarity with ePksbuthave utknown activity

and arecalled atypical proteikinases (aPKas represented fig. 1. 123

human kinome

lipid kinases protein kinases

|
| |

atypical (aPK) eukaryotic (ePK) —

Figure 1: Human kinora subdivisionand ePK tree representation setting out kinase families that share a similarity in kinase
domain. Abbreviations are given in specific chaptér.

Depl?&msphoryiation

Figure 2: Schematic representation phosphorylation?

—
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1. Introduction

Protein kinaseare able to catalyze the phosphorylation of substrates containing serine, threonine or tyrosine
residues (Ser / Thr /-phgsphpryinoiety df adanosiné tephosphatey (ATtPhoa hydroxy
group ofa speciifc aminoacidic residue, therefore it is possible to further divideiRISer/Thr kinases and

Tyr kinaseqFig. 2).

To understand the mechanism of phosphotransfer reaction several efforts have been cauiadthatized

in the review of Wangt al °® The mechnism of this reaction can be concerted or stepwise in the associative
or dissociative kinds. The concerted one representedrial Aof Schemel involves a single transition state
metaphosphatike, in which thephosphoryl groubindsin a noncovalent manneboth nucleophile and
leaving group The associative stepwise mechanism consists in addition and elimination phases with the
formation of pentavalent phosplorane intermediatewhile the dissociative one proceeds through the
producton of nonrcovalent transition adduct with either nucleophile and monomeric metaphosptiaeene

1, Panel B). The vast majority of the ATP recruited by kinase as a cofactor in the catalytic process is Mg
bound ATP: the bivalent metaMg?* or less frequeht Mn?*, helps to stabilize the charge of tA®P
(adenosine diphosphatepving group®

Associative phosphotransfer reaction

A +
i 1 i
Nu: + 'O-P-X-R — > | Num—"Rr-=-X-R}| ——— Nu—P-0O" + X-R
(')_ 0 O o
Metaphosphate-like
Dissociative phosphotransfer reaction
B
O R @) )
5 f Nu [l
0-P-X-R P ——— Nu=P-0" * X-R
o o o o}

Schemel: Associative (Panel A) and dissociative (Panel B) phosphotransfer reactions

Theubiquitously expressn of PKs affects many physiological aspects in cells including proliferajiomyth,

and death. The capability of kinasegtuticipate in several signaling pathways with complicated and tricky
mechanisms in which a plenty of players are involved middeseproteins promising and challenging targets.
Dysregulations can lead to the development of pathological conditions such as circadian rhythm disorders,
cancer and neurodegenerative disedses.

1.1.3.Architecture ofProteinKinases

PKs have the peculiarity to share common features in their architecture; the typicedlsinicture is
composedyy N-terminallobe with five-s t r a nstieetch nfil  -leelix cdlled the chelix and Gterminal

| obe ¢ onsi-selicéesThe twio domains are ¢bnnected by the hinge region that defines the ATP
binding pocketand this site appears to be conserved in kan@presenting a limit in the design sélective

kinase inhibitorsThanks to the studies conducted by Hangs and Hunter in 1885 ieepossible to know

lots of aminoacidic sequences in kinasepeningthe possibility of elucidating key structural elements and
crucial functions of these gieins.Several structuratomponentgompose the active site kihasesandthey

are essential for the enzymatic activity. Among these features the activation loop, catalytic loop, P loop and
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C-helix mustbe mentioneilnd descripted in detail i n ttheprotdnol | ow
kinaseof interest(Fig. 3). "#°

Figure3:r epresentation of CK1U and structural key el ement
loop (yellow), Gh el i x (green), catalytic loop (red) ardildiurge
PDB code: 4HNF.

1 : the phosphatéinding loop(orange inFig. 3) is a glycinerich domainin N-terminal lobethat
is conserved in kinomanddefined with themotif Gly-X-Gly-X-X-Gly (Gly-SerGly-SerPheGly in
C K 1.Urhis loop helps to stabilize the phosphates of ATP during catafysiaminoacid of lysine
oftheRl oop t hat -sheetinINermiaal dordaifLys-38fn CK) results attractive residue
for the development foselective covalent inhibitors due to its catalytic activity targeted by an
appropriate electrophilic portioff:1+1213

1 : this loop(yellow in Fig. 3) is composed by 20 to 30 aminoacidic residstasting
from DFG motif (AspPheGly), which ishighly conservedextending to the APEluster(Ala-Pro-
Glu) inthe C-terminal lobeshaping a cleft for the location of substraithe Asp residueof DFG in
the active conforimgt iicn oafi etnh ee dandiagyporketanditisd e o
able to coordiate the magnesiumiean!l | owi ng its interactionThei th o
activation statementoutdfc&nfm@asmatciamn:s wti héatbhad toi ¢
the hinge region by blocking the catalytic activity of the enzgnegenting the binding with substrate.
In addition, in this scenario Asp and Phe of DFG motif switch roles and positions allowing Phe to
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occupy the ATFbinding sitebut someevidencesre also collected by Moeéi al about intermediate
situations betweeactivation and inactivation of kinas@sig. 4). %141516

C-helix

and "inter" as intermediate stai@range).The superposition
Phe sidechains is shown for tyrosine kinases EGFR f
(Epidermal Growth Factor Receptor)

f C-helix: this section (green ifig. 3) istheu n i g-lwekx inUN-terminal lobe of kinase. When the
enzyme assumes theiae conformation, the conserved @d included in Ghelix is able to establish
a salt bridge with a Ly32i n -stbaBdof P-loopand this interaction appears conserved in ePK family
2,8

9 Catalytic loop: (red in Fig. 3) in the C-terminal lobe is localizedhe catalytic loop of kinase
characterized by the HRD motif (HA&rg-Asp) in which the residue @afspartate plays an important
role in the reaction between the enzyme and the substrattur i ng t {preosphate group,f er
Asp deprotonates the hydroxy moiety of substrate allowing its nucleophilic attack towards ATP. In
CK1d the cat aisey tesidoes 12638 pith the conpespondingonsensusequence
DVKPDN (Asp-Val-Lys-Pro-Asp-Asn) crucial for the ATP binding?!

1 Hinge regior: (light bluein Fig. 3) is the connection between the two lobes of the kinad# defines
the ATRbindingpocket | n CK1U it i s r e peErlLdsGdMet82CGIUB3H eu84 he s ¢
Leu85Gly86). This is a key element in the architecture of the enzyme because lendw itself
housing of ATPcompetitive inhibitors. Figure 5 represents the catalytic pocket fohet
accommodation of AT”Me t 8 2, gateadepgare,d iis a parti cul ar Figesi du
3 which is a key aminacid for the accessibility at the level of catalytic motif of enzyme. Mutations
of gatekeeper residue can influerthe affinity and selectivityof small molecule inhibitors analso
drug resistance®11718
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Figure 5: representation of Cl
highlights the ATFbinding pocket of th&inase. PDB cod
4HGT, GCdtystallized aith ADP.

l2Casein Kinase 1 isoform u (CK1u)
Protein casein kinase(CK1) gets its name from the capability to phosphoryilatgtro casein (milk protein).
This enzymecomprisess even i sof or ms : and theirfiranscdpiion vadadts (E\A8l the U , 0
isoforms are expressed in humans exceptiieb o n e .  Talighyhon®lbggof kinase domains (51
98% of conserved sidues)schematically representedig. 6, while Cterminal domain results in different
lengths. e highest similarithas been reportdsie t ween i sofbrms o and U.
N-terminus kinase domain C-terminus
B CKla  32-a18k0a [
m CK1y1  4s84kpa ]
I CK1y2 730a B
B CK1y3  se4-s22k0a |
| CKIS  serzcn [N
| oKt waee [N
DT IO i mHnim e conserved amino acids

Figure 6: schematic alignment of CK1 isoforms {82.2 kDa). The light green zone represents the conserved kinase domain while
N- and Gtermini portions(dark greeniffer. 17

The seven isoforms of CK1uU are ubiquitously expr:
cytopl asm and nuc lagpaass tovbd thel beuntbntbeneicanpdnant Qi1 family.?°

The discussion wil/l b e f oencodirgd CINKLD twhsdirstly sadafed bym U
Gravestalin1993and it consists in a sequence of 1284 nuc
in different organisms and three TVs humans As shown inTable 1, sequences of human TVs appear
conserved until residug99. "*
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Tablel: Partial alignment of sequences of F81 of CK1 0.

11.

HomoSapiens TV1
(1-415)
HomoSapiens_TV2
(1-409)
HomoSapiens_TV3
(1-427)

Overthe years ev er al crystal

inhibitors. The chronological list of structures Homo Sapienis reported it able 2

Table2:cr yst al structures of CK1u
PDB code Ligands Resolution (A)
3UYS SO 2.3
4HNF 16W 2.07
4AHGT 15G 1.80
3UzP 0CK 1.94
3UYT 0CK, SQ 2.00
ATWC 37J, BOG, DMS, GOL, 170
SOy
4KBK 1QG, SQ 2.10
4KBC 1QJ, EDO, S® 1.98
4KBA 1QM, SG& 1.98
4KB8 10N, 1QO0, S® 1.95
5MQV D5Q, S& 2.15
50KT 9XK, ACT, GOL, SQ 2.13
6GZM CIT, GOL, LCI 1.59
6RU8 ADP, EDO, NA, SQ 1.92
6RU7 ADP, EDO, NA 2.08
6RUG ADP, EDO, NA, SQ 2.05
TPTF ADN, AMP, EDO, SQ 1.96
7P7G AMP, CIT, EDO 1.70
7P7H AMP 2.40
6RCG EDO, KOE 1.40
6RGH EDO, KOE, NA, SQ 1.45
4TN6 PFO, SQ 2.41
CK1 is regulated byther proteinkinases: it i s

R e s i -890)are highlmgintes & ryellvd Adgpted/ by ref.

RLHRGAPVNISSSDLTGRQDTSRMSTSRSIPFEHHGK

RLHRGAPVNISSSDLTGRQDTSRMSTSIRGRVASSGLQSVVHR------------

RLHRGAPVNISSSDLTGRQDTSRMSTSRSRDMASLRIHAARQGTRCRPQRPRRTY

st r uct wndecscrystallized@ikh ligand$ ande e

cAMP-dependent protein kinase (PKA), CBCi k e

PKA was found to phosphorylaia vitro andin vivo Ser3700 f

the phosphorylation of substratéRegarihgt h e

functions included intracellular traffici n g ,

mo d u |

n

chronol ogical order:

Year
2012
2012
2012
2012
2012

2012

2013

2013

2013

2013

2017

2018

2018

2020

2020

2020

2022

2022

2022
To be published
To bepublished
To be published

CK1u and

ation of

Reference
21

21
22
21
21

23

24
24
24
24
25
26
27
28
28
28
29
29
29

PDB

de mon st rcan beghosphbrdated by h e

nase 2 (CLK2), protein

the resul t
i sof or m Bndcoivarkers fenee deportediithe k i e
interaction with protein 18-3. 143-3 is an important member that can regulate several physiological

cel | cycl e

phosphorylated by the just discussed protein determining the modulation of different cellular fudttions.

Interestingly, itis well knownthatkC1 G and

U

ar e

| es s a-tetminal éomarhoecsr
and he autophosphorylation of these kinases is an important regulation mechanism studiedibotand

t h

in vivo. Maintenance of dephosphorylation statuas detecteéh vivo. This evidence suggests that kinases
consume ATP in this cycle decreasing their activity confirming the key role of protein phosphatases in the
modulation of kinases? CK1 is able to intercalate in several processes and, as reported, can take action

downstream of other kinases preferring-ph®sphorylatetiegativechargedsubstrates bearing tkensensus

(
\
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1. Introduction

sequence pS/pX-X-S*/T* in which S*/T* representheamino acidargetof phosphorylationNevertheless,
non-canonical motif such as-ISS have found to be phosphorylatedwiell-known substrates including
nuclear factor of activatedd@ e | | s ( N-Eafedinwha@sasignabing pathway is discussed in the following
chapter.®2 Other phosphorylation clusters have been reppffiedexample sequence KMR-K/R-X-X-S/T
suggesting that, despite the ability to phosphorylate primed substrates, CKlifaatilg to phosphorylate
alsounprimed substrate®3*

CK1lUu results a@incpitismpliessli ngséwaegak signal i ngatapnat hway
Hedgehog, Hippo andp3 pathwaysthusplayingan importantole in the setting of physiological functions.

Its deregulation can lead to the development of several diseases such as circadian rhyths) disweeand
neurodegenerative pathologicainditions.

1.3.Cellular signaling pathwayand development of cancer

Upstream of the development of a disease there is a deregulation of a biochemical pathway and to describe the
significant role of Casein Kinase, Wn t -¢afenin, Hippp Hedgehogand p53 signaling pathways are

di scussed in following chapter to understand the
cancers as well as the complexity of interconnections bettegarious membensnpliedin thesepathways.

It appears clear that inhibitors of this target can be useful as tools for the investigation of cancer conditions.

1.3.1.Wn t -¢afenin signaling pathway

Wnt name of th&Vn t -¢afenin signaling pathwagkes t s name f r ovngldsthe desé oanod
for Drosophilas e g me n t p dntegrateidbt, y t ehred vie r t3eamdcentroés lots of rnioldgicad)

and physiological functionand it is firely regulated The crucial role of the perfect coordination of this
pathway is reflected in several features including organogenesis, cell determinatidhe aratulation of

primary axis formation®® The aberrant counterpart of this pathwaylddead to the development of several
pathological conditionsthe first connection between the deregulation and the development of diseases was
discovered in 1990s: the gene encoded for Adenomatous Polyposis Coli (APC) has been traced back to the
occurrere of familial adenomatous polyposis, a type of cantéf.Mutations at the ke e | -catdnin §ene

could determine a wide range of tumors including hepatocellular carcinoma, colon cancer, melanoma and
sebaceous skin cancét39404142 \Wnt signaling pathway can be divided into canonical andaamonical in

relation to theb-catenindependence? In the canonical oné¢hepresencef Wntsignalthat binds thérizzled

(Fzd) receptor andlipoprotein RecepteRelated RP) co-recepta determines the turning on of the pathway.

43 The signaleads tathe intracellularphosphorylation of LRP& its PPPSPxS motly CK1 and GSK3f
members of the Axin complexc S K 3rfediatedphosphorylatioris the primaryeventin the pathwaythat
primesCK1 to phosphorylatéhe S (serinein the PPPSPx3notif of LRP6.444° The double phosphorylation

of LRP6 generates the docking site fortheéreci t ment of t he Axin complex cal
members are Axi n, U~aRGhe inda&ighdbDisbenetled @dtelns that move from the
plasma membran&*® Thisprovides he st abi |l i zation of the A-xgatenr com
that translocates at the léwaf nucleusbinding several transcription factonscluding TCF/LEF (TFcells
factors/lymphoid enhancer factor), TBX5-bx transcription factor 5) and HHE U (- h ynguoiblei faator

1 U%Intheabsence f Wnt sicanaln,i nt tecbhbuited by the fdisrup
Ser4d 5 by CK1U33aSed7 andriThdSle rby GSK3b det er mi Tiansducini t s r
Repeat Containing E3 Ubiquitirétein Ligase catalyzing the polyubiquitylatianSer19. The catalysis of

this reaction pr o nrcpténs bytthe erossome systedr&*¥*%°° dhre camdnicabWnt

signaling pathway discussed above in its activation and inactivation phases is represeéigted iBven if

the isoform U pHepaphwaytalsoehe other isoformedf @asein iKinase are involved; LRP6

( )
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1. Introduction

is phosphorylated by CK1lo with a positive regul at
and complicated regulatioH°™®21 n addi ti on, ®&adctvatea bydWniGigrialiradacingit in

the phosphorylation of Axin complex in several sites determining the disruption of the complex and,
consequent | y, -tateenedeaifjthesignalingpatmwaydsf héd acti ve mode. Ck
a rol e i n t h-eatesintlabhks tb thezaatipn obDDX30(RNA belicase) recruited during the Wnt
activation and this isoform is able to phosphoryl
caten | n .17,51,53,54

The noncanonical Wripathway is defined s -cafenin independent. Wnt signal, in this casan bind

Frizzled receptor recruiting Dishevelled. Through an inhibitory effect on DAAM1 (Dishvelled Associated
Activator of Morphogenesis 1), Dvl receptor affects the GPTase Rho determining the attdfaROCK

(Rho kinase) and JNKc-Jun Nterminal kinase)leading to the rearrangement of cytoskeleton and
transcriptional respons&>°%57 The same response of Wnt signal just described is also given by the triggering
of phospholipase C activity via Frizd&PCRmediated G-protein coupled receptermediated)the result is
provided by the relase of intracellular calciurf®®%°F i nal |y, isoforms G and U
positive regulation of noganonical Wnt pathway phosphorylating DYRishvelled)and, thus, providing the
activation of Rho/JNK cascadg?5354

l QA BIRWVMEKY K LYKAOAMSRY P VA Y 3

Frizzled LRP I m Frizzled

Dishevelled CKla
J N
{ GSK—SB): B-Catenin HP)

" \ L

Axln ‘..‘.
( Bcalenml O
o

=
l\ﬂ- CElEI'IIn/, _

mediated
proteclysis

F

B-Cateni “_/'

Figure 7: representation of activated and inhibited WWignaling pathway. In the presence of Wnt signal (activated pathwa
Axin complex is stabilized determining the accumulationtamda n s | o ecaténin atthe level offmucleus switching on the
transcription. Without Wnt signal (inhibited -pateninfiTheynag
is created usin@ioRender

1.3.2.Hippo pathway

Hippo pathway is involved in several processes including the modulation of cell proliferation and apoptosis.
51 Deregulation of this finely regulated system can lead to the development of pathological cormaiifiarhec

several types of cancefhe signaling pathway starts with tpp@osphoriation of large tumor suppressor
LATS1/2 bymammaliarSte20-like kinase MST1/2, ortholog of Drosophila Hippdhelped by adaptor protein
Salvador WW45) and MOB kinase activator 1 A/B (MOB1A/B)LATS1/2 is able to phosphorylate YAP
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(Yes-associate protein) and TAZ (Tafazzin protein) and this event triggers the inhibition of YAP/TAZ leading

to the failure of nuclear interaction with the targets TEAD (TEA domain) which is a transcription factor and
SMAD (SMA/mothers against decapentaplegic) determiningptiesphodegromediateddegradationof
YAP/TAZ.175283%4T he just described mechanism is applied w
in this way the nuclear transcriptian cyclin E and diapl, celtycle and death regulatoiis,locked.C K 1 U

and U are found as msndeuthepareoableto domrol bevepapsteps pfatte pathaay.
LATS phosphorylates on S881 TAZ protein, and this is considered as a trig event for thaC K 1 & / U
mediated phosphorylation of phosphodegron of TAZ protein providing its degradation as a result. In addition
the TAZ phosphorylationonS& 11 caused by the isoform U has prov
the ubiquitylatim of TAZ. 16255 Moreover, Xuet al. reporeda possible connection between Higoal Wnt

pathway providing an idea of the complexity of interactions and concatenations between several members
and effectors of pathwayig vivo. MST1/2 can bind CK1U preventing
determining t-taeninphtlovayk of Wnt / b

1.3.3.Hedgdnog pathway

The Hedgehog pathway medominant in child organism smits role in the organogenesigile in adults it
isimportantin renewing of epithelia of internal organs. Deregulations associated with this pathway can lead
to the development of several cancer types including bafiatarcinoma, medulloblastomas, gliomas and
gastrointestinal and prostate canc&f’686%70 Upstream of the pathway there is the activation of PTCH
(membrane receptor Patched) by three Hh ligaBdsic Hedgehog (Shh), Indian Hedgehog (Ihh) and Desert
Hedgehog (Dhh). When ligands are absent, PTCH inhibits the activitpads membrane smoothened (SMO)
blocking the signal transmission at the level of nucleus via glassaciated oncogene transmission factors
GLI1, GLI2, GLI3.Consequently P KA, GSK3b and CK1 are able to pho
available forthe proteolytic degradatioby suppressing the activity of SURdJuppressor of fusedpene
negative regulator of Hedgehog pathwiioreover, SUFU prevents the activation of Hh genes by binding

GLI in cytoplasm and nucleu¥:”* Whenthiscascade s i n t he fAono modality, ir
PTCH leading to the release 8MO and then activation of GLI factors that translocate at the nuclear level to
start thetranscriptionas reported iffig. 8.1 nt er est i ngly, a cruci alverol e

been proved by examining thegsphorylation of GiL55 of an homologn Drosophilaof GLI2 and GLI3 that
has resulted the trigger event for the successive degradation of transcription factors and CK1 is also involved
in the positive regulation of SM®: 73747576
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Figure 8: Hedgehog pathway: when | igands are absent, GL I
of ligand, GLI factors can translocate at nuclear level activating the gene transcriptiGimage created usinBioRender

1.3.4.The response in DNA damage

Tumor suppressor protein p53 is an important member in the regulation of tissue integrity preventing cell
damages and proliferation of cells that can lead to the development of cancerogenic coffditienkevels

of p53 are finely regulated but, after various stimuli, the increase of activation is ref@mvedal functions

are associated to p53ncluding apoptosis, autophagy and the repairment of yAegulating lots of
transcription factors’’ The regulation of this key effector is carried out by MDM2 (murine double minute
clone 2) via negative feedback: p53 is able to activate MDM2 that establishes the ubiquitylation of p53
maintaining basal levels in a physiologicahdition.”® Moreover, MDM2 acts with an argipoptotic role by
switching E2F1 from negative to a positive regulator of the progression of cell cycle. Subjected to a stress
condition tha determines a damage at the level of DNA, p53 inhibits MDM2 but the activity of this effector
depends also to its phosphorylation state kinases mediafEus suggests that several signaling pathways

can modulate p53/MDM2 regulation | nt er esti ngly, CK1 isoforms U,
in response to a DNAadma g e , carpliodphiorylate p53 at the level of T8 and Sef0 determining the
impairment of the interaction with MDM2 and providing the binding with p300 resulting in the final activation

of p53. Neverthelessinder physiological conditions,s of or ms & and U are abl e a
MDMZ2 by phosphorylating several residues suggesting a crucial role of CK1 in the regulation of this signaling
pathway.”®

All the described pathways are involved in the development of several cancer dibeasesppears evident
the important role of Casel{inase 1 that results a promising target for its multifaceted features.

1.4.Circadian rhythm disorders

Circadian rhythm involves all the processes included in the daily setup of cells and their functionami24
deregulation of these factors cande® the development of sleeping problems, metatltiieasesand
neurological disorders. In this scenario, the main characters ar¢HEHERL and PER2period proteinsand
CRY (CRY1 and CRY2)proteins whose expression levels are finely regulated indmpendent manner
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during the day. These effectors can interact with CLEBDKALI -responsive circadian gene transcription
regulating themselves expression at the nuclear I€&/&.1 0 d e t e mhibitioneofthe ttrdnscription

process by reducing the binding affinity of CLOGMALI on DNA but it is also implied in the
phosphoryl ation of PER and in degradation of this
action.''® The CKtmediated phosphorylation is explicated at the level of Casein Kinase Binding Domain
(CKBD) that resulted conserved in PER proteins. Between the CKBD site there are two important domains:

Degron and FASP and they are cruéalthe regulation of circadian rhythm functiofT he i sof or ms
O can establish a bal ance betduetetheisbferm prefetem dfisie:n a n d
this equilibrium is called #fplFig.8 p h@Kslwii tpchhoods.p hlonr yplae

|l eading to iTrCPdengdacdatidomhbl|l e the U isoform pref
against the polyubiquitgtion.3*

FERS Degron FASP

PHSGSpSGYGPSLGSNG KAEpSVApPSLTpSQCpSYpSST

B-TrCP binding Blocks phosphorylation
l of degron

Polyubiquitylation &
proteasomal degradation

Figure9: representation of the role of CK1d and CK1U0 in
and FASP domains, respectively. The two isoforms can balance their effects in the modulation of PER, the main cha
developrant of circadian rhythm disorder¥

1.5.Neurodegenerate diseaseand the role of CK1

CK 1i8 involved in neurodegenerative diseases and results an appealing target to inviestitjate
development ofpossible candidates for the treatment of these pathological conditions since the poorly
commercial results in which the drugs are limited and often directed to treat only symiphignsnase is

i mplicated in the pathogdd®me Kkiinnswfn 64| ah siermsred § PMDi) s
Lateral Sclerosis (ALS).

151A1 zhei mer 6s di sease

The disease of Alzheimer is a neurodegenerative disorder characterized by the occumdenwnté The

familial AD is linked by mutations at the levefithe amyloid precursor or presenilin genes but also the causes
unknown sporadic AD is widely spread all over the world; it is complicated to establish the origin of this

di seasebds type since there are | odrmthedevelbpmentobthes an.
pathological conditior®! AD is characterized by the occurrence of memory deficits, cogritidedanguage
impairments andconsequentlythe failure in daily activities®?®® Hallmarks of this disease comprise the
formation at the microscaplevel of senile plaques composed by the aggregation and the accumulation of
Amy | o A @ pefitide(and neurofibrillary tangl¢slFTs)that are the result of the hypegsphorylation of

Tau pr adcanpaniedbyeuronal loss and the insurgence of a neuroinflammatory (Fapesd. &
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Alzheimer's brain .

Dl::ir'l-:':_;r'||||1|:_|
microtubule

Figure 10: hall marks of Al zheimer's disease: a c ¢ umu Ilsadoinposed |
amyloid b peptide (Ab) and disrupBieReénddl protei n, respec

The starting event that triggers the pathological conditions is delatitérature an experiment conducted

by Lewiset al intwo linesofra sgeni ¢ mi ce expressing mutant for m:
Protein (APP)s reportedThe result highlights that both the lines have been displayed neurofibrillary tangles.

8 Nevertheless, evidenss ugge st t hat A thaigppirmerdgsdinkeddorthe gevetopment of

NFTs viacaspase8 acti vation | eadi nglnadditionAbe pcd petaivdaey ei so fa bl
interactions between U and mi cr %% BRPisasansthentb@memi n i
protein (Fig. 11, Panela) c | eav e d bsgcrethse BAGH); fhe first enzyme triggerthe non
amyloidogenic pathwagndd et er mi nes t he obt ai nment-CAfF 4Aeto@alsol ub
fragments)ecwheitlaes eb | e a@TF viaamyloddgenipathway(Fid). 15 Panels bandc).
Thecleavagp r oduct €TBsandebt he secrptase abiking pRtdat idrypidly degraded
andpaeptide of di ff er e ndading® thgacdusulatioA &ind the famaton &f beail2 )
plaques®9t A|l this process is accompanied by chronic neuroinflammation but the real meclheaniksng

tot he Ab f or mat i gnee itiisslemsristrated thatthme kefe@savof cytokines from neurons is not
abl e to i nduc e%%ThugLi Abowgkers id 2020tdenwomnstrated an indirect mechanism by
which astrocyteghat control neuronal functions via extracellular vesicles (Eid)ce the release of CK1
fromthec ompl ex with GSK3b and AP C b-datsinisiréeeldoerebcmucteusa pr e
where it binds theHnrnpc gene providing an increased amount of APPlocalized with BACEL. 2
FurthermoreFlajoletet coworkers have conducted ensilico analysis to find putative CK1 phosphorylation

sites in proteins connected to the AD. Interestingly, from the computational stediersl CKlconsensus

sites have been discovered in APP, BACE a rsetretase’ This theoretical base has been investigated
assaying CK1U, CK1lo, CK1ud and CK1U ithatodigtheisoferm| s e
O is able to i nodmrewe! Md 40d minmi Abrd2t i on of CK1U i n
the accumul ation of AD pepti de psecteiadeldnexpectgdly tthee AP
isoform 404 is not connected to the overproduction

i soform U. This evidence suggests the preamloice of
cascade and seral pathwag impliedin the development of pathologjnce itis demonstrated th&l K 1 U

mRNA is strongly present ipostmortem ° Another hallmark 6the AD, especially for familial one, is
represented by mutations at the leveyjenes encoding for Presenilin (PS): PS1 and PS2.covers the role

of being the -csetraasef Mitationsattbedavel af PSEN1, gene encoding for PS1, are
common in familial ADthatleacsst o t he pr oduct i.Amother fenelirfvalved irathe driggarb 4 2
of the pathology is represented by PSEN2 encoding for PS2 that is known as modulators of several signaling
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pathways n d e p e n-seeretase. Regulating the intracellulaf"Cemepstasis, it leads to a disruption in
autophagy processes determining the progression of the neurodegenerative disease since the pivotal role of
Ca*. °® Therole of several kinases in the phosphorylation 82Reading to the modulatioof the caspase

activity is demonstratetut there is no evidence that supports the role of CK1 ireB@ation.®’

APP
a 1 671 770
L
NHo [ COCH
| eyvtoplasmic
Amyloidogenic cleavages
BACE1 BACE1 Fsecrelase
F Y
..EVKM VIVITLVMLKKKQ...
L sace1 ¥
p-CTFIN——] C99
11-CTF I C89
vsecretase¥W
AB1-40, 1-42
AB11-40, 11-42
Non-amyloidogenic cleavages
C a-secrelase BACE2 secrelase
A . A
. EVKM] VIVITLVMLKKKQ...
6? L :x-SGCI'QIaSQv BACE2 v
o-CTFIEC——]C83 19,20-CTF I C80, C79

+secretase
p2 fragments

Figure 11: Panel a) representation of AP P,; -seceetased cledvage; angl lc)or
amyloidogenic pathway. Image adapted by ref. 93.

An i mportant feature that characterizes t he¢atAD as
under physiological conditions;ontributes to stabilize microtubulgsreserving physiological cellular
functions. The microtubulassociated ptein is expressed at the level of neurons and axons and comprises
six isoforms that differ each other by the primary structure: three or four repeats (3Rp&R)ive sequences

of 31-32 amino acids®°%1% The primary structure is composed by 441 residues and it is susceptible to
posttranslational modifications includinghosphorylation, &ylycosylation, methylation, deamidation,
acetylation and ubiquitylatiof® Interestingly, Tau protein is known as a flexible and disordered structure that
after the binding with microtubule, is structured in stable folraposing fibrilsas displayed iffrig. 12. 10
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Figurel2 crystal structure
fibrils bound to the microtubule in two points of view.
PDB Code: 2MZ7.

In AD, Tau protein is found mutated with an hyperphosphorylated status leading to the formation of
neurofibrillary tangles (NFTs)lhe pattern of physiological phosphorylation of the protein changes with the
development of the disease occurring espedalhgsidues involved in the binding with tubulin to allow the
stabilization of microtubuléFig. 13 but also in other regions linked to conformation chantjé¥?

—
U prot Hyperphosphorylated
Physiological state Pathological stat U proteln gomation of
neurofibrillary tangles

Microtubule stabilized Microtubule disrupted

Figure 13 physiological and pathological states: in the first mentigndthu protein stabilizes microtubule. WI
hyperphosphorylation occurs, microtubule is disrupted, and the result is the accumulation of abnormal Tau forming fitbrée
neurofibrilary tangles.Image created usinBioRender

Moreover, Tau abnormal modifications linked to a mutation of gene encoding for this protein are connected
to the occurrence afnusual change iBR:4R ratio leading to the depositionhyfperphosphorylated TatP*

The region assignetb the binding is represented by amino acid44238 in the Gterminal site of the
protein.1% Residues involved in the formation of earliest stage of the development of pathma§g199,

Ser 202205, Thr231 and SeR62; hyperphosphorylation at the level of these amino acids is connected to the
pretandes processed??% The chain of events suggests that it is complicated to establish the order and the
role of each occurree; the hyperphosphorylations at-822 and SeB96 represent an advanced pathological
conditionand these residues appear as the most relé¥hhe event that determines the aggregation of Tau
protein is the cleavage of Ag[21 and curiously, the phgsorylation on residud22 tends to inhibit this
cleavage process suggesting and intricated system of events to determine the development dffiaeAD.
hyperphosphorylated Tau protein at this point becomes inclined t@assalimble obtaining pathological
intracellular paired helical filaments (PHFs) leading to the accumulation and, as a result, the development of
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NFTs that determine neuronal 10$%*1%” Since excessive phosphorylation appears as a posttranslational
modification occurrd in Tau protein in a pathological statement, it is reported that many kinases are involved
in this reaction contributing to the trigger of the neurodegeneraffdr. andcoworkers reported in 2004 the
role of CK1d4 in phosphorylation of Ser202/ Thr 205
inhibitor determines the decrease of the phosphorylattéiNevertheless, Ckinediated phosphorylation

sites in Tau proteiare variousi®®even if its role, in comparison to other kinase in the development of AD is
less studid, at least 15 residues are found to be phosphorylated by GKYitno models of Tau. The study
carried out suggestshdttheecombiBafida 8ffthe two enzymes can lead to the worsening of the
hyperphosphorylation statemetft: The Table 3 below resumes the studied sites phosphorylated by CK1.

Table 3: phosphorylation sites in Tau protein (abbreviations: S = serine, T = threonine). The asterisks indicate that resid
phosphorylated by CKitlentifying them in AD brain extracts. Symbol ¥z indicates that the phosphorylation occurs at twespasely
amincacids. Table adapted by Ref 104.

Site in Tau protein CK1
S113 *
S184 *
S198 *
S208 *
S210 7
T212 Y
S214 *
S237 *
S238 *
S258 *
S262 *
S289 *
S356 *
S396 *
S404 *
S412 *
S413 Y
T414 Y
S416 *
S433 *
S435 *

Moreover, to validate the role of CK1 in the abnormal prospect of Tau protein, aosaiyuences of Syrian
hamster Tau and hibernated and not rodemsscarried out. It is well established that the hibernated animals
show similarities with the AD modiations including the phosphorylation state of Tau protein whose changes
are detected in Ckdlependent manner in hibernated rodefifdnterestingly, sice the real mechanism by

which CK1 acts on Tau alterations is not fullyderstoogdthe most recent evidence of the role of CK1 in the

AD is provided by Rottandcoworkers*Thi s st udy ¢ o n tular, ass ch@llénbidg,targetn p a
Investigating the phosphorylation of recombinant tau441, ten sites and, among them, five linkeaveseAD,
recognizedmany of these residues were reported by previously described work of ldaagar 2007 while

sites Sei324 and Thd27 were not detected befofthe massive phosphorylation is displayed for residues
243441, many included in-@&rminal region that i;wvolved in the microtubukbinding (Fig.14). 105111

40

—
| —



1. Introduction

full-length tau441

568
T

|

$198
§202 S214 S289

! |

T414
S416 T427

| |

6xHis | N-terminal projection domain P'gg::’a';;"h M:-:r:::’l::'g C-terminus
197 244 368 441
tau epitopes phosphorylated in
AD brains
AD and control brains
The presence of CK1lu0u and

Figure 14: phosphorylation sites in fulength Tau proteil
Image is reported in a recent study of 2qg. 105) and it i
possible to appreciate residues S68 and T71 iterhina
domain and T427 in@rminal region noteported in ref 104 (
2009.

Tau protei n wadocabzhtisno e x p

of the two proteins at the level of nucleus and cell body. In the same work, as a conclusion, it was reported the

role of CK1u in

attributed to the propensity of Tau to aggregétdNe ver t hel es s,

AD brains CK1lu

t he

formation of Tau aggr egdldltises | e
not only O he i s
initiating events and progression: in a study of 2006 examining the hippocampal regions of adtegeed
was |l ocalized prevalently in grae
as well, has been investigated

neurofibrillary regions.!2 CK 1 U,

hyperphosphorylationf Tau protein® All these studies together suggest that CK1 appears as an important
member in the development of AD pathology acting at various levels.

™
T30

Y29

123 Y197 il
T217

Teg T | T153

Tara

¥agd

T414

Figure 15: representation of all ta CKE
mediated phosphorylation sites in ~

¥18 fade T403/4  T42T protein. Image adapted by Ref. 109.
T50 T212
T361
Ti81
T135 TZ05
N— . TN  +C
S184/5
5305,
T S 202 |s241 Gha
5258/262
546 568 521052354'?-'8 5352/6
5131 S198/9 5293 5433/5
S19G $396/400
5214 5285/9
S409412/1413
S416/422
152Parkinsondés disease
Par ki nsonds di sease (PD) is a neurodegenerative

debilitating symptoms including bradykinesia, instabilities in posture, problems in the coordination of

movements as well as in languagdéis pathologicat ondi t i on i

s accompanied

by

bodies (LBs) composed by the accumulationtwf @ r m& ¥ n Wc FSgn)(Rig. 16U13114115
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A)

Amphipathic Hydrophobic Acidic
region NAC domain tail
'4 N7 AY 4 Y

H50Q  A53T 140
A30F, —-—-.—/.‘
/ 651D S129
1 Ea6K

|\ J L J\o J
interaction with aggregation modulation of
membranes prone region a-Syn properties
B)
Physiological forms Pathological forms
of a-Syn of a-Syn
/ r
Mono-, Di-, Oligiomer Amyloid-like Lewy body

Tetramer Proto-fibrils fibrils

'

°
P
\

Lewy bodies and Lewy neurites

Figure 16: Panel A) schemaSyrm. rRpmels eB)t ait i o aSymappelsbypeophaspharylate
and in abnormal form resulting in the accumulation of fibrils and the formation of Lewy bodies (LBs) causing damagese
of neurons!t®

The aggregate causdisruption in the dopamine biosynthesis leading to the inhibitityro$ine hydroxylase

(TH), enzyme that determines in normal situations an increase in dopamine prodtfdiioa.physiological
scenario, dopamine (DA) playan important role as neurotransmitter in neuroprotection: in the DA signaling
pathway one byproduct is represented by neuromelanin, a dark insoluble complex, that captures toxic
molecules preventing the oxidative stress at the central lé{lith the progression of the diseadamages

and loss of dopaminergic neuraran occumt the central compartment callegbstaria nigra. 1181°90% of

USyn aggregates reported the phosphorylat@irSer129 and this modificatiorwas found relatedo
modulation of dopamine uptaké® Nevertheless, algghosphorylatiorat tyrosine residues has been recovered

but less studied?® Several kinases have been found to be able to phosphanyéti® andin vivo U-Syn and

to be implied in generalliy the PD development: Palike kinases (PLKs), G protein coupled receptor kinases
(GRCs) leucinerich repeat kinase 2 (LLRK2), PTENduced putative kinase 1 (PINK1), cyclindssociated

kinase (GAK), seringhreonine kinase 39 (STK39);Jun Nterminal kinase (JNK), extracellular signal
regulated kinase (ERK) pr ot ein kinase B (PKB),by| ymammal isygmtth
rapamycin kinases (MTORKSs) as well as casein kinase 1 and 2 (CK1Acording to the literature CK1

and CK2 are able to induae vitro the phosphorylation on S&P9 and, as counterproof, the inhibition of the

t wo kinases has di-Sypphasphendation éven if there studies seed to demaddsteate th
role of CK1 in the development of PE1?2 Elsholz and cavorkers, in a recent work, have confirmed the

role of this kinase in the pathologyy overexpressing CK1 binding protein (CK1BP), that is able to inhibit
CK1 activity, in HEK293T cells, the Sdr29 phosphorylation as well as the aggregatioo-$yn Ras been
evaluated and results confirm the key role of CK1 in the development of?Another implication othis
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kinasein the disease is relatéal the &tivation of cyclindependent kinase 5 (CDK5) CKiediated triggered

by the activity of dopamine receptors (D3Rs). This action can induce the inhibition-0ff&@4&* channel
determining the block of DA release at the synaptic léveEven if symptoms appear different, the disorder
shares the formation of NFTs with Al|®Ther¢areesevéral di s
connections between Tau protein and the development of Parkinsonism: Lewy was the first that described
NFTs in thediseasé*19%124 |n addition, the phosphorylation at S296 of Tau protein isdetectedn PD-

affected brains andthe4oo c al i zat i on o fSyndnd Bsaetemairied tHealevelapment ofPD.
109125126 A| the collected evidence highlighthe important role of CK1 in théD andthe use of inhibitors can

be a promising approach to study all the mechanisms involved in the pathology as well as new tools to be
applied in the therapeutic treatment.

1.5.3.Amyotrophic Lateral Sclerosis (ALS)

The Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disorder characterized by théanjage,

and progressive loss of motor neuroklutations at the level of TDR3 (Trans activation response DNA
binding protein 43 kDa) provide the posdilyilof insurgence of the pathological condition. In a physiological
situation, this factocanbind DNA and RNA at theucleudevelleading tomRNA modulation Mutations of

TDP-43 causdts localizationin cytoplasm ira ubiquitylated and hyperphosphoridd form.It is true that the

real function of this factor is exploited at the nuclear level, but it is freely to move at the cytoplasmatic one
suggesting that probably an equilibrium is established in the two compastarahithe occurrence of
mutations ad modifications can break this statement determiningnibédocalization 2’ The progression of

the disease determined by the loss of motor neumotriggered by the aggregation of this factor in the
abnormal aspect that contributes to create stress granulatesgi®&3$) resultingxidative stress deterngs

the development of toxicity aeuronalevel. TDP-43 is composed bgnN-terminal domin that contains the
nuclear localization signal (NLS) and two recognition nsqffRM1 and RRM2) required for the activity at

the level of RNA and DNAanda C-terminal domain composed hylycine-rich motif. 12128 Instead, lhe real
structure of agggates of TDR43 was unknown even df recent work of Arseni and amorkershas reported

the structure of these filaments using eBM starting from samples of frontal and motor cortices of ALS
affected patientst?® Interestingly, TDP4 3 wi t h i ts abnor mal aggregates
di sease and Parkinsonds disorder confirming that
can be very useful as tools and for the treatmentiffefrent neurodegenerative diseasé$®° The two
posttranslational modifications hyperphosphorylation laypkrubiquitylationvere deected in ALS patients
evidencingthat the phosphorylation can be the primary event that triggers the other phenomenon even if the
two modifications influence each other in the patholoffye ubiquitin system has an important role in a
physiological condibn determining the degradation of toxic complexes via psot@e while, in the
pathological counterpart, defects and injuries at the level of autophagic system are detédi&dnodels,

several phosphorylation sites aeportedon TDR43 includingSer379, Serd03, Setd404, Sed09, Sed10

even if lots of sitehave been detected in its structure without enough data to support their real existence and
role in the development of AL&ig. 17). 127131132133 The presence of hyperphosphorylated andlotalized

TDP-43 has been found also in FTDL (Frontotemporal lobar degeneration) characterized by atrophy in frontal
and temporal lobed3*
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Figure 17: TDP-43 phosphorylation sites. The panel A shows -BBR441 residues) that is composed by NLS (nuclear locali:
signal) motif in Nterminal domain, two RNA recognition motifs (RRM1 and RRM2) and a glycine rich domaiarimi@al one. 6
phosphoryléion sites are detected in ALS/FTHIDP patients (reported above the diagram A), many residues investigate
using immunostaining (red residues) or linked to the regulation of-ZB$plicing (light blue residues). Panel B reports mutati
occurred onTDP-43, among them several are connected to mis localization, altered protein interactions, aggregation ai
half-like (reported in the appropriate color according to the box of color ctde.

Nonakaandcolleagues have demonstrated therelatiboni p bet ween t hi s hall mar k ¢
cell lines (SHSYS5Y) reporting that the hyperactivated form of this kinase is able to determine the
cytoplasmatianis-localizationas well as the hyperphosphorylation of FB®and it is possible to saecells

the formation of aggregates triggering the neurodegenerative pr&€ddse phosphorylation sites of TBP

43 related to the activity of CK1U0 have been i de
them 18 are located in thet€minal domain of TDR3 in the glycinerich zone demonstrating that this is the
prefered domain in which the kinase work¥So me CK 1 U i nhi b idthiazolsscdff@datnat ng b
will be discissed in thechapter 3, have been investigated in neuroprotection with a toxicity induced by
ethacrynic acid to simulate the ALS disease and they have displayed good results also in the decrease in the
TDP-43 phosphorylation®” The performed testusi@H+SY5Y cel |l 1l ines confirmed
development of disease and the importance that new canditateihavein the study of ALS and iits

treatment. For thiseasonthis is the approach that we have applied in this PhD project toigmatesthe role

of the most promising compounds in ALS cell mod#lereover, alsdhe isd o r mas Hgefiound to prompt

ALS symptoms by enhancing the TEB proteinopathyn vivo. 38 Interestingly, CK1 is not only implicated

in the development of the disease by phosphorylatingZBPnutations at the level of charged multivesicular

body protein 2B (CHBP2B) are connected to the development of ALS and its role consists in the modulatio

of autophagic system and vesicle traffickimgus, the pathogenicity is given by disruption of autophagic and
endolysosomal pathways determining the accumulation of proteins involved in physiologicasqnete
systems and this event can determine thgregation of TDR43. 13 CHBP2B is able to interfere with the
phosphorylation of TDR3 by regulating the turnover of CK1 mediated by ubigtptioteasome system, in
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fact the downregulation of CHBP2B hasoped to determine the decrease in T&8phosphorylation in
Drosophilamodelsas well as mammalian celf$® In order to demonstrate this CHBP2B activity mediated by

the action of CK1, ithas beendemonstried that the autophagy system does not interact with-ZDP
phosphorylation and, moreover, the activity of this protein towards EKlliterature explored suggests that

the research is still opened to istigate pathways involved in ALS but is evident the key role of CK1 in
different fronts. Thus, the development of potent inhibitors can be the turning point to have new tools for the
study and treatment of pathology.

1.6.Kinase Inhibitors

1.6.1.Types of kinase inhibitors
Over the years, kinase inhibitors have belassified infive classes based dne position of moleculeithin
the target.

U Type I: small molecules able to bind the ABding site of the kinase in the active conformation
(DFG-in). The standard exploration of this class of inhibitors provides a heterocyclic cavedhptes
the adenine binding region establishing from one to three hydrogen bonds with residugadpdong
the ATP cleft. The main scaffold is substituted wittfedent moieties that can exploit the hydrophobic
sites of this pocket trying to improve selectivity and poteHty*

The five subregions in which the ATiiinding site can be divided are reported-ig. 18; ATP is
represented with its interactions towards the active site of the kinase domain

1 Adenine binding regiorthe zone occupied by adenine that is able to establish two hydrogen
bonds with residues of the hinge region mediated by N1 and N6 nitrogen ¥foms.

1 Sugar pocket: is the hydrophilic region of the ABiRding site exploited by the sugar ribose
of the ATP.142

1 Hydrophobic region | (HRI): it consists in a site that is not occupied by the ATP molecule; it
can beexploited by developed compounds to gain more potency and selectivity trying to
achieve the gatekeeper residue presented at the level ahgaeragion4?

1 Hydrophobic region Il (HRII): this site is exposed to the solvent, and it can be useful to
investigate in the development of more potehthitors. 42

1 Phosphate binding regioalsothis site appears to be exposed to the solveranibesxplored
to develop nore selective inhibitors since residues in this region are not consanmve)
kinases!*?
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Figure 18: ATP-binding site composed by five sites: adenine binding region, hydrophobic pockets (I and I1), sug:
and phosphate binding region.

Interestingly, Zuccotto and ewmorkers have identified a subset of type | inhibitors that bind the
adenine site establishing hydrogen interactions with the hinge region of the enzyme but that extend
themselves to the back site of ATP caytying interacions that are typical of type Il inhibitors; for
thisreasoncalled type %2 inhibitorg:!

U Type II: small molecules that bind the same ATP pocket but with the kinase in the inactive
conformation (DFGout). Type Il inhibitors can occupy the ATP binding site extending to the adjacent
allosteric one determining a rearrangement of phenylalanine belongbéeé FRG motif out of
hydrophobic pocket towards the ATP region. This type of inhibitors presdmncedelectivity in
comparison to the just discussed typ€dtegories | and kreATP-competitive inhibitors*!

U Type llI: allosteric inhibitors thatanbind adjacent to the AFBinding pocket between the two lobes
where the dalytic site of the kinase is presefheir most representative feature is characterized by
a high selectivity since this type of inhibitor can interact with the regulatory mechanisms of enzyme.
143

U Type IV: allosteric inhibitors that bind outside of tb&talyticcleft of the kinaseAlso in this case,
molecules are characterized by selectivity.

U Type V:this class is explored by bivalent inhibitors composed by two portions able tainidta
different regions of the kinasdt is possible to design type V inhibitor choosing accurately both
nucleus and substituent in order to achieve a potent and selective cantfidate.

U Type VI is represented by covalent inhibitors that have several advantages including the long half
life and the maximized effectiveness even if thadity due to the oftarget effect is discussed. This
type of inhibitor is characterized layheterocyclic core substituted with an electrophile poriibig.

19) able to give interaction with a cysteine or lysin of tar¢fét"148
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Figure 19: examples of electrophile moieties for the design of covalent inhibité4:

1.6.2.CK1 inhibitors

1.6.2.1.1C-261: ndol2-onederivative

IC-261())was synthesized in 2000 and displayed an inte
CK1 due to the high homology of the structureshibwed ariCspo f 1 .afdsededlivity against other

kinases including PKA. As showed kilg. 20, thiscandidate appears as the mixture of E and Z isomers. The
crystal structure (PDB code: IEH4) suggests that the main core of the molecule characterized by an oxindole
occupiesthe adenine region of the kinase domain whilettmaethoxy phenyimoiety binds he phosphate

binding region establishing hydrogen bonds. Interestingly, this compound has beeimtasted cell lines

due to the implication™®f CKi1ua/U in pancreatic tu
HsCO OCH, IC-261,1
ICseCK1U/ U =
/ OCH,
(0]
N
H

Figure 20: structure of IG261 (1) and its activity orC K 1 4 / U .

1.6.2.2.Monocyclic systeninhibitors. imidazole, pyrazoland isoxazole

Compound 4476(2), bearing an imidazole scaffo{flig. 21), was developed in the first years of the 2000s

as inhibitor of activin receptdike kinase 5 (ALK5), enzyme involved in several types of cancer diseases that

i nduce modul ations i nb)t.unkoart egrr, o w rihe KinamepaosricisbeveéddT GiFg  «
inhibitoryact i vi ty on Ckbé OePBoeMing an | C

OI/\o

D-4476 2

N o) ICsCK1 W03 M
| \>_< >_<
N NH,

Figure 21: structure of D4476 @Qand i ts act.i
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Successively, the imidazole nucleus has been revaluaigdhally this fashionable scaffold was used to the
desi gn inbibitorgy Bieh Peifer and agorkers discovered an activityo wa r d ®f cabngduio3

and4 (Fig 22) in the nanomolar rangé&? Compound3 displayed an 1§ ( CK1l4) of 5. 0ednM bu
al so t he(lCd=s78hM).rThe sulfoxide derivatived], obtained from the precurs8r instead, has
proved to be more selectivfolrépoeltangd®noatche vii $ g

3 F
H
3CO NH  cH, H,CO NH  CH,
H | />~s H | />‘S/
= | X N 7z N | AN N \\O
OCH; O N_— 3 OCH; O N_~

ICsoCK1 L°5.0FFN| 4
ICs0C K 14¥3 nM ICs0C K1 1l

ICso C K 12147 nM

Figure 22: structures of compoundsand4and t heir activities on CK1uU

In the year 2017 Halekottet al published an interesting series of -5 ar yl i mi dazol es as
inhibitors by optimizing theseriespreviousy discussedDue to the chemical instability of cinnamic acid as
spacer betweedimethoxy phenylring and pyidine moiety, other types of chains have been evaluated
consideringaming amidq ureido ancpyrrole-amido linkersasreported irFig. 23. 2°

@W%H e E}“

ICs0C K l 20 nim CH

ICs0C K 1 i386+xM F. ICs0 C K 1=129 nM

ICs0 C K 126731 nM E
HaC™© NH  CH, H,C—O CH
N [ )—¢ s R NH  cH
N / N CH3
X N H | )—s
| = N N
O. O N__— |
CH 0-CH; O N__—
ICsoC K1 (4.0nM IC50C K1 U8.0mM
ICso C K 1=P5 nM ICso C K 1=(81 nM

Figure 23: 4,5-diarylimidazole scaffold compoun(s-8) and their IGsson CK1a/ 0. .

Compound¥ and8 have resulted the best of the series reportiggslC ( CK 1 0 ) onM, rdspebtiveyn d 8 .
(Fig. 23). Derivative8d i spl ayed al so a gr eat ,soepaeabldto that exhybited e | at
by parent compoung %

Interestingly anothempotentimidazoleinhibitor PF670462(9) (Fig. 24, Panel A) wasdeveloped reporting
ICsss on i sofor ms .7 @hrdspddtivalyThe drybtal stidctuserofdhis Eompoundported
in Fig. 24 (Panel B reveals thait anchosthe ATRbindingsiteo f CK1 040 establ i shing a o
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with Leu-85, resdue belonged to the hinge regidghroughthe aminepyridine backbone. The fluorophenyl
moiety engages strong hydrophobic interactions with-80eand Mei82 (gatekeeper residughile the-NH

of imidazole core can interact withe catalytid_ys-38 and Asp149 of DFG motif through a water molecule
It is a promising inhibitor: it displayed a good selectivity profdeowing binding affinity over few other
kinases likeP K A p38,EGFR LCK,andMAP4K4. 2

. A

PF-6704629
ICsCK1U4nM 1
x

N
D
\ N ICs0C K 1=7.7 nM
O

NH,

Figure24: structure (Panel A) and predic6m@®b62®.i ndi ng

PFR670462(9) wasused as todh vitro andin vivostudies involving the circadian rhythm disorders due to the

i mplicati on %5i\breover, 3andvstiat ah ddihonstrated a role of this inhibitor also in
chronic |lymphocytic leukemia (CLL) since CK1u/ U i
appears disrupted in this pathologic condition. The study on mouse reveals ihhitkitien of this khase

using PF670462 leads to the decrease of the accumulation of leukemic cells in peripheral blood obtaining a
longer survival with the administration of the dréfj.

According to Mente and eworkers, an optimizatiomf PR670462(9) has been carried out to develop
pyrazolesubstituted pyridine compounds able to permeate at the central level gaining a selectivity towards
CK 1 U -670868(9) binds botht h e i saswel astimefit@ other kinasesnentioned abovelhus, this
compound can be optimized from the point of view of druglike properties and selectivity gfofile.

10
ICs0C K 1 (48 =N, _N
< NH NH
=~ 11

| ICs0C K 1 U14.2nM

X =-0OH, -NHMe

X
Figure 25: compoundd0andlland t heir act

Compoung 10 and11 (Fig. 25 have displayed I§gs ( CK 1 4 ) o 14.2 AMB respédtivalyshdwing
good BBB permeation properties aan excellent selectivity profile considering the kinases thad 62
was able to bind. Moreover, these candidates have beenitesiealon micedemonstrating the capability to
modulatethe circadian rhythm confirmintpeir usefulnesas tools for the study afircadian rhythrerelated
pathological conditiore?

Startingfromthecec r y st al i zed ¢ o mpelr0d62 9),cafseriesS kif isoxazale rdoleddlevas
developed.Compoundl12, reported inFig. 26, showedan 1G; o f 33 nM on CK1U0 and |
appreciate the analogy of substituents with thedig6ylimadozoles previously discussedtfluorophenyl
moiety can bind the hydrophobic pockesthbilizing the structure between sidechains of8§sMet80 and
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the gatekeeper residue, while tmaino pyridinylmoiety establishes a double hydrogen bond ateted of

the hinge region. The main isoxazole core engages another hydrogen bond with a molecule of water; regards
the cinnamic portion and the linked polimethgtyenyl group, this part of the compound can place itself in

the hydrophobic pocket Il in th&TP-binding site(Panel B Fig.26). 17

. A B
/N\
o)
=
\ ~
N7
0~_NH 12
ICsoC K 1 1831
Z
OCHs
OCHs

Figure 26: structure of compounti2 (PanelAand predi ct ed b (PanéliBnGpmputatisnal inmge of RKf 116

To achieve additional interactions occupying the hydrophilic ribose pocket, a pyrrole ring hasskeeteito

the main scaffoldto provide selectivity Compoundl3 (Fig. 27, Panel A has reported I§s of 37 nM on
CK1U and 10 0NemeMheless, it didplayed an excellent selectivity profile against 320 kinases as
the dendrograms represented in Blamel B of Fig. 27. °7

F
A /N\ B ;
O I E
S - »
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O NH |CSOCK 1 US?ITM - '-’-.-‘,‘:.
ICs50C K 12100 nM ™ AN " N AGG
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Figure 27: structure of compoun#i3 and the screeningon 3Xhases der i vati ve tested. ¢
The dendrograms is adapted from ref715
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1.6.2.3.Bicyclic inhibitors: purines

The purine scaffold appears an appealing nucleus for the development of kinase inhibitors. A series of
derivativesbearing this type of scaffold has been reported by Ouetatd. developing Roscovitingke
candidates™® (R-r oscovi tine and its @ 8§-€R8(IHdig.28, nnkibitars of o n 0 ¢
cyclin-dependent kinases (CDKSs) are found to be alddstminhibitsewve r a | ki nases, ®mong
Thus,repurposingg he same nucl eus, sever al Askdpdrtediinkig.2% i t or s
compoundg5-17 have proved to be the best of the developed series displayysgf&0 nM, 80 nM and 48

nM, respectively.Interestingly these derivatives displayed antiproliferative propertidsen testedin
neuroblastomacell lines(S85Y5Y) and have proved to r*¥€ampands he f
15-17 have been tested on CDKADKS5 andG S K 3 U/, in paticutar, derivativd5 has displayed a good

selectivity towards CK1U0 considering the just men
L on
HN ’//O

g
H)YKN/(
-/
B "
_N

Figure 28: structure of (S)CR8 (L4).

HO HO

NH ; “NH
HN

O \ I N N= lN
S [ “
O H)\(:K/N{ N)\(KN{ HJ\H\NK
N H N=/ N=/
15 16
ICs0C K 1 U650 IC5C K 1 180 17

ICs0C K1 t48nM

Figure 29 compoundd5-17 and activities on CKil

Nevertheless, several series bearing this main bicyclic core have been dev@tmpedundl8, reported in

Fig. 30, with the name of SB53234 revealed anhibitoryact i vi ty on t heUsingitfaor m U
precursor, positions 2 and 3 of benzimidazole have been investigiaghtroduction o& nitro group at the
2-positionled to compound5, which showd animprovedICso of 49 nM. The potency has been increased by
substituting this position witmethane sulfonimoiety 0) and studying the-Bosition, trifluoromethyl, cyan,

methoxy groups as well as timethane sulfonione have been inserted achievipmgient and promising
derivatives 21-24). 160

]
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Figure 30: SR653234 (8) and its derivative49-24.

18, SR-653234 R, = -H,R, = -H
19, SR-1277 R, = -NO,, R, = -H
20, SR-2805 R] = -SO2CH3, R2 =-H

21, SR-1273 R,
22, SR-1276 R,

= -H, R2 = -CF3
— H,R,=-CN

23, SR-1279 R, =-H, R, = -OCH,
24, SR-2797 R, =-H, R,=-S0,CH,

Activities an

18,1C50 C K 1 til60mM
19,IC50C K 1 49
20,I1C50 C K 1 16 nim
21,1C5, C K 1 13 nim
22,1C50 C K 1 tl1 nm
23 1ICs0C K 1 017 nim
24,1C50 C K 1 10 nim

CK1lUu are re

More recently, Monastyrskji and amorkers optimized these purine scaffold compounds by substituting

morpholine and thiophene moietied derivatives18-24 as reported inFig. 31. 2 and 3positions of
benzoimidazole ring have been occupied by halogenswhdrpholine has been replaced by piperazine.
Derivatives25and26 h a v e

respectively6!

25

ICsoC K1 4.0sM

Figure31: compound®5and26a n d
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1.6.2.4 Bicyclic inhibitors: benzdf]imidazole and benzd][thiazole derivatives

Bischof and ceworkers developetty an inrhouse screening series of benzdimidazole compounds and
amongthem, in particulgrtwo molecules have proved to be promising toBlsmpound£7 and28 displayed

n M Blorabved derivati®/ haspeoge te lne tsdleutieelory a panel
of 442 kinasesgven if an activity on the isofom asivell as other CK1 isofornhsis been detecte@he results

t esti ng Fgo32(PanalB).d

ICss ( CK11i)

of t he

of

selectivity

40

screeni

ng

The candidatshowedan inhibition of proliferative effedh cancer cell lines’®

—
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A #/F

§
/ HN—</:©)< @ff

Bischof-5, 27
ICs0C K 01 40 vl
ICs0 CK1U=199nM

TK

OTHER

CMGC

CAMK

Figure 32: structures and activities of compourtisand 28 (Panel A) and selectivity profile of compowid ref. 23 (Panel R The

STE

oo Ol

CK1

AGC

I ate

Bischof-6, 28

ICsoC K 1 42
ICso CK1U= 33nM

CLK1

CLK2

CLK3

CLK4

CSNK1A1

CSNK1A1L

CSNK1D

CSNK1E

CSNK1G2

CSNK1G3

DYRK1A

DYRK1B

DYRK2

FLT3(D835H)

FLT3(D835Y)

FLT3(ITD)

IRAK3

PIP5K2C

SLK

TAOK1

TAOK3

20

[Josx<1

table reports the % binding on kinases in which an activity was detected testing corBpeund

Thesepromising compounds are then modifiedmprove the selectivity towards the other isoforms of CK1
especi al L The temzafimidazaerseaffold has been functionalized with difludioxolo moiety
and the developed derivatives have shown not only a ggledtivity,but they revealed important efficacy in

several tumor lineg®?

Compounds29-31 reported inFig. 33h a v e
570 nM, respectivelyand they reported a good selectivitwta r d s .

—

[ isx<10

B 10<x<35

concentr a

di splayed interesting
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29 E
ICs0C K1 120 Fﬂ\

H
N 0
F
o HN
ICsoCK10=210nM ¢~ >0 O M_QN:@OXF

Iz

31
ICs0C K :t!. bB70aM
1C50 CK1U=999nM

30
ICs0 C K 1 U1400M
ICso CK1U= 520nM

H H
T <E <
HN—<\N:<J:o><F NQ—%N«N o><F
;:) So‘ o)

HsCO HCO

Figure 33: structures of compound®9-3land act i vi i

Interestingly,the predicted binding pose reportedHfig. 34 suggests that compou®d can bind the ATP
binding site in the same manner of BischaR7); the imidazole main nucleus establishekable hydrogen
bond with Glu83 and LetB5 of the hinge regiowhile additional hydrophobic interactions are reported with
lle-23, Leu84, Leu85 and PreB7.162

Figure 34: predicted binding pose of compou2@| 162

Moving to another type of bicyclic scaffold, bendjphiazole nucleus was widely used for the development of
CK1d i nhi biabhdocowsrkers Starting fam a virtual screening ofhiause compounds have
synthesized potent and selective inhibitors applying structural modificatrachieve several lead
derivatives the besbnesarereported inFig. 35. 163
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Cl
Q (@)
N\ N 0]
L O
F,C
’ FsC S
1IGS-2.7,32 33
ICs50C K1 23 niM ICs0C K 1 10

Figure 35: compound$82 and 33 and their activities.

Compounds32 displayed excellent selectivity profites has been screened in a panel of 456 kinases at the
concentration of 10 &M denoting €&igmBa.tked differen

TKL

TK

AGC
Percent Control

© ®
oF ® 0%

¢ ® 01-1%

CMGC (&) 1-5%
CAMK ° 5- ] 00/0

* 10-35%

Figure 36: selectivity prile of compound2in a panel of 456 kinases. Data are shown in kinome #&eeording to the legend, size
of dots agrees with the % binding. Th¥® derivative was tested

Moreover, compound32 and33 havedisplayeddruglike properties demonstrating to be able to cross BBB

vitro by conductingthe BBB-PAMPA (BBB-Parallel Artificial Membrane Permeability Assaloreover,

they tesbf compound®n HEK293 cell lines shogdan increase in the prevention of P433 phosphorylation

and, to support thim vitro experiment, these two molecules have proved to be neuroprotective in transgenic
Drosophila models of TDR3 proteinopathies®?

Interestingly, the same researcbugp of Martinez has published in 2021 the biologiceéstigations ohGS-
27@B2 as CK1U0 i nihinHumdnmeuroldastene gellsnagd in transgenic mice. A decrease in
pTDP-43 was detected in botim vitro andin vivo systems showing neuropeative effects confirmingGS-

2.7 32) asa promising candidater the study of ALS%
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1.6.3.Development of compounds with CMfBuglike properties

1.6.3.1.Estimation of passive transport through the blood brain barrier: Parallel Artificial Membrane

Permeability Assay (PAMPA)

The devel opment of CK1U0 inhibitors for the poten
possibility to exploit their function at the central level. The blood brain barrier (BBB) separates brain from the
rest of organism, and it is composbky endothelial cells and tight junctions. Transport mechanisms to
overcome BBB comprise paracellular diffusion of wateluble agents, transcellular diffusion that allows the
passage through phospholipid barrier in favor of lipid soluble small molestesarriermediated transport

of molecules (active influx and active efflux carriers) applying suitable gradient concentration to support
transporters165166167 BBB allows the preservation of the integrity of physiologicanditions of central

nervous system (CNS); when the homeostasis of BBB appears altered, commercial drugs and neurotoxic agents
can enter at the central level determining injury progression, neuronal impairments and loss of central functions
leading to @amages of the BBB integrity and concomitant increase of CNS permeability. The result implies
the exposition of BBB to prmflammatory cytokines contributing to determine neuroinflammation. To predict

a possible passive transport through the BBB, Parsttificial Membrane Permeability Assay (PAMPA) can

be performed: this test consists inm@witro technique that simulates BBB using porcine lipids brain containing
phosphatidylcholine and phosphatidylserine solved in inert organic solvent. The experipesformed using

a bicompartmental system and data are validated testing in the same plate 10 known commercial drugs whose
results allow also to establish the -cdt values to categorize BBB permeable and BBB not permeable
compounds. The solution of sieed compound from the donor compartment permeates at the level of the
acceptor one during the incubation time and the absorbance at the appropriate wavelengths is detected to
obtain, after the elaboration, permeability coefficients of compoufigs 7).168169170171

Compound
' Incubation
Donor compartment
>
—» Filter

Acceptor compartment__— Absorbance reading of

acceptor compartment

Figure 37: schematic representation of PAMPA assay; compound inserted in the donor compartment permeates at the
acceptor one where buffer is present. The amount of compound is detected after the incubation time using absorbbBnageni
made usind@ioRender

1.6.3.2.Druglike propertie®f compounds

Most of small molecules can enter at the level of @MdPassive diffusion across BBBo allow brain uptake,

the designed compounds must respect some parameters including molecular weight, lipophilicity, hydrogen
bonding, polar surface area and charge and molecular flexibifity

- Molecular weight: the passive diffusion is allowed atsiderable small size molecules. Molecular
mass could be settled in the range of-800 Da.1%®

- Lipophilicity: to across the BBB, small molecules must have lipophilic behavior. LogP, partition
coefficient betweem-octanol andvaterat pH of 7.4 is considered as an excellent indicator of BBB
permeation. The great majority of commercial drugs provides a value of log P in the range between

( )
{ ¢ )}
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0.05 and 6.0, consequently optimal values of logP to estimate lipophilicity stand bétivesa 2.7.
166172

- Hydrogen bonding: the capability of a compound to establish hydrogen bonds should also be
considered to predict a passive diffusion through the BBB. CNS+ drug candidates calculate a number
<5 of H-bond donor and <10 of-Hond acceptort®

- Polar surface area and charge: other chemical and physical properties result significant to the central
permeation: generally, a high polar surface does not allow the CNS diffusion while the accepted range
comprise molecules in the range of®0 A. The charge of the candidate also results ingmben
anionic charge is proved to be thermodynamically unfavorable to across the phospholipid barrier while
interestingly, the presence of a tertiary amine with cationic charge in the small molecule inipgoves
BBB-permeation®®

- Molecular flexibility: to predict a possible passive transport through the BBB, the number of rotatable
bonds can be a useful filter. CNS+ candidates present five or less rotatable single bondsntddonn
to the main scaffold or to a ngarminal heavy atont®®

All the above discussed requirements provide an important framework for the design of druglike compounds
from the point of view of solubility and absorptidrhe crucial parameter included is the lipophilicity, feature

that presents a substantial linker with ADME properties, not only with absorption, but also with distribution,
metabolism, and excreti@andCNS permeatioms attractive featuré’3!’* LogP or LogD arethe parametesr

that express the property of lipophilicitglogP or logD are the mostly usedlogP is acalculagd ) and
predictedvalueevaluating properties of the molecules while logEhiss measure@arameter by partitioning
compound inn-octanol and wateat pH of 7.4 Arnott and ceworkers have been resumedable 4
relationships between lipophilicity and ADME propertiés

Table4: relationships between lipophilicifClogPand logD parametejsand ADME propertiest’® The highlighted values
represent the CNS penetration propekty; not reported.

ADME properties ClogPvalues logD values
Solubility <3 -
Permeability -1-5.9 <better
Bioavailability 0-3 1-3
Distribution >better -
CNS penetration >better 1-3
>clearance 35 -
Toxicity >3 -
CYP inhibition <better

It is possible to correlate potency and lipophilicity using lipophilic ligand efficiency (LipE) as a parameter to
estimate the druglikeness of a candidate:

0DQRO a¢& WE OO0 a & Qi a £ "Q0
whereK; or ICsp are expressed in molar units.

This parameter can be taken in account in the early phase of drug discovery trying oo fileudesigpotent
and druglike compounds but also in the optimization phase searching for the lead defiviatislear that
maintainingideal values o€logP or logD of 13, LipE is increased for most potent compounds: the overview
that provides an higher LipE represents the optimal situation for the druglike features of a cafididate
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2. Aim of the work

The previous chapters have highlighted the key r
particular, in neurodegenerative diseases such as Alzlteisrat Parkinsod slisorders and Amyotrophic

Lateral Sclerosis. Over the coursieyears only a few candidates have succeeded in reaching clinical phases
and for this reason the devel opment of potent and
deeply the target and to obtain steps forward in the design of potarididates for the treatment of these
pathologies. According to the literatyddnase domain appears to be conserved in kinome, therefore the
current challenge is represented by the achievement of selective inhibitors; however, thind\id site

proves to be the most exploited region for the development of potential inhibitors.

This PhD research project is focused on the design ofd®Pmp et i t i ve CK basedsbaotaon | mo
new and known scaffolds study a possible implication in the treatment of neurodegenerative diseases. Series
of heteroaromatic derivativdsss been developed exploiting three main strategies: metabadieddesign
simplificationbased and new scaffottévelopment

1) Metabolism-based The first series with benzdjthiazole (BT) as main nucleus has been achieved
starting fromriluzole (34), approved drug for ALSRiluzole, whose complete mechanism of action
still unknowmnhhas demonstrated to be @acti 16. bneRAK1Si |
candidate is subjected to a strong hepatic metabolism, the first purpose is the achievement of its N
hydroxylaminemetabolite: the activity towards the target can establish an additional link be3@een
arddCK1ld corroborating the hypothesis | ink38d to
Another interesting precursor is the hydrazine derivative thatrdiog to the computational studies,
seems to be able to maintain the capability of binding the kinase. Theeseres of functionalized
hydroxylamineshas been developed to modify phase Il metabolism given igiutberonoconjugation
of t h e s main metabolite o outline structureactivity relationship profile also the
correspondindpydrazine derivativeBave been ttained(seried, Panel Aof Fig. 38). Synthesis and
characterization of benzofijthiazole derivatives a metabolism-based strategy reported in
chapter 3.

2) New scaffoldbased A screening of ichousepyrazinecompounds developed for completely different
purposes has been conducted allowing to explusenew scaffold for the achievement of ATP
competitive C K 1 idihibitors The versatilityof the pyrazine scaffold allesvto explore different
substituentsat the four positions of the nucled , Panel Bof Fig. 38), Developmentof tri- and
tetra-substituted pyrazines new scaffoldbased strategy reported inchapter 4.

3) Simplification-based Applying a molecular simplification strategtarting from1,2,4]triazolo[1,5
aJtriazine compound35 (discussed in thAppendix of this thesis), a series of 1,3,5 triazine has been
developedandthe SAR profilehas been outlined exploring different types of substitugetsesl!! ,
Panel Cof Fig. 38). Theappliedapproach allows tsimplify the synthetic pathway to obtain a duic
achievement of SAR1,3,5triazines as CK1 U4 aisimplifichtiont strategy; reported in
chapter 5.

All compoundshave been accompanied by biochemical and biological characterization considering the
possible passive transport through the blood brain barrier as a requisite for the development of potential
candidates exploiting their functions at the central leveh@udoprotection assay using &Y5Y as cell line.

58

—
| —



2. Aim of the work

%}
Zz Z\>—
gt

B
F;CO N Q N._NH; NN
UL (L @
~
s Ry ONR, N
11

Figure 38: heteroaromatic nuclei discussed in related chapters of this thesis: bithifole (I, Panel A), pyrazine(ll, Panel B
and 1,3,5triazine 2,4,6trisubstituted(lll , Panel Q, respectively.
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3. Synthesis and characterization of benthjazole derivatives: a
metabolsm-based strategy

3.1. Introduction
Riluzole Fig. 39, compound34), approved by FDA in 199r ALS treatment, demonstrated to be able to
reduce the excitotoxic effects of glutamate in braiitigating the disease progression given by depolarization
and cell deatht’é7%178 Curiously, even if a lot aifh vitro andin vivo studies were performed to fully explore
how this drug works, thexactmechanism of action results btiinclear 17417° Bissaroet al. in collaboration
with our research groupostulatedusing computational tools (predicted binding pose is report&eyird0)
and experimentally detjmoms CfndifgardlGoayr al iuleu oddndédlbes 1a cctM
opening the possibility of elucidating the therapeutic profile of this hit compdii#ttRiluzolewas found to
interfere with the glutamatergic transmissiondoyagonizing the acetylcholiieduced release by-Methyh
D-aspartate (NMDAJ)n vitro even if it is not an antagonist of NMDA receptor. Moreover, it is able to block
inactivated N&channel inhibiting the glutamate release and the candidate has shimwivarimprovement
in ALS progression and the decrease of motoneuron loss. Nevertheless, the experimentally validated effects
do not provide the trigger point, therefore the d
the mechanism of actidsut also to highlight the role of the kinase in ALS.

F3(:() S
L
N

Riluzole, 34
IC50CK 1 til6.:M

100+

501

CK1d activity, %

0 T T 1
0.1 1 10 100
[Riluzole], mm
Figure 39: structure of riluzole3) and i t s a(ocohcentratidnfactivatyncuné Krithlie right

Riluzole @4) underwent strong liver andxtrahepatic metabolism by cytochromes P450 CYP1A2 and
CYP1A1 decreasing the bioavailability of the drug. The main metabolic pathways involve the hydroxylation
of the phenyl ring of benzd]thiazole leading to compound36-38 and Nhydroxylation of nucleusat
achieving metabolite RPR 1125129 that is subjectedo quick glucuronoconjugatio4l) by UDPGT
(Uridine 5-diphosplo-glucuronosyltransferapéFig. 41). Other phase | reactions can occur to a lesser extent
resulting in the formation adxidized dealkylated compound(), ureido metabolite and cleavage produat
reported in the figureut also unidentified metabolites are suspecfédf 182183184 Nowadays steps forward

in understanding riluzofie snechanisnof action would represent a baallenge since it is confirmed as a
turning point in the ALS treatment.
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Figure 40: the panel A shows the predicted binding pose of riluBde ( on CK1U4 ( PDB Code: 5O0KT).

energy fingerprint in which the electrostatic as well as hydrophobic contributions for each residue in the bindingeskaastare

reported. 180
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HO : _ i
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Figure41: main phase | reactios underwent by riluzol&4) at the hepatiand extrahepatitevekleading to hydroxylated metabolites

(36-38), N-hydroxylated one30) and dealkylated metabolitd().
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3. Synthesis and characterizationl@nzo[d]thiazole derivatives: a metalmtibased strategy

3.2. Aim of the work

The first goal is represented by the achievemen®-bfydroxylaminebenzofljthiazole @9), the main
metabolite of riluzole, that from computational studies performed by University of Padua seems to conserve
t he capabil it ¥ig. 42fandthe walidatiom of tBiknlypothesis can establish anianalitink
between riluzole(34) and thekinase contributing to explain the mechanism of actioh candidate34
hypot hes i aediatd efectOiK LA of candide8é and its metabolit&9.

Figure 42: predicted binding pose bfydroxylamine metabolite39)
of riluzole @4). The main nucleus seems to be able to est:
interactions with Let84 and Lys38 while the-NH establishes
hydrogen bond with Le85.PDB Code: 4HNF.

In addition, a series of functionalized detiveshas beerdeveloped to modify the phase Il metabolism of
compound39; several evidences, in fact, were reported concerning {gkeicdronidation of this metabolite
(Scheme?2) determining a quick eliminatiort®? Thus, a series of-@rifluoromethoxy)benzaf]thiazoles
substituted at the-gosition with alkyloxylamino moiety has been developed with alkyl or anjlgkyups

with different size with the idea to modify the phase |l metaboksioh to obtain new potent candidates on

C K 1 &nother focus involves the-tydraziney6-(trifluoromethoxy)benzafjthiazole @2), the hydrazine
derivative of riluzolewhich is syithesized since, in accordance with the computational prediction, seems to
mai ntain the capalfFg44)ity of binding CK1u (

Several functionalized derivatives have been developed by substiiatingfljthiazolenucleus with different

types of groups. Firstly, some substitutions to functionalize hydrazine, hydroxylamine or amino groups have
been conducted to observe the agtiift methylderivatives when the possibility of establishing hydrogen
bonds is excluded (left side &fg. 44). Then, different types of alkyl chains including linear and branched
moieties and arylalkyl moieties have been inserted on main scaffold teohale hydroxylamine and
hydrazine groups. Moreover, aromatic phenyl derivative has been developed for hydrazine series that has led
to most promising results to study the optimal distance of the spacer between the hydrazine and phenyl ring
(right side @ Fig. 44). Some riluzoldike derivatives developed for this series have been reported in literature
to obtaign uammadetdi activity; in this wWoThéarefotelaey ha
structure activity relationship profileas beeroutlined for functionalized derivatives. Athe developed
compounds have been tested on CK1lU0 and a biochemi
The biological investigationhas been conducted in CSIC of Madrid in Prof. Martinez group to establish a
possible neuroprotective beliawvof developed inhibitors and the detection of decreasin@p-43 that is the

main hallmark of the ALS in neuroblastoma cells {S¥5Y).
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Figure 43: predicted binding pose of -Rydraziney6-
(trifluoromethoxy)benzo[d]thiazoledR). Same interaction
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Figure 44: overview of substitutions conductedlmnzo[d]thiazole nucleus.
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3.3. Discussion

3.3.1. Chemistry
When hydroxylamine, hydrazine and amino moieties are commercially available, a simple nucleophilic
substitution is conducted leading to the final prod@6t<l2, 44-47. To explore different types of substituents,
not commercial hydroxylamine chains weyathesized by a Gabriel reaction followed by hydrazinolysss (
58). Regards the hydrazine moieties, the desired alkyl chain was insedetertbutyl hydrazinel,2-
dicarboxylatg78) leading to compound&-86. The Boeprotected hydroxylamine and hnyaine alkyl chains
were then reacted witl2-chloro-6-(trifluoromethoxy)benzdf]thiazole (43) in a BuchwaleHartwig Pd
catalyzed reaction6g-70, 87-94). For compound}7 bearing an aryl hydrazine substituent, a nucleophilic
substitution is conducted.

3.3.1.1. Synthesis of Nsubstituteeb-(trifluoromethoxy)benzo[d]thiaze2-amine derivatives
(39, 42, 44-47).
The synthesis oN-substituteeb-(trifluoromethoxy)benzajthiazol2-amine derivatives39, 42, 4447 was
performed according t8cheme3, 186187188

N OH N NH,

39 42
=39Y% -
y 2 \ ] y=42%

F3;CO HN
’ SN @ f F4CO S c F3CO S, CHs
)—NH 7 SN
N )—Cl »—N
N

47 43
y=10%
e d y =58%

46 y:33%
y =4%

Scheme3: synthesis of Msubstituted(6-(trifluoromethoxy)benzo[d]thiaze?-amine derivatives39, 42, 44-47. Reagents and
conditions.a: NH20H-HCI, KCOs, MeOH, 65°C, 4h, Arb: NH2NHz-H20, MeOH, rfx, 2hgc: NH(CHs)OCHs-HCI, EgN, BUOH, rfx,
24h; d: NH2OCHs-HCI, EsN, BUOH, MW, 150°C, 1le: CHkNHNH., EtOH, rfx, 24h;f: NH2NH:2Ph, BUOH, rfx, 3hy = yield.

Compounds 39, 42, 44-47 were obtained through a nucleophilic substitution betw@erhloro-6-
(trifluoromethoxy)benza]]thiazole (43) and the corresponding hydroxylamino or hydrazino derivatives in
alcohol (e.g. BUOH or MeOH) in the presence, when required, of a base. The achievement of cdnpound
(6-(trifluoromethoxy)benzalthiazol2-yl)hydroxylamine (39) appeared difficult since thiderivative is
unstable: for this reason, the reaction was performed applying specific conditions including carrying out the
reaction under argon atmosphere and performing hydrochloride salt as fast as possible.
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3.3.1.2. Synthesis of O-substituteeN-(6-(trifluoromethoxy)benzo[d]thiaze-
yl)hydroxylamine hydrochloride derivativeg1:76)

O-alkylhydroxylamine derivatives were obtained starting from the Gabriel reaction between alkylhalides and
N-hydroxyphthalimide 48), commercially avidable, in the presence of potassium carbonate as a base in dry
DMF (N,N-dimethylformamide) to achieve -@kyloxyisoindolinel,3-dione derivatives 49-52) that
underwent hydrazinolysiga Ing-Manske procedure in THF (tetrahydrofurab3-68). 1* Given the volatility
of alkylhydroxylamines, hydrochloride acid in igibxane was then used to provide hydrochloride salts of
previous mentioned compounds. To avoid the possibility of the formatiorO-afkyl-N,N-bis(6-
(trifluoromethoxy)benzdajthiazol2-yl)hydroxylaminalerivatives, the amino moiety of alkylhydroxylamines
was protected witkert-butyloxycarbonyl group in acetonitrile usingtdit-butyl carbonate and triethylamine
affording compound$9-64. *° Coupling betweerert-butyl alkyloxycarbamates59-64) and 2-chloro-6-
(trifluoromethoxy)benzdjthiazole (43), commercially available, was performed through a Buchwald
Hartwig  amination using Bebay (bis(dibenzylideneacetone)palladium(0)) and DPPF
(1,1206(bis(diphenyl phosphino)ferrocene) asé6b5/d.gand
191192 Tert-butyl alkyloxy(6-(trifluoromethoxy)benzafthiazot2-yl)carbamate derivatives were than
deprotectedvia the development oh situ hydrochloride acid from acetyl chloride and methanol or using
hydrochloride acid in 1 dlioxane to provide the hydrochloride salts of final compoutigst (Scheme 4o
try different conditions for the Bedeprotection.

o) 0
R O
a / b PION c >L
— _— - e H N R _—
N-OH N-O 2 OJ\N”O\R
HCI H
(0] (0]
48

49-52 53-58 59-64
y = 60-94% y = 46-67% y = 34-96%
F3CO -
a 3 S, O°R e FsCO s. O-R
— )N )—NH
N =0 N' Hel
o]
65-70 >Y 71-76
y = 3-40% R =-CHj; 53,59, 65, 71 y = 34-90%

-(CH,),CH; 49, 54, 60, 66, 72
-(CH,),CH; 50, 55, 61, 67, 73
-(CH,),CH(CHj), 51, 56, 62, 68, 74

-Bn 57, 63, 69, 75
-CH,CH(CH,CH;)(CH,);CHj, 52, 58, 64, 70, 76

Schemet: synthesis of @substituteeN-(6-(trifluoromethoxy)benzo[d]thiaze2-yl)hydroxylamine hydrochloride derivatived-76.
Reagents and conditiors. RBr, K2COgz, dry DMF, A, rt, 72h; b: NH2NH2-H20, THF, rt, 12h; HCl in 1,4dioxane, rt, 5 ming: EtsN,
CHsCN, rt, 90 min; BogO, E&N, CHCN, rt, 12h; d: 2-chloro-6-(trifluoromethoxy)benzo[d]thiazol@l3), Pd(dba), DPPF, C3COs;,
dry CHCN, 40°C, 12hg: AcCl, MeOH, EtOAc, 0°C to ri,2h(compoundd'1, 73-76) or HCl in 1,4dioxane, rt, 1l{compoundr2);
y = yield.

3.3.1.3. Synthesis of A2-alkylhydrazineyl)6-(trifluoromethoxy)benzo[d]thiazole
hydrochloride derivative96-102)
Di-tert-butyl hydrazinel,2-dicarboxylate(78) wasobtained from the protection &ért-Butyl carbazat€77)
using ditertb ut y I c a r blwamehingedisubsTithted hydrazines were then performed through a
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nucleophilic reaction from alkyl halide in the presence of cesium carbonate as a base in dry DMF affording
compounds79-86. 1% To introducealkyl hydrazine moiety ir6-(trifluoromethoxy)benzafjthiazole nucleus

(43) a Palladiurcatalyzed BuchwaldHartwig was conducted using fdbay and DPPF as ligand with
toluene increasing the temperature 87-04). 192 The 2-(2-alkylhydrazineyl}6-
(trifluoromethoxy)benzdjthiazole hydrochloride derivativeds-102were obtained using the same conditions
described aboveia HCI-mediatedemoval oftert-butoxy carbonyl groupSchemes).

O 0
>L0)LN,NH2 s >LO)J\N/H
H H

b Q '31
\n/07< >I\O)J\N/N\ﬂ/oj<

o) H o
7 78 79-86
y = 88% y =22-88%
R4 Ry
od FsCO S N—Boc e F;CO S NH
— N pnin o
N R, N
87-94 95-102
y =3-65% y =3-98%
R, = -Boc (87-92, 94) R,=-CH; 79, 87, 95
-H (93) -(CH,)CH, 80, 88, 96

~(CH,),CH, 81, 89, 97

~(CH,),CH(CHj), 82, 90, 98

-Bn 83, 91, 99
-CH,CH(CH,CH,)(CH,);CH, 84, 92, 100
-(CH,),Ph 85, 93, 101

-(CH,);Ph 86, 94, 102

Schemé: Synthesis of -22-alkylhydrazineyh6-(trifluoromethoxy)benzo[d]thiazole hydrochloride derivati@s102 Reagents and
conditions.a: BocO, neat, rt, 10 minb: RiX, C2COz, dry DMF, rt, 12 h, Ar; ¢: 2-chloro-6-(trifluoromethoxy)benzol[d] thiazol@3),
Pdx(dba), DPPF, CsCOs, dry CHPh, 110°C, 12, Ar; d: 2-chloro-6-(trifluoromethoxy)benzo[d]thiazolé43), Pc(dbak, DPPF,
CsCQ0;, dry CHPh, 60°C, 1, Ar; e: AcCl, MeOH, EtOAc, 0°C to rt, 12 or HCl in EtO, rt, 1h; y = yield.

3.3.2. Structureactivity relationship (SAR) studies
An immediate SAR representation can be given by the SALI (Structure Activity Landscape Index) plot: a
correlation between potency of molecules and their structure similarity. It appears as a graphicalagpnesent
of a dataset of molecules in which changes in activity are reflected in structural variation. In this SAR
landscape, pairwise analysis leads to edges that indicate stractwity cliffs and each edge connects
molecules with chemical similaritypeesented by nodes. Therefore, the correlation of SALI values of a dataset
of compounds allows to create a relationship between the diversity of substituents introduced in the main
scaffold and changes in the activity. SALI values are calculated as kpettavi®*

YOGHO DQ OFTp i Q

where A indicates the activities of moleculgsand sim theTanimotocoefficient of similarity between the
compounds. The Tanimoto coefficient (Tc) is calculated as folldws: C/ (A+B-C) in which A and B are

bit sets of two molecules evaluating their fingerprints and C represents bits appearing in both the fingerprints.
Values are given in a range of 0 (no bits in commargall bits are common}®
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It is possible to appreciate figure 45 the change in 163 introducing different size and nature of substituents.

In this case, the edges are colored according to the activity of compound and the size changes in agreeing with
the LipE (lipophilicy efficiency) value discussed in the following section. The upftesitee of the plot is
represented by more active and similar compounds indicating the achievement of homogeneous SAR profile
exploring similar alkyl chains and substituents. In this part of the graph best comp8t8tiare displayed

and, moreover pentderivativesr3and 97 as well as propyl hydrazine compouwsland phenyl and arylalkyl
candidates47, 101-102 are reported. Observing the plot, it is possible to note a correlation between the
precursors 39, 42) of the series disconnected to the mairugrof the representation and the Bwotected
derivatives 69, 91) in the upper right side of the graph depicted with smaller edges, therefore with negative
LipE, thus with nordruglike properties, and lower potency.

i s,
bed
’1 :
.

oy

wn{b

35

IC50 (uM) 5 T 15 20 25 30
e 03 @2 @1 @0 @ Oz

Figure 45: SALIrepresentation of active compounds of the series. Colors of edges agreesaithlu€s of derivatives while the size
of dots changes according to LIiPE values. Image created using DataWausior

Synthesized compounds have been firstly testedootauh e d CHRD@d )( @aa Ii xed concen
by using luminescence kinase assay that exploits a coupled reaction: the ATP that has not been consumed by
kinase is proportional to the luminescence signal detected. For compounds that displayeitygreacentage

l ess than 50% at t hessdcava beemperfoaned. ©haos, alkyl chdirss, liredd and | C
branched, as well as arylalkyl and phenyl moieties have been inserted at the main scaffold to develop
functionalized derivatives. As reged in theTable 4, the Nhydroxy metabolit89 has showed an Kvalue
of361e M: this inhibitory activity in the mi34g{Gmol ar
= 16.1 188 MAccording to the computational studies, the2-hydrazineyl6-
(trifluoromethoxy)benza]Jthiazolederivative 42) mai nt ai ns the capability t¢
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exhibited a higher inhibitory potency compared to comp@fdhowinganigof 3. 64 e M. The s
of the hydroxy group otompound39 with a methyl moiety (compound5) has resulted in neactive
derivativet owar ds CK1ld at the concentrati-NHhand-OH id 0 ¢ M.
hydroxylamino series with alkyl moieties like in N@imethyl compoundi4 or like N,N-dimethyl hydrazino
compound46 has determined inactive derivatives.

F,CO S @
Thig

39, 42, 44-47

Table 4:1Csos of compound39, 42, 4446.

Cmpd R1 R> ICsoe M( % activity
39 -H -OH 351+£4.0
42 -H -NH 3.64+0.58
44 -CHs -OCHs n.d. (1029% 9)
45 H -CHs n.d. (52.3% 0.9)
46 -CHs -NCHCH; n.d. (68.2%:t 4.4)

aData represent the mean + SD of three independent experiments performed in technical dﬂpm&taaregresent the % of activity
at 40 €M concentration expressed as a mean N SD of ttwo i nd
determined.

As showed irTables 5 and6, maintaining free amino groups, linear chains such as methyl or propyl inserted

at the hydroxylamino moiety led to inactive compourtis {2) while the same substitutions at the hydrazine
group determined l&s in the micromolar range, k= 6. 7 B5 ¢ Mn { 996)8 r@speetively. (
Increasing the number of carbon atoms with pentyl chain, both hydroxylamine and hydrazine derivatives
resulted active: compourkB displayed an lggof 40e M and c@mponinddcdr activity
Changing the size of substituent, a branched alkyl chain was inserted; ethylhexyl moiety proved to be too bulky
revealing inactive derivatives§, 100) as well as withtert-butyloxycarbonyl moiety as jRsubstituent in
precursos 70 and92. On the contrary, the introduction of isopentyl chain on hydrazine group gave the best
potent compound of the series with anslCn t he submi cr omo 98 whilertttersgne o f
substitution for hydroxylamino series in compouided again to an inactive compound. To asses if arylalkyl
group affected a possible result in terms of potency, benzyl was introduced6- in
(trifluoromethoxy)benza]]thiazol nucleus and @ain it is possible to observe a low micromolar activity of
1.62 M f or hyeD)ywvehiteisubsitutibreat hiydroaytamirneecompound with the same arylalkyl
chain {5 revealedanligof 22.6 eM. Surpri si ngl75and99 cortamingmaed i at e
or two tert-butyloxycarbonyl protecting group on nitrogen atoms, derivat&@sand 91, respectively,
preserved inhibitory activity against kinase, eve
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Table 5: inhibitory activities of compound8-76on CK 1 U .

ICsoe M?
Cmpd R1 R2 (% activity at 40
e MH

71 -H -CHs n.d. (52.6% + 2.8) @
72 -H -propyl n.d. (95.9% + 9.5) FsCO s, 0
73 -H -pentyl 4.40+£0.21 \©:N/>_N®
74 -H -isopentyl n.d. (96.9% =+ 3.2)
75 -H -Bn 226+12.4 69-76
76 -H -ethylhexyl  n.d. (60.8% * 10.4)
69 -Boc -Bn 22.8+5.3

70 -Boc  -ethylhexyl n.d. (95.9% % 5.2)

aData represent the mean + SD of three independent experiments performed in technical dUpDamgeQresent the % of activity
at 40 €M concentration expressed as a mean N SD of two ind
determined

Table 6: inhibitory activities of compoun€@$-92, 951020 n CK1 U .

ICsoe M?
Cmpd R1 R2 Rs (% activity at 40
e MY
95 -H -H -CHs 6.77+1.21 @
96  -H H _propyl 9.89 + 2.83 F3CO s, NR)
97 -H -H -pentyl 5.81+0.74 \@,\%—N@
98 -H -H -isopentyl 0.92 £0.09
99 -H -H -Bn 1.62 £ 0.29 91-92, 95-102
100 -H -H -ethylhexyl  n.d. (85.5% * 6.2)
91 -Boc -Boc -Bn 22.70 £5.40
92 -Boc -Boc | -ethylhexyl n.d. (85.4% + 4.7)

aData represent the mean + SD of three independent experiments performed in technical dbp])eaaaeregresent the % of activity
at 40 €M concentration expressed as a mean N SD of two ind
determined

Concentratiorinhibition curves of most promising compoun@8-09) are reported ifrig.46 (Panel AandB,
respectively.
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A B )
0
B3 55
> >
2 =
g 50 g 50
. f :
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I T 1 T T 1 I T i T ] )
-2 -1 0 1 2 3 -2 -1 0 1 2 3
(98], eM [99], eM

Figure 46: concentrationinhibition curves of compoun®s8 (Panel A and99 (Panel B).

Giving the promising activity of compour@® that reportedlggof 1. 62 e M, the invest.i
distance of the spar between phenyl ring and hydrazine moiety has been established developing the
phenylethyl {01) as well as phenylpropyll02) and the direct substitution with the simple phenyl giving
compound4?. As reported ifTable 7, compoundgl7, 101-102 displayed comparable i3 in the range of 2

eM, for comparison, al s 89hdsbheenimsérteddratisyable, suggestirtg that the o m
optimal distance between main nucleus and phenyl ring was reached with cor8pdtat provided 1€
spacer showing the acti vi {syordaefivatitesth 1-10Mre eomparablé. f t h

Table7: inhibitory activities of compound¥7, 101-102o0n CK 1 U .

Cmpd R, ICs0e M2 F3CO S HN-(B_’
47 -Ph 2.67 +1.10 \(:[ )—NH
N

99 -(CH2)Ph 1.62 +£0.29
101 -(CH)2Ph 2.52 +0.59 47,99, 101-102
102 -(CH2)sPh 2.30+0.32

@ Data represent the mean + SD of three independent experiments
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3.3.3. Evaluation of LipE profile of the series
The designed compounds were analyzed considering their LipE values discussed in the introductive chapter
trying to estimate druglike properties. The plot reporteBiin 47 enclosed all the active compounds of the
series with benzdlthiazole nucleus. In x and y axiSlog P and pl& are indicated, respectively while in z
axis LipE values are given, and the labeled dots are colored agreeing with the activity.

IC50 (uM) 5 10 15 20 25 30 35

Figure 47: LiPE plot made using DataWarrid8.5.Q in x and y axis ClogP and pkcare reported while in z axis LiIPE values of
compounds are given. According tosd€of derivatives, colors of the labeled dots are chosen as represented in the color code below
the figure.

In the upper left side of the grapbropounds with best activity and higher LipE (z axis of the graph, reported
in thePanelA of Fig. 48) are located; among them, hydrazine precu4@nd isopentyl derivativ@8 appear

as well as compounds7, 99, 101 and 102 just discussed. Considering their location in the 3D plot, these
derivatives provide the best LipE values of the series. Nevertheless, LipE is obtained assuming both potency
and ClogP that must be included in the rangeta obtain desired druglike feasis.!’® Observing thePanel

B of Fig. 48, all of the mentioned derivatives report a high valu€lo§P but, considering their potency, they
achieve good LipE values. Interestingly, the lightebhighlighted derivative39 and 95, the hydroxylamine
metabolite of riluzole 39) and the methylhydrazine compound, respectively, that report a poor potency
t owar ds CK1 UClogR]thus grdatd pEs grovaiag promising druglike propertiesh®wrontrary,

the opposite part of the graph is characterized by@otected derivatives with negative LipE values given
by a too highClogP and low potency.
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B
A LiPE plot Cmpd ClogP

39 3.2
4 42 3.7
47 43
73 4.6
2- 95 3.1
B H H 926 3.7
= 97 4.8
S 0_] H [ H [1 [ E 69 6.4
H_J U 75 4.3
= 98 4.7
-2 = 91 8.1
99 45
101 48
102 5.2

-4 T 1 T T T T T

L I I
PR PR QPR R

Compounds

Figure48: LIPE values of active compounds are repoitedanel AHistogrammade with GraphPad Prism 8.Banel B shows ClogP
values, calculated with ChemDraw Professional of compodfdé2, 47, 69, 73, 75, 95102

3.3.4. Stability tests
Compounds39 and98, in the view of performing a biological characterization, were investigated about their
stability in solution since, mainly hydroxylamine candida®édnas proved to be very unstable. Runs in HPLC
MS of derivatives39 and98 were performed every hour for the first day, every day for a week and then every
week for a month maintaining compounds in DMSO, which is the solvent more suitable for biological assays,
at room temperature and diluting with water for the injection. Tsefun carried out displayed a purity of
95.70% and 100.00% for compour&Band98, respectively, as reported fig. 49 and50.

Intens. ]
x1 0555 2

o F3CO S pH
47 EE: \©[ N/>7NH

It Chemical Formula: CgHsFsN20,S

2 H Exact Mass: 250,0024
2 4 6 & 10 12 14 16 18 Time [min]
# RT [min] Area  Int. Type | SIN  Chromatogram Max. m/z  FWHM [min]  Area Frac. %
1 46 490965  Manual 33908 154  BPC +AIIMS 2239454 04 4.30
2 6.6 10918574  Manual 495899 3865  BPC +AIIMS 251.0105 03 95.70
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lntens4 +MS, 4,3-5.0min #129-150, -Peak Bkgrnd| Intenss.: +M3, 6.3-7 2min #189-216, -Peak Bkgrnd
x10 %1027
2.54 4

223.9454 471 251.0105
207 ]
34
15 A ] B

1.04 2;
0.5 17

o0ttt o 03 . . ] i . _ i

250 500 750 1000 1250 1500 1750 m/z 250 500 750 1000 1250 1500 1750 miz

Figure 49: HPLC-MS chromatogram of compou@ at t = 0. Purity reported of 95.70%. Below the chromatogramasse®f
the two peaks observed are giewerviewB reports the mass of the candid&@). Specific conditions of the experiment
given in the experiental chapter.

Intens. |

x108 f< 1
64 FsCO S, HN i
] \C[ )—NH [
4- N

1 Chemical Formula: Cy3H1gFsN3OS |
27 Exact Mass: 319,0966 Y
0+— I- - — o - | : | e ) 'I"‘ e
2 4 6 8 10 12 14 16 18 Time [min]
#  RT [min] Area  Int. Type 1 S/N Chromatogram Max. miz  FWHM [min]  Area Frac. %
1 152 247533104  Manual 6554707 34854 BPC +All M5 320.1033 0.6 100.00
Intens. +M3, 14.5-16.9min #434-505, -Peak Bkgrnd|
%106
320.1033
4
2]
o

250 500 750 1000 1250 1500 1750 miz

Figure 50: HPLC-MS chromatogram of compouf8 at t = 0. Purity reported of 100.00%. Below the chromatogram, the mas
peak observed is givemd agrees with the molecular weight of the candidate.

During the time, compoun@®9 is subjected to changes in the color; curiously not appreciated by the UV
spectrum of the sample registered at the initial timgdfd final time (7) (Fig. 51, Panels AandB).
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A UV-spectrum compound 39 [ B UV-spectrum compound 39 T
1,4 1,4
1,2 1,2
1 1
3] 3
508 50,8
£ £
206 206
< <
0,4 0,4

o
[N
o
N

) )

0 0
230 430 630 830 230 430 630 830

Wavelenghts Wavelenghts

Figure 51: UV-spectra of compoun89 over the time: d= initial time (Panel A) and {I= final time, 28 days (Panel B)

Compounds underwent degradation during the month of investigation. In faig, 52 and53, which report

the final runs registered after a month in solution, the hydroxylamine candi@ateaé reported a purity of
81.67%, significantly decreased in comparison to the first registered but conditions must take in consideration
since the unstable compound has been stored in solution at room temperature. Instead, cé8nipasind
proved to be me stable, its purity decreased to 93.77% after one manttexthe same conditions.

Intens.
x1053 3
E 2 FsCO S, OH
4 | L)
33 N
23 Chemical Formula: CgHsF3N,0,S
Exact Mass: 250,0024 A &
14 2 Iy
3 1 = \ i N
0:-— — --—I—- —ree .I.......... e .I__._--' . I : \..---.._I... e .I. von _..;---I o _I----. .-I-- : arrem _.;_._ . ; . I_ — . -I_ e
2 4 B 8 10 12 14 16 1&  Time [min]
= RT [min] Area  Int. Type 1 S/N  Chromatogram Max. m/z FWHM [min]  Area Frac. %
1 38 60582  Manual 8482 119 BPC+AIMS 2269527 02 0.53
2 48 2036164  Manual 44296 806 BPC +AllMS 2239449 09 17.80
3 58 9343107  Manual 478239 9082  BPC +AlIMS 251.0101 03 8167
Intens. +MS, 3.7-3.9min #111-117, -Peak Bkgrnd 'ﬂt%s_i_ +MS, 4.2-5.4min #127-162, -Peak Bkgnd|
X
2500 226 9527 257 223 9449
20007 2.0
1500 1.5
10007 A 1.0 415.0183 B
5007 057
03 JI!.I Ao - . . . . 0.0 1‘L|n . T— - . . . .
250 500 750 1000 1250 1500 1750 miz 250 500 750 1000 1250 1500 1750 miz
Intens. ] +MS, 5 6-6 4min #167-192, -Peak Bkgrnd
X101
41 2510101
3
] C
2]
1
O: ——

"250 500 750 1000 1250 1500 1750 miz
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Figure 52: HPLC-MS chromatogram of compouf8@ at t = 28 days. Purity reported of 81.67%. Below the chromatogram, ma:
the three peaks observed are given (over@awports the mass of compoud@in agreeng with its molecular weight).

1083

e A
43 FsCO s. HN I

33 \@[ )—NH I
] N |

E I |
2§ Chemical Formula: C43H,gF3N30S [
13 Exact Mass: 319,0966 N 2
2 4 6 8 10 12 14 16 18 Time [min]
# RT [min] Area  Int. Type | S/N_ Chromatogram  Max. m/z  FWHM [min]  Area Frac. %
1 16.2 174217824  Manual 4915071 16675.4  BPC +AllMS 320.1020 05 93797
2 18.3 11571374 Manual 595669 18071 BPC +All MS 318.0881 04 6.23
Intens +MS, 15.7-17.3min #470-517, -Peak Bkgrnd  Intens. +MS, 18.0-18.6min #538-558, -Peak Bkgrnd
X108 x105]
4] 3201030 4] 3180881
3] 3
2] A 2] B
1 1
C---rlu‘-r-n-wnurrnrn--uw-rn----rrn-u GE
250 500 750 1000 1250 1500 1750 miz TTOE0 | GO0 730 1000 1250 1500 1750 miz

Figure 53: HPLC-MS chromatogram of compouf8 at t = 28 days. Purity reported of 93.77%. Below the chromatogram, ma:
thetwo peaks observed are given (overvidweports the mass of compou®@lin agreeing with its molecular weight).

3.3.5. Biochemical and biological characterization

3.3.5.1. Invitro evaluation of BBBpermeability
Developed compounds must cross the BBB to explicate their function at the central level. To predict a possible
passive transport, the BBBarallel Artificial Membrane Permeability Assay (BEBAMPA) technique has
been performed assaying derivatitleat have reported bestdlralues. A general viewf the technique is
reported in the introductive chapter. A correlation between experimental and bibliographic perme&tai)ities (
of ten weltknown drugs is requiredbtobtain cutoff values of permeable and npermeable molecules
according to the equation of the calibration lines. Compounds of the series have been split in two experiments;
thus two calibration lines have been determined with their corresponding*fnits (Fig. 54, A andB).

20 10

z y=3,7536x 0,0407 o .- L J e 8 y=0,3929x +0,5729 @

S 15 R2=09521 . 5 Re=08401 o

& | e ° 86| e

10 e E ........

e e & g4 e

R I Rt g e °

s 9 T S 2 l@ g

£ £ e E " et

g 0 @ g 0 le

¥ o0 1 2 3 4 5 4 0 5 10 15 20
A Bibliographic Pe(10°cm s?) B Bibliographic Pe (106 cm s?)

Figure 54: calibration lines given by the correlation between experimental and bibliographic permeabilities (Pe) of ten kno
to obtain cutoff valuesA and B represent the two batches, respectively.
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The experimentally permeability values for ten commerciallylabvie drugs and the active compounds of the
series are described in the followifigble 8 (SectionsA and B) and summarized ifig. 55 (A and B).
ObtainedPe have been filtered according to the literature: the BBB permeability in humparedisted as
positive if it is higher than 4-10cm/s and negative if it is lower than 2:86m/s. Therefore, applying these
limits to the equation of calibration line it is possible to establistoffutalues: in this case compounds with
Pe higher tha 1.1-1% cm/s and 2.1-1Bcm/s, experiment 1 and 2 respectively, are classified as CNS+ while
Pe permeations below 0.6-2@m/s and 1.4-10cm/s represent CNSlerivatives. Giving the range of distant
values, some compounds can obtain a borderliranBehey are categorized as CNS+/

As represented iffable 8 (panelsA andB), most of the developed compounds are able, according to the
prediction, to across BBB. In the experiment also the riluz&4# Was included even though is it well
established its relas a substrate ofgtycoprotein, therefore subjected to the activity of efflux transporters at
the level of BBB.1°° The permeability of the two precursors of hydroxylami3® @nd hydrazine4?) series
results crucial to demonstrate the hypothesis of a possible activity of met&8®liten CK1 04 t o
understand the mechanism of action of the riluz8/# &nd, as reported ihable 8, they seem to be able to

permeate at the central level. All the other substitutions on hydrazine moiety with an arylalkyl chains as well

as methyl group and hydroxylamine compodBdave provided CNS+ derivatives.
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Figure 55: histograms reporting Pe values of compounds obtained from the twd*BBBA experimentsA(and B represent the
two batches).

Table8: experimental Pe of compoun@d, 42, 69, 73, 95, 98-98 in sectionA and Pe of compound$, 47, 101-102in sectionB.
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A B

Cmpd Bibl. = Pe (10°cm/s) Prediction
Atenolol 0.8 0.4+0.6
Caffein 1.3 1.0%+0.1
Desipramine 12 | 3.7+ 1.3
Enoxacin 1.6 0.1x0.2
Hydrocortisone 2.4 0.4 +0.1
Ofloxacine 0.8  0.2+0.3
Piroxicam 25 68+14
Promazine 8.8 0.5%0.1
Testosterone 17 47 +2.2
Verapamil 16 | 3.3x3.0

Cmpd Bibl. | Pe (10°cm/s) Prediction
Atenolol 0.8 01+1.2
Caffein 1.3 0.8+0.9
Desipramine 12 2.7 +£3.2
Enoxacin 16 13204
Hydrocortisone 2.4 1.3 +0.3
Ofloxacine 0.8 2.1+0.7
Piroxicam 25 1.7+0.3

Promazine 8.8 | 13.8 £10.2

Testosterone 17 6.8+2.1
Verapamil | 16 89128

R"“Zj'ze 64) i:gféf gsg: 39 56+08  CNS+
o T N 47 33+01  CNS+
o 15e1 ToNat 101 46+04  CNS+
05 17+04  CNS+
69 34+06  CNS+

3.3.5.2.  ATP-competition
To demonstrate the AFRE ompet i ti ve behavior of this series of
conducted for compour@ that has proved to be the best of the series, the kinetiecAfrifpetition assay has
been performed by reporting the reciprocahsiomed ATP in x axis and the reciprocal of consumed ATP
di vided for total v oith yuarie Enpymatit dctvity has beernt determined ubifig the L )
same luciferasbased assay (Kinase Glo®) used to determine potency of compounds. Theatelabdtws
been carried out by assaying compo@Bat t he concentrations of 1.0 &M
1xand 2xthelggv al ue of compesan@. 2 €MI I 3$iChg increasing
2 & M, 10 ¢ Mjg. 56tfe Linevi@¢aveBurkngraph is reported: it is possible to appreciate the span
between the line of control and lines of the two concentrations of deri@ive The CK198hasnhi bi
been confirmed as AFEompetitive since the intercept (e.g. 44 is common between the three lines
reported as it is possible to see looking the zoom reported in the right parFaf.th@ so Vinaxwas constant.
The yintercept values are reportediiable 9.

Table9: y-intercept values of the LineweavBurk plot reported in Fig.54 for compouB@.

Cmpd y-intercept
[98]1. 0 ¢l 0.07
[98]2. 0 ¢l 0.07

Control 0.07
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Compound 98
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Figure 56: Doublereciprocal Lineweaver graph of compous®la s sayi ng at concentrations
is reported on the right.

3.3.5.3.  Thermal Shift Assay (TSA)
Thermal shift assay (TSA) is a qualitative technique used to detect the bihdifigamdprotein complex by
measuring the thermal stability of the proté#h.Protein stabilityin vitro is a fundamental parameter in protein
biochemistry. Historically, Differential Scanning Calorimetry (DSC) has been the method of choice for
characterizing the thermal stabilityvitro. Although, due to its low throughput and expensive instrumentation
that is dedicated to this study, a fluorescebased thermal shift assay has been replacing BSthe usage
of a hydophobic fluorophore can be used to distinguish between folded and unfolded state of proteins. More
precisely, in an ideal case, at low temperatures water quenches the fluorescence of the dye, observing a basal
fluorescence signal. Heating the system, ttodgin starts to melt exposing hydrophobic patches which could
be bound by the fluorescent dye thus giving rise to a fluorescence signal. When finally, proteins aggregate due
to the denaturation induced by the increasing temperature, the dye dissvoiaighe protein giving a
decrease of fluorescence sig(faig. 57). 1° The highthroughput and smaticale nature of the TSA makes
them an excellent platform for screening of small ligand, such as organic compounds.
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The protein stability is related to Gibbs free Energy {D®hich decreases to zero at the equilibrium between
folded and unfolded state. The temperature measured at this point is considered the melting temperature (Tm
If a ligand binds to the protein, the free energy contribution of the binding in most cases results in an increase
in DG, which may be observed with an increase of the *f#T.he resulting DTm can give a solid and useful
information about the binding, considering also that the stabilizing effect of the binding is often proportional
to concentration and affinity of the ligand.

Thereforeto qualitativeappreciate an active compound, a positive shift of the melting curve of protein in the
presence and in the absence of the derivative could be detected. The TSA experiment has been conducted for
the most potent compound of the ser@).(As reported irFig. 58, a positive shift of the melting point curve

is registered increasing the concentrations of compe8iidable 10).

Melt Curve Melt Peak
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Figure 58: melting curves of compour@8. The first graph (melt curve) reports the temperature (C°) in x axis and RFU (r
fluorescence unit) in y axis. The second graph (dissociation curve) reports the temperature in x axis and the negaéeef &Reri
in the y one.

Table10: table of shift values for TSA performed for compo88d The fAcondi ti ond reports concent
of protein concentration), the faverageo c ol upanedbyrthestandatde s t h
deviati on ( fiSOC®Yifierehce of emperatere) oDmnAreports the temperature shift.

Condition Tm DT°C tripli:[z;tes

CK1d 51.0 0

DMSO25% 51.0 (0) 0
930.5x 51.0 0 0
931x 510 O 0
93 3x 51.7 +0.7 0.6
93 5x 52.0 +1 0
9310x 52.7 +1.7 0.6
9315x 53.0 +2 0
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TheTSA data of most promising compounds were performed by Eleonora Cescon, in collaboration with Paola
Storicidéds group at BiolLab of Elettra Sincrotrone

3354, Screening on GSK36b
Fort he most promising compounds of the series the
Erasmus pr ogram in t he Pr ofMadricMeSytd obtaie zséful igforratiom abpuCthd C
selectivity of developed derivatives. Glycogen Synthasasé 3 (GSK3), in fact, is another kinase involved
in several physiological and pathological processes including cancer and neurodegenerative Hfiseases.
Compounds have been testedonffué ngt h GSK3b (1 ng/elL) taking adva
byusingG® as substrate (0.2 e€g/elL) and ATP at39t he f
98-%9have been test ed rirétionsam fornderivativeh thab display an activity pereentage
less than 50% at the concentratiorsedCare performed. Activity percentages aneid@re reported ifable
11. Compound39has displayedankgon GSK3 b of 23. 1 ¢ Moxgammgneetloliten g t h
of riluzole appears not sel e98-89)the enost ppomigimgafsthe €ekek,u . R
compound98 functionalized with isopentyl chain has proved to be inactive while belerjtative99 has
reported IGcof 16. 4 M highlighting amovad wep todblle 62p acnM
Thus, the selectivity for best derivatives, taking intm®i der ati on only GSIKSb, h
concentratiorinhibition curve of compound39 and99 are reported belowHg. 59).

Tablell: ICsos of compound39, 98-99 and activity percentages.

ICso0e M?
Cmpd (% activity
23.1+1.0
< (457 % + 2.6)
98 n.d. (100% + 0)
99 16.4+1.1

(294 % + 58)

aData represent the mean + SD of three independent experiments performed in technical duptitatepresent the % of activity ¢
10 &M concentration expressed as a mean N SD of t wetermimed.

IC5=23.1° 1.0nM ICs=16.4° 1.1nM
R2%= 0.9411 R’= 0.9287
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Figure 59: ICso concentrationinhibition curves of compound@®and98on GSK3 b, respectivel y.
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3.3.5.5. Biological characterizatiormn vitro of riluzole and most promising derivatives in
neuroblastoma celines

Riluzole 34), N-hydroxylamine metabolite30) and most promising derivativ€8 and99 have been tested
in vitro in neuroblastoma cell lines (SBIY5Y) duringthe Erasmaep r ogr am i n Pr of . - Mart i
MadridES) to evaluate the capabilityf @andidates to mediate neuroprotection and to decrease the
phosphorylated TDB 3. Firstly, compounds have been assayed
SH-SY5Y cells to evaluate the toxicity of derivatives. As reportdeign60, firstly, cellshave been split using
trypsin and medium and when they have achieved the right confluence, they are considered ready to use. After
collecting them, 80000 cells/well have been plated and incubated. At this point, compounds have been added
and, after anothe24 h of incubation, MTT3-(4,5-dimethythiazol2-yl)-2,5-diphenytetrazoliumbromide
has been inserted and plate has been red using the absorbance mode (detailed procedures are reported in tt
experimental chapter). MTT assay is widely used to determine cell viability and the cytotoxic effect of the
drugs; living mitochondrial cells aréoke to convert MTT in formazan crystal and, since the mitochondrial
activity is referred to the number of viable cells, the viability percentage can be calculated by the absorbance
detection of formazar?®

Trypsin and Medium
treatment Incubation Incubation

=) 1 =) |

=
Ml

ﬁ___...//.-/’ T V
3__,_/ w MTT Absorbance
@ Collection of reading

cells

SH-SY5Y cell lines

Figure 60: steps in MTT assay: trypsin and medium treatment to collect pellet, the disposition of 80000 cells/well in the platien
of 24 h, adding of compounds, MTifeatment after 24h of incubation and absorbance reading of the plate. Image create
BioRender

As displayed in histogram reportedFig. 61, riluzole 34) and compound38-99 have shown to be harmless

for cells while Nhydroxylamine metabolite3Q) has demonstrated a percentage of cell availability of 61.0%
after 24 h, denoting its toxicity at the concentr
theconcenr at i o n Fig. B2) ahdit isgpddsible to observe a worsening in the behavior of com@&und
achieving the 47% of cell viability and a toxicity for compowlreporting a value of 77.3%. Regards
derivative98that has displayedandbn CK1 ® 20fe M) t he reported toxicit)
information but not relevant for the neuroprotection assay in which the chosen concentration to test this
compound is 5 gM.
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MTT assay 5 uM

150

> 100
8
>
3
X

50

0

CNT+ Riluzole (34) 39 98 99
Compounds

Figure61: MTT assay of compoun@4,39,9899at t he ¢ on c emy axiathd cellviabdity peentdd is reported. The

el aboration performed with GraphPad Prism 8.0 in AAnoemtad mod
is conducted using the mean bfwells per compounBesults are expressed as the mean of three data + standard error (error bars);
**+*n<0.0001 significantly different from control cells, ***p<0.001 significantly different from control cells, **p<0.01 Bigantly

different from conwl cells, *p<0.1 significantly different from control cells.
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Figure 62: MTT assay of compoun@®4, 39,98-99at t he concentration of 10 &M. fted
The el aboration performed with GraphPad Prism 8.0 1in
experiment is conducted using the mean of six wells per comgResults are expressed as the mean of three data + standar
(error bars); ****p<0.0001 significantly different from control cells, ***p<0.001 significantly different from control céts<0.01
significantly different from control cells, *p<0.1 significantly different from control cells.
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Compounds that have been resulted harmless for cells have been tested in the neuroprotection assay to asses
if the administration of derivative increases the cell viability percentage in comparison to the negative control
using ethacrynic acid (EA) as netoxic agent to simulate neuronal death increasing oxidative stress and the
glutathionedepletion.?®® The protool as well as the detection method are similar to the previous described
MTT assay; the unique difference is represented by adding ethacrynic acid to cells previous treated with
compounds. To establish the right concentration of EA, several attemptsaesvesoried out using this toxic
agent at 40 &M, 45 &g M, 50 €M and 60 g M. The highe
the administration of compounds, thus the use of
60000 cellshell. Regards the concentrations of inhibitors, riluz8B®( has been assayed at
itslCspon CK1U whil e @99 e at c &dRigsadldispldys, thé neuroprotection assay has
revealed nossignificant data for compoun@8-99 while an important neuroprotective effect, as expected, has
been detected for riluzol&4).

1.59
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o
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Figure 63: neuroprotection assay's results. Three independent experiments have been conducted and the elaboration has been
performed with GraphPad Prism 8.0 using the fAAnovao mode wit
final data have ben obt ained with AT testo mode to compare the three
concentrations for compoun@4,98and®ar e 10 & M, 5 ¢ M aReslltsBre exptessed a&s shp rmeart off threeldata

+ standard error (eror bars); ****p<0.0001 significantly different from control cells, ***p<0.001 significantly different from control

cells, **p<0.01 significantly different from control cells, *p<0.1 significantly different from control cells.

Riluzole 34) that has displagd neuroprotective properties has been then investigated using Western Blot to
detect the effect{9DP-43 levels (phospho TDR3). To conduct the experiment 2000000 of cells/well are
plated and, after the 24 h of incubation, the introduction of compourttisthacrynic acid is required and

after another incubation, protein extraction occurred using lysis buffer. The soluble fraction has been separated
from the insoluble one that has been treated with Sarkosyl hypertonic buffer, more aggressive tham lysis on
to evaluate the presence of proteins not only in supernatant with the cytoplasmatic content but also in the
collected pellet after the lysis of nucleus. To establish right conditions to perform Western Blot analysis, the
calibration line of increasingoncentrations of albumin is required registering the absorbance at different
concentrations.Hig. 64).
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1,200
y =0,0543x + 0,02
R2 =0,9955
1,000 . L . o
Figure 64: calibration line of albumin. In x axis eight increas
concentrations are reported, in y axis the absorbance valut
given (each value has besubtractedpreviously for the negati
0,800 control). The linear correlation is ensured by the R
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All values related to each condition (soluble and insoluble fractions) have been subtracted by the mean of
negative controls and then substituted in the |
electrophoresis separation. Once the runs haga benducted as well as the transfer of gel on methanol
activated membrane, incubated with primary antibody anti -#BRphosphorylated at S409/Ser410

(phospho TDR43 mouse) is required. After 24 h of incubation, membrane has been washed and incubated
with secondary antibody labeled with Alexa Fluor 488 to give signal amplification-r{emtse). As a
conclusion, the reaction has been detected in luminescence mode. The schematic procedure has been

represented ifrig. 65.
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Figure 65: schematic representation of cell collection, protein extraction and immunoblotting. Image createBioRiegder
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In order to obtain also a quantitative result, it is important to know the precise amount of to#8 Trib&ach
condition; thus, afteseveral washes to remove antibodies primary and secondary pospH8TDEmMbrane

has been incubated with another primary antibody (#BPabbit) and the staining reaction has been carried

out with secondary antibody labeled with Alexa Fluor 488 (antbitabThis second incubation has been
accompanied by another luminescence detection. In this way, it is possible to elaborate data in a normalization
mode by plotting pTDR3 data in relation to TDR3. Moreover, membrane has also been incubated with
glyceraldehyde Zphosphate dehydrogena@APDH, rabbit) and the secondary antibody. GAPDH is an
enzyme that is present in equal amount in each cell, therefore another normalization can be available to
establish if obtained results can be reliable or not.

Two separated Western Blot experiments have been conducted, nevertheless a third one is required to confirm
and adjust preliminary data obtained and showd€eign66 and67 below. Phosphorylated TD#3 has been
detected as it is possible to see in the first window of Western Blot results of the first experiment conducted
(Fig. 66); the 25 kDa fragment has been displayed instead of 43 KDa and it is quite common in a strong
degradation process during the protein extraction. Inserting in the same experiment also the marker pTDP43
the recognition of fr dmgthedistdgem repored s tRaneldBbf$ig. i6gthe a v a i |
normalization of phospho TD#3 againsttotal TDR43 ha beendisplayed considering riluzole 34), the
percentage of intensity is the same of the control (absence of ethacrynid\asielitheless, the difference
between control and ethacrynic acid is minimal, therefore it is difficult to égtablhe results for riluzole

are significative or not.
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Figure 66: Panel A Western Blot results of the first experiments: the three windows report the pTDP43 (25 KDa) overvield
and GAPDH, respectivelffanel B) the histogram displays quantitative results of Immunoblotting. There is not a decrease
43administratig r i |l uzol e at t h eQuantiatve esultsofAMesteonBlot@rialysis @re eldldarated using Ima
as program.

Interestingly, pTDR43 (25 kDa fragment) has been detected also in the insoluble fraction as repbited in

67. It is evident, in this case, a stronger qualitative difference between control and treatment with ethacrynic
acid even if there is nethomogeneous amount of total TB43 in the three conditions. Moreover, considering
riluzole an improvement in the situation has not been detected. Data registered are too low to classify them in
the normalized histogram
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Figure 67: Western Blot result of the first experiment for the inso
fraction. In the three windows, pTBP#3 (25 kDa fragment), TDR3 anc
pTDP43_25KDa “ GAPDH are reported, respectively.
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In the second experiment representeBig 68 a marked difference between control and ethacrynic acid has
been detected in the first overview. In this situation, the 37 kDa fragment of-pFDBRS been recovered.
Nevertheless, riluzole3¢) has proved tde not efficient in the decrease of pTB® as showed in theanel

B of Fig. 68 in which histogram of quantitative results can be appretiate
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Figure 68: Panel A Western Blot results of the second experiment: the two windows report the pTDP43 (37 KDa) overview
43, respectivelyPanel B) the histogram displays quantitative results of Immunoblotting. There is not a decrease iM§
administrating riluzok at t he concentration of 10 e€M. Quantitative
program.

From these preliminary resultss clear that at least a third experiment is needed in order to validate if riluzole
has or not a effect in decreasing of TB#3 phosphorylation even if it has displayed a neuroprotective effect
on neuroblastoma cell lines. Considering itsol€n CK21d in the high micromol
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several pathways and mechanisms of action coapigréite neuroprotective behavior of riluzole. The activity

of 16.1 &M on CK1lu has been demonstrated for t h
glutamatergic one has been reported. Further studies will be conducted to better understeruthaessm of

action.

3.3.5.6. Assays ofiluzole onDrosophilaoverexpressed TDR3
To confirm the hypothesis that one of the possible mechanisniszoie (34) can be connected to its activity
on CK1lu, this c¢an dvivabaDRrasoplilaspecidtieataverekpeesstTBIRIin dliak cells
cons dered fHfiakeoociynt ecoll aboration with Prof . Mar c
preliminary results the compound administrating at the concentration of 1 mM shows, as regdeige@an
the increase of lifespan Bfrosophilaachieving 37 days in comparison to control (31 days).

A Surviva percentage B Surviva proportions
100 —— ctrl - |
. - —— ctr
—— Riluzole 100 )
- = ] —— Riluzole
> >
B z
% g 1
o}
o
0 T T T *— ]
0 10 20 30 40 0 T T T 1
0 10 20 30 40

Days
days

Figure 69: survival percentagéPanel A and survival proportionsRanel B) on Drosophila testing riluzole3g) at the concentratic
of 1mM.

Nevertheless, overexpressing T8® selectively in specific cell populations, some experiments have been
conducted in D4Zal4 and Rep@aldtransgeni®rosophila D42-Gal4 resultsKig. 70) overexpresing Gal4

in motoneurons opening the possibility to explore the behavior of riluzole (testing at the concentration of 5
mM) in flies bearing the specific localization of TEIB in motoneurons do not allow to observe changes in
comparison to the control. €hsame experiment has been conducted by overexpressing Gal4 in glial cells
(RepceGal4, Fig.71) and no significant increase in survival percentage has been detected. Thus, further
experiments are required to confirm the activity of riluzolBiasophilaprolongation of lifespan when TBDP

43 is overexpressed.
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Figure 70: from the left to the right, the survival percentage on Drosophila assaying riludlei the concentration of 5 mM
reported when TDR3 is overexpressed on motoneurons.
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Figure 71: from the left to the right, the survival percentage on Drosophila assaying rilug)le{ the concentration of 5 mM
reported when TDR3 is overexpressed afial cells.
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3.4. Conclusios and future perspectives
In this chapter the Mydroxylamine metabolite30) of riluzole 34) has been synthesized to support the
vali dated hypothesis of the acshdfvilé. lofe M.islamitziod er
important achieveent since the real mechanism of action of candi8is still obscure. Compoungd has
revealedanlgon CK1lldedMf BB.the high micromolar range, ne
reported one for riluzole. Candida®® has been functiaiized developing a series of alkyl derivatives to
modify phase | metabolism strongly featured for riluzole. Moreover, the hydrazine preelf)sbag been
developed; from the computational studies conducted by the University of Padua (group of Paxob Stef
Moro), the predicted binding pose of compourithppears the sanasthe reported one for hydroxylamine
metabolite39. Surprisingly, hydrazino derivati&? has revealedanigof 3. 64 €M opening
of obtaining functionalized derivatives to outline a structure activity relationship profile. Several compounds
have been developed with different types of linear aaddmed chains, as well as arylalkyl and aromatic
mo eties. Most of hydroxyl ami ne d exceptfomdmpouredi3thdtas pr
bears a pentyl chain. The situation changes with the hydrazino derivatives: all the synthesized compounds have
resulted active excepting the ethylhexyle denoting a too bulky substitued0Q). Benzyl and isopentyl
hydrazino compounds, insteddhve proved to be the best derivatives reportingslC o f 1. 62 &M and
respectively 99, 98). The predicted passive transport through the BBB has betored using BBBPAMPA.:
results have highlighted that all the derivatives are able to cross BBB to arrive at the central level. Nevertheless,
sinceriluzole (34) is a weltknown substrate of -Blycoprotein, all the functionalized derivatives will be
evaluded from this point of view. Moreover, the AFd@mpetition behavior has been assessed for the best
derivative of the serie®8) with LineweavesBurk plot; Vmax has proved to be constant, thus the compound
hasdemonstratedo be ATRcompetitive, and the sze feature can be applied for the other analogues. To
obtain some information about the selectivity,
neurodegeneration, has been conducted for deriv88®&8 and99. Metabolite39 has reported an actiy
of 23. 1 98aWd9%hhaiviee di spl ayed good selectivity consic
derivatives98 and 98 as well as compound¥® and 39 have been further investigated-hyidroxylamine
candidate 39) has displayed a strorgxicity on neuroblastoma (SBY5Y) cell lines denoting possible
additional reactions in physiological environment. For derivatives that have proved to be harmless,
neuroprotection assay on the same cells has been conducted and rBdydias(demonstrat itself as
neuroprotective candidate allowing the investigati@Western Blot analysis to detect a decrease in pTDP
43. Results suggest that a third experiment will be required but riluzole seems to be not able to improve the
situation. Also, a prelitnmary test on a pTD®B3 Drosophilamodel showed a protective effect of riluzobd)
denoting an increased in lifespan of flies, even if assa34Angith the selectively overexpression of TiaB
in motoneurons and glial cells on transgebiosophilamodek (D42Gal4 and Repdsal4, respectively) no
significant results have been reported, therefore further investigation will be conducted. Despite these non
positive achievements, considering riluzdd)(it is possible to observe thatciin act in a nodlirect way in
the decrease of TDP phosphorylation determining ¢
mechanisms can cooperate in the neuroprotective action and further investigations can contribute to better
explain and deepen the therapeutidifgaf riluzole. Regards functionalized derivatives, they have reported
promi sing activities o0 nactRitykelationshippmofderhds been deeplyg exploned, s t |
consequently, the series can be deemed to be completed.
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3.5. Experimental Section

3.5.1. General chemistry
Reagents were obtained from commercial suppliers and used without further purification. Reactions were
monitored by TLC, on precoated silica gel plates (Machdlagel, 60FUV254). Final compounds and
intermediates were purified by flash chromatographyguam stationary phases silica gel (Machevagel,
silica 60, 240400 mesh) or preparative TLC (stationary phase silica gel, Me®sgegl, silica 60, 24@00
mesh, 0.25 mm). When used, light petroleum ether refers to the fractions boiling@ClAMeling points
were determined with a Stuart SMP10 melting point apparatus, and they were not correctdd\ ViR 1°C
NMR and gHSQCAD bidimensional spectra were determined in €@X@MSO-ds and recorded on Varian
400 MHz or Varian 500 MHz spectrometerh;e mi cal shi fts (U0 scale) are r
and referenced to residual solvent peak, with splitting patterns abbreviated to: s (singlet), d (doublet), dd
(doublet of doublets), dt (doublet of triplets), t (triplet), m (multiplet) as¢biboad signal). Coupling constants
(J) are given in Hz. MESI analysis was performed using ESI Bruker 4000 Esquire spectrometer or
microTOFRQ T Bruker, used also for the recording of accurate mass. Compound purities were determined by
HPLC using the irtsument SHIMADZU CBM2 0 A, col umn Ge4@18n(PhEnonenexé®in N X
Elution gradient was performed for 30 min at the flow of 1 ml/min from wasethanol 55:45 to 15:85. The
detector was set at 254 nm. Stability tests were conducted by NFL@sing the istrument Bruker
micrOTORQ coupled with HPLC Agilent (procedures are described in dedicated following section).

3.5.2. Synthesis of Nsubstituteeb-(trifluoromethoxy)benzda]thiazol2-amine derivatives
(39, 42, 44-47).
3.5.2.1. Synthesis of N-(6-(trifluoromethoxy)benzda]thiazol2-yl)hydroxylamine
hydrochloride 89)
A solution of 84.9 mg (1.22 mmol) of hydroxylamine hydrochloride, commercially available, and 70.8 mg
(0.512 mmol) of KCO;was refluxed under argon atmosphere for 30 min. Ongwlsted, 50.0 mg (0.197
mmol) of 2-chloro-6-(trifluoromethoxy)benzaj]thiazole (43), commercially availablewere added and the
mixture was stirred at 65°C fort8 The mixture was then filtered to eliminate the base and the solvent was
removed undereduced pressure. The crude product was purified with preparative TLC (light petfléaim
- EtOAC 0%), washed with EtOA@0%- MeOH 10% and stirred with hydrogen chloride in igébxane for
30 min. The solvent was removed under reduced pressure anddeer@as filtered with EtOAc to give 22.0
mg of white solid. Yield 39%np176°C d.*H NMR (499 MHz,DMSO-ds) U 10. 72 (Js2821H) ,
Hz, 1H), 7.71 (s, 1H), 7.267.07 (m, 1H), 6.95 (d] = 7.2 Hz,2H). 3C NMR (101 MHz, DMS@ds) U 17 3. 8
(d,J=4.2 Hz), 158.42, 154.42 (A= 1.4 Hz), 137.02, 135.89, 120.28 Js; 42.4, 33.0 Hz), 116.13, 109.56
(d,J=1.7 Hz).ESMS (methanolm/z 2509 [M+H] *, 249.2 [M-H]*. HRMS (ESFTOF) m/z CsHsCIFsN20:S
(hydrochloride compound¥sHsFsN-O.S experimenta?51.0095 [M+H] , theoreticaR51.0097 [M+H], @ =
0.0002 Purity HPLC: 99.2%.

3.5.2.2. Synthesis of 2hydrazineyi6-(trifluoromethoxy)benzajJthiazole 42)
To a solution of 0.500 mL (10.0 mmol) ofonohydrate hydrazine in 3.00 mL of methanol, 100 mg (0.394
mmol) of 2chloro-6-(trifluoromethoxy)benzo[d]thiazol€43), commercially available, were added. The
mixture was refluxed for 2h. The solvent was then removed under reduced pressure and thevessidu
purified with flash chromatography (light petroleT®®6i EtOAc 30%)to give 42.0 mg of white solid. Yield
42%; mp 202°C*H NMR (400 MHz,DMSGds) U 9. 20 ( 3=24HH)H), 7.34.(d7=88.7Hd ,
1H), 7.227.09 (m, 1H), 5.11 (s, 2H¥C NMR (101 MHz, DMSGds) U 175. 15, 1528 72,
Hz), 131.43, 120.30 (¢,= 255.1 Hz), 118.83 (CH), 118.10 (CH), 114.46 (CH)-MS (methanolyn/z 250.0
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[M+H]*. HRMS (ESITOF) m/z CgHsF3N30OS experimental 250.0258 [M+H}heoretical 250.0256 [M+H)

® = 0.0002. Purity HPLC: 98. 4%.
3.5.2.3. Synthesis of N,&@imethykN-(6-(trifluoromethoxy)benza]]thiazol 2-
ylhydroxylamine 44)

To a solution of 100 mg (0.394 mmol) ofcBloro-6-(trifluoromethoxy)benzaf]thiazole (43), commercially

available, in 10 mL of buthanol, 154 mg (1.58 mmol) efriéthyl methoxylamine and 0.274 mL (1.97 mmol

of triethylamine were added and the mixture was refluxed overnight. Then the crude product was concentrated
under reduced pressure and purified with flasfomatography (light petroleudb%i1 EtOAc 3%) to give

63.0 mg of white solid. Yield 58%; mp 53°{ NMR (400 MHz, DMSQGds) U 8 J98223, O(8dHz, 1H),

7.68 (d,J = 8.8 Hz, 1H), 7.397.27 (m, 1H), 3.82 (s, 3H), 3.35 (s, 4MC NMR (101 MHz, DMSGds) U

173.30, 151.06, 143.16 (d= 1.9 Hz), 132.78, 120.77 (CH), 120.21 Jg5 255.8 Hz), 119.71 (CH), 115.12

(CH), 61.54 (CH), 39.01 (CH). ESMS (methanol)m/z 2790 [M+H]*. HRMS (ESITOF) m/z
C1oHoF3N20.S experimental 279.0410 [M+H]theoretical 279.0410 [M+H] o = 0. 0000O0. Pur
99.9%.

3.5.2.4. Synthesis of Nmethyt6-(trifluoromethoxy)benzdaf]thiazol2-amine 45)
In a microwave testube 100 mg (0.394 mmol) d@-chloro-6-(trifluoromethoxy)benzafjthiazole (43),
commercially available, 83.0 mg (1.58 mmol) of methoxyamine hydrochloride and 0.274 mL (1.97 mmol) of
triethylamine were suspended in 2.00 mL of buthanol. The mixture was stirred in the microwaveateactor
150°C for 1h. Once completed the solvent was removed under reduced pressure and the residue was purified
with flash chromatography (Light petrole% 1 EtOAc 40%). The product was then filtered with EtOEt
collecting 32.0 mg of white solid. Yield 33%)p 112°CH NMR (400 MHz, DMSGds) U 8J=(#F ( d,
Hz, 1H), 7.78 (dJ = 2.0 Hz, 1H), 7.42 (d] = 8.7 Hz, 1H), 7.19 (ddl = 8.7, 2.0 Hz, 1H), 2.94 (d,= 4.7 Hz,
3H). *C NMR (101 MHz, DMSGdg) U 167 . 96, 151. 85, J42622 HrB119.063 1. 4
(CH), 118.19 (CH), 114.50 (CH), 30.52 (HESMS (methanolm/z 249.0 [M+H]'. HRMS (ESITOF) m/z
CoH7F:3N20S experimental 249.0305 [M+Htheoretical 249.0304 [M+H] @ = 0 ty®IPLC:B9.3%P ur i

3.5.2.5. Synthesis of {1,2-dimethylhydrazineyh6-(trifluoromethoxy)benzal]thiazole(46)
To a solution of 100 mg (0.364 mmol) ofcBloro-6-(trifluoromethoxy)benza]thiazole (43), commercially
availabl e, in 10 mL of et hanol 42.0 ¢L (1.19 mmol
overnightandonce completed, the crude was purified with flash chromatography (light petrél@irin
EtOAc 4%) to give 5.00 mg of wike compound. Yield 4%; mp 152°¢H NMR (400 MHz, CDCJ) U 7. 57
(d,J = 8.8 Hz, 1H), 7.50 (ddl = 5.5, 5.0 Hz, 1H), 7.2 7.13 (m, 1H), 7.09 (q] = 5.3 Hz, 1H), 3.57 (s, 3H),
2.11 (dJ=5.3 Hz, 3H)®*CNMR (101 MHz,CDG) U 170. 02, 15108HZ)0137.83(€8), 93 (
132.83, 120.63 (q) = 256.4 Hz, CH), 120.01, 119.34, 113.94 (CH), 31.993CH8.74 (CH). ESMS
(methanol)m/z 290.1 [M+Na]*. HRMS (ESITOF) m/z CioH10FsN3OS experimental 290.0567 [N,
theaetical 290.0569 [MNa]*, o = 0. 0002. Purity HPLC: 89. 2%.

3.5.2.6. Synthesis of Z2-phenylhydrazineytp-(trifluoromethoxy)benzd]thiazole
hydrochloride 47)

To a solution of 150 mg (0.590 mmol) &fchloro-6-(trifluoromethoxy)benza]]thiazole (43), commercially
available, in7.5mL of butanol, 145 L of phenyl hydrazine were adde
atmosphere for 8; once completed the solvent was removed under reduced prasdute crude product
was purified with flash chromatography (light petroleum 90%tOAc 10%). Hydrochloride salt of the
compound was then formed by adding hydrochloride acid Hilib}¥ane at room temperature for 30 minutes.
Solvent was then eliminatedder vacuum and the crude was then filtered using EtOAc to provide 21.0 mg of
white compound. Yield 10%; mp 134°84 NMR (400 MHz,DMSO-dg) i 9. 78 (s ,J=13HHz, 7. 8
1H), 7.811 7.75 (m, 1H), 7.45 (dd] = 5.1, 2.1 Hz, 1H), 7.21 7.11 (m, 5H), 39 (s, 1H).*C NMR (101
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MHz,DMSOds) U 186. 13, 169.80, 15 8=DR5Hz), 126458,.12661, 119.218 . 8 4
118.78,111.40, 110.00 (@ 1.3 Hz), 102.66ESMS (methanolm/z 3260 [M+H]*. HRMS (ESITOF) m/z
C14H11CIFsN30S (hydrochloride compoundxperimentaB26.0568 [M+H] ", theoreticaB65.0569 [M+H]", @

= 0.004Q.. Purity HPLC:935%.

3.5.3. Synthesis of GsubstituteeN-(6-(trifluoromethoxy)benza]]thiazol-2-
yl)hydroxylamine hydrochloride derivativeg1(76).

3.5.3.1. General procedure for the synthesis gakyloxy)isoindolinel,3-dione @2-52)
To a solution of 4.00 g (29.4 mmol) of-Ndroxy phthalimide (48), commercially available, and 1.5
equivalents of the desireditomoalcane in 106 mL of anhydrous DMF, 8.10 g (58.8 mmol).GfQK were
added under argon atmosphere. The mixture was stirred at room temperature for 48 h. Once completed, the
reaction was quenched dropwise at 0°C using 6@ @hsaturated solution of N@O; and the mixture was
extracted with DCM (90.0 mL x 3). The organic layer was then washed with 90.0 mL of Na®${C@OmL of
H20 and 90.0 mL of brine and finally dried over anhydrous sodium sulfate.

3.5.3.1.1. 2-propoxyisoindolinel,3-dione @9)
Yield 60% (3.00 g). White solid; mp 76°84 NMR (499 MHz,DMSGds) U 7. 86 (J=66HzH) , 4
2H), 1.747 1.63 (m, 2H), 0.99 (1) = 7.4 Hz, 3H). ESMS (methanolm/zC.1H1:NOs: 206.0 [M+H]", 228.0
[M+Na]*.

3.5.3.1.2. 2-(pentyloxy)isoindolinel,3-dione 60)
Yield 94% (2.70 g from 2.00 g of starting material). White solid; mp 484GIMR (400 MHz,CDCJ) U 7. 8 3
(td,J=5.2, 2.0 Hz, 2H), 7.75 (td,= 5.2, 2.0 Hz, 2H), 4.20 (8, = 6.8 Hz, 2H), 1.90 1.71 (m, 2H), 1.52
1.30 (m, 4H), 0.93 (t) = 7.2 Hz, 3H).

3.5.3.1.3. 2-(isopentyloxy)isoindolinel,3-dione 61)
Yield 74% (4.00 g). White solid; mp 47°8&4 NMR (400 MHz,DMSGd;) U 7. 85 (J=6.6HzH) , 4.
2H), 1.81 (dtJ = 13.5, 6.7 Hz, 1H), 1.57 (d,= 6.7 Hz, 2H), 0.92 (d] = 6.7 Hz, 6H). ESMS (methanolyn/z
Ci3H1sNOg3: 334.0 [M+HT.

3.5.3.1.4. 2-((2-ethylhexyl)oxy)isoindolinel,3-dione 62)
Yield 70% (1.93 g). Transparent liquitH NMR (400 MHz, DMSGd) a 7.85 (€,95564H4,) , 4 .
2H), 3.55 (dd,J=4.7, 1.4 Hz, 2H), 1.701.59 (m, 1H), 1.54 1.39 (m, 4H), 0.89 (dt] = 10.0, 5.3 Hz, 8H).

3.5.3.2. General procedure for the synthesis edl®ylhydrazine hydrochlorides@-56, 58)
1 equivalent (10.0 mmol) a?-(alkyloxy)isoindolinel,3-dione (42-52) was solved in 11 mL of THF. 3
equivalents (30.0 mmol) of monohydrate hydrazine were added dropwise to the mixture and the reaction was
covered and stirred at room temperature overn@hte completed, the mixture was filtered and washed with
THF and with 60.0 mL of NaOH 0.1 M and extracted with 30.0 mL of EtOAc (2 x 30.0 mL). The organic layer
was dried over anhydrous sodium sulfate and the resulting mixture was acidified with 25.3@ilLirofL,4
dioxane for 5 minutes. The solvent was removed under reduced pressure and the resulting crude product was
filtered with diethyl ether at 0°C to collect white solid compoubi&6, 58.

3.5.3.2.1. O-propylhydroxylamine hydrochloridé4)
Yield 66% (1.05 g). White soligmp 127°C.*H NMR (400 MHz,DMSOds) U 11. 03 (@s65 3 H),
Hz, 2H), 1.66/ 1.52 (m, 2H), 0.88 () = 7.4 Hz, 3H).ESFMS (mebhanol) m/zC3;H1,CINO (hydrochloride
compound)76.1 [M+H]*, 113.9[M+K]".
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3.5.3.2.2. O-pentylhydroxylamine hydrochlorid&$)
Yield 46% (741 mg). White soliadnp 139°C.!H NMR (400 MHz, DMSQdg) Ui 11.08 (bs, 2H), 4.00 (fl =
6.5 Hz, 2H), 1.72 1.47 (m, 2H), 1.37 1.23 (m, 4H), 0.86 (1] = 6.9 Hz, 3H).

3.5.3.2.3. O-isopentylhydroxylamine hydrochlorid&®)
Yield 67% (1.63 g). White solidnp 121°C!H NMR (400 MHz,DMSO-dg) U 10. 82 (@{s6.6 3 H) ,
Hz, 2H), 1.64 (dtJ = 13.5, 6.7 Hz, 1H), 1.45 (d,= 6.7 Hz, 2H), 0.88 (d] = 6.6 Hz, 6H) ESFMS (mehanol)
m/zCsH1CINO (hydrochloride compound}04.0 [M+H]*.

3.5.3.2.4. O-(2-ethylhexyl)hydroxylamine hydrochlorid&8)
Yield 67% (740 mg). White solianp138°C.*H NMR (400 MHzDMSO-ds)) U 10. 97 (@Js57 3H),
Hz, 2H), 1.377 1.17 (m, 9H), 0.92 0.79 (m, 6H).ESFMS (methanol) m/z CsH2CINO (hydrochloride
compound1460 [M+H]*.

3.5.3.3. General procedure for the synthesis ofbertyl alkyloxycarbamate59-64)
1 equivalent of synthesized&kylhydrazine hydrochlorides@-56, 58) or commercially availablg3, 57 was
solved in CHCN (0.75 mL/mmol) and 1.1 equivalents ofMtwas added to the mixture that was stirred at
room temperatureof 1.30 h. Once completed, the reaction was filtered and washed witBNC&hd the
resulting solution was cooled at 0°C. To this mixture a solution of 2 equivalents gd BocCHCN (3
mL/mmol) was added dropwise at 0°C. The reaction was then stirredigivieat room temperature. Once
completed, the solvent was removed under reduced pressure, the crude product was solved in 75 mL of DCM
and washed with water. The organic layer was dried over anhydrous sodium sulfate and the solvent was
eliminated under v@aium to collect white solid.

3.5.3.3.1. Tertbutyl methoxycarbamat&9)
Yield 51% (1.80 g). White solidnp 63°C.*H NMR (400 MHz, CDCJ) 1i 7.18 (s, 1H), 3.71 (s, 3H), 1.48 (s,
9H).

3.5.3.3.2. Tert-butyl propoxycarbamate()
Yield 96% (1.50 mg). White solignp 49°C.*H NMR (400 MHz,DMSO-d;)) U 9. 89 (3=661H) ,
Hz, 2H), 1.51 (dd,) = 14.2, 6.8 Hz, 2H), 1.40 (s, 9H), 0.88 Jt= 7.4 Hz, 3H).ESFMS (mehanol) m/z
CgH17NO3: 197.9 [M+H]".

3.5.3.3.3. Tertbutyl (pentyloxy)carbamates()
Yield 58% (612 mg). White solianp 56°C.*H NMR (400 MHz, CCCls) G 7.12 (s, 1H), 3.83 (] = 6.7 Hz,
2H), 1.66i 1.53 (m, 2H), 1.47 (s, 9H), 1.411.28 (m, 4H), 0.98 0.81 (m, 3H).

3.5.3.3.4. Tert-butyl (isopentyloxy)carbamatéZ2)
Yield 95% (1.40 g). Whitsolid; mp67°C.*H NMR (499 MHzDMSO-d;)) U 9. 88 (J=6.6HzH) , 3.
2H), 1.67 (dtJ=13.4, 6.7 Hz, 1H), 1.47 (s, 11H), 0.871,6.7 Hz, 6H) ESFMS (mehanol)m/zCi0H21NOs:
2260 [M+Na]*.

3.5.3.3.5. Tertbutyl (benzyloxy)carbamat&g)
Yield 34% (788 mg). White solid; mp 48°&4 NMR (400 MHz,CDCls) U 7.42-7.32(m, 5H), 7.07 (s, 1H),
4.86 (s, 2H), 1.48 (s, 9H).

3.5.3.3.6. Tertbutyl ((2-ethylhexyl)oxy)carbamates4)
Yield 82% (821 mg). White solidnp 74°C.*H NMR (400 MHz,DMSO-ds) U 9. 85 ( §5581H) ,
Hz, 2H), 1.46 (s, 2H), 1.45 (s, 9H), 1.28 (ddd; 27.8, 16.1, 6.0 Hz, 7H), 0.880.80 (m, 6H).ESIMS
(methanol)m/zCi3H27/NOs: 2681 [M+Na]*, 2841 [M+K]*.
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3.5.3.4. General procedure for synthesis of terbutyl alkyloxy(6
(trifluoromethoxy)benzo[d]thiaze®-yl)carbamate @5-70)

Under argon atmosphere 0.15 equivalents efddd) and 0.20 equivalents of dppf were added to 15 mL of
anhydrous CECN. The mixture was heated at 40°C. Then,&jQivalents ofert-butyl alkyloxycarbamate
(59-64) were added to the reaction. After 10 minutes 1.0 equivalent 2efhloro-6-
(trifluoromethoxy)benzaf]thiazole commercially available, and 1.6 equivalents ofGI% were added and
the mixture was stirred at 40°C overnight. Once completed, the catalyst was removed by filtration through a
Celite pad. The filtered solution was then washed with brine (2 x 20 mL) and dried over anhydrous sodium
sulfate. The solvent was rewed under reduced pressure and the crude was purified with flash
chromatography (light petroleum 95%£tOAC 5%) to obtain pale yellow solid.

3.5.3.4.1. Tertbutyl methoxy(6(trifluoromethoxy)benzd]thiazol2-yl)carbamateg5)
Yield 23% (98.3 mg)Pale yellowsolid; mp56°C. *H NMR (400 MHz, CDCJ) 1 7.87 (d,J = 8.9 Hz, 1H),
7.61 (dJ=1.5Hz, 1H), 7.30 7.26 (m, 1H), 4.04 (s, 3H), 1.65 (s, 9H).

3.5.3.4.2. O-propykN-(6-(trifluoromethoxy)benzdfthiazol-2-yl)hydroxylamine 66)
Preparative TLC was performed after the flash chromatography (light petréldet@Ac 95:5). Yield 4%
(15.0 mg).HRMS (ESITOF) m/z CiiH11F3N20,S experimental 293.0560 [M+H] theoretical 293.0566
[M+H]*, g 0<0006. The compound was treated with HQ3ituwithout*H and**C characterization because
of its instability.

3.5.3.4.3. Tert-butyl (pentyloxy)(6(trifluoromethoxy)benzaf]thiazol-2-yl)carbamate&7)
Yield 19% (122 mg). Pale yellow soligip 77°C*H NMR (400 MHz, CDCJ) (i 7.85 (d,J = 8.6 Hz, 1H), 7.61
(d,J=1.3 Hz, 1H), 7.27 (d] = 6.8 Hz, 1H), 4.21 (d] = 3.6 Hz, 2H), 1.80 (d] = 7.7 Hz, 2H), 1.64 (s, 9H),
1.547 1.46 (m, 2H), 1.46 1.31 (m, 2H, 0.94 (t,J = 7.2 Hz, 3H) ESFMS (metanolo)n/z CigH23F3N204S:
443.0 [M+Naf, 459.0 [M+KF.

3.5.3.4.4. Tert-butyl (isopentyloxy)(&trifluoromethoxy)benzalf|thiazol2-yl)carbamate §8)
Yield 3% (17.0 mg). Pale yellow sojichp 68°CH NMR (499 MHz,DMSO-dg) U 8J.=4.3 Hz( IH),
8.33 (d,J = 8.9 Hz, 1H), 7.65 (dd] = 8.6, 2.1 Hz, 1H), 3.86 (8 = 6.4 Hz, 2H), 1.71 (dt) = 13.4, 6.7 Hz,
1H), 1.46 (s, 9H), 1.441.40 (m, 2H), 0.89 (d1= 6.7 Hz, 6H)ESFMS (mehanol)m/zCigH23FsN20.S: 4432
[M+Na]*.

3.5.3.4.5. Tertbutyl (benzyloxy)(6(trifluoromethoxy)benzajJthiazol2-yl)carbamate §9)
Yield 40% (300 mg). Pale yellow solid; mp 6448.NMR (400 MHz, CDCJ) i 7.90 (d, J = 8.7 Hz, 1H), 7.63
(d, J=1.3 Hz, 1H), 7.53 (dd, J = 6.4, 2.9 Hz, 2H), 7.2437 (m, 3H), 7.30 (d, J = 7.5 Hz, 1H), 5.23 (s, 2H),
1.55 (s, 9H)ESIMS (methanolm/zCyoH19FsN204S: 463.0 [M+Na].

3.5.3.4.6. Tert-butyl ((2-ethylhexyl)oxy)(6(trifluoromethoxy)benzal]]thiazol2-yl)carbamate 70)
Yield 22% (142 mg). Pale yellow soligip 82°C.!H NMR (499 MHz,DMSO-ds) U 8J.=24.9 Hz( 1dH),
8.08 (d,J = 8.9 Hz, 1H), 7.57 (dd] = 10.0, 2.1 Hz, 1H), 4.09 (s, 2H), 1.6&.38 (m, 18H), 0.97 ({]=7.4
Hz, 3H), 0.90 (t,J = 7.1 Hz, 3H).ESFMS (mehanol) m/z 4861 [M+Na*. HRMS (ESITOF) m/z
C21H29F3N204S experimental 485.1693 [M+Ng]theoretical 485.1692 [M+Ng]gp @0001.Purity HPLC:
99.2%.

3.5.3.5. General procedure for the synthesis of -al®yl-N-(6-
(trifluoromethoxy)benzd]thiazol2-yl)hydroxylamine 71-76)
Method A: 2.5 mmol ofacetylchloride was added dropwise at 0°C to 11 mL of MeOH. Once completed, a
solution of 0.5 mmol 065, 6770in 3 mL of EtOAc was added dropwise to the first solution. The reaction
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was stirred at room temperature overnight. Then, the solvent was removedathaed pressure and the
crude was filtered using EtOAc to collect white solid.

Method B: 4 mL of HCI in 1,4lioxane were added to 1 mmol of compo@&&d The mixture was stirred at
room temperature overnight. Once completed, the solvent was removedathaerd pressure and the crude
was filtered using EtOAc to collect white solid of final produt2s

3.5.3.5.1. O-methykN-(6-(trifluoromethoxy)benzaf]thiazol-2-yl)hydroxylamine  hydrochloride
(7
Method A. Yield 34% (26.0 mg). White solid; mp 135¢9.NMR (400 MHz, DMSOds) U 7J=65 ( d,
Hz, 1H), 7.16 (ddJ = 8.7, 1.6 Hz, 1H), 7.03 (d,= 8.7 Hz, 1H), 3.72 (s, 3HfC NMR (101 MHz,DMSO-
d) U 142.15, 125.20, 124.44, 121.90, 1CHk).ESEIMS(CH) ,
(methanol) m/z 264.9 [M+H]. HRMS (ESITOF) m/z CgHgCIFsN20.S (hydrochloride compound)
experimental 265.0256 [M+H]theoretical 265.0253 [M+H] ¢ = 0. 000 3. Purity HPL

3.5.3.5.2. O-propyHFN-(6-(trifluoromethoxy)benzafthiazol-2-yl)hydroxylamine  hydrochloride
(72
Method B. Yield 67% (10.0 mg). White solid; mp 157°%6 NMR (400 MHzDMSO-ds) U 7. 89 (s, 1
(dd,J=12.1, 2.9 Hz, 1H), 7.19 (s, 1H), 1.61 (dds 14.2, 6.6 Hz, 4H), 0.95 0.89 (m, 3H)HRMS (ES}
TOF)mM/z C11H12CIFN20,S (hydrochloride compound) experimental 293.0560 [Mfitjeoretical 293.0566
[M+H]*, o G-0006.Purity HPLC:93.8%.

3.5.3.5.3. O-pentykN-(6-(trifluoromethoxy)benzd]thiazol-2-yl)hydroxylamine hydrochloride
(73

Method A. Yield 90% (72.0 mg). White solid; mp 139®8.NMR (400 MHz, DMSGds) Ui 7.65 (s, 1H), 7.16
(d, J=8.1Hz, 1H), 7.04 (d, J = 8.6 Hz, 1H), 6.55 (bs, NH salt), 3.89 (t, J = 6.4 Hz, 2H),11522(m, 2H),
1.407 1.24 (m, 4H), 0.87 (t, J = 6.7 H2H). 1*C NMR (101 MHz,DMSO-ds) a 158.72,, 141.
125.12, 120.23 (g} = 255.4 Hz), 119.78 (CH), 115.86 (CH), 111.65 (CH), 73.75§28.11 (CHl),
27.75 (CH), 22.00 (CH), 13.97 (CH). ESFMS (mehanol)m/z 321.0 [M+H], 353.3 [M+Naj. HRMS
(ESFTOF) m/z Ci3H16CIFsN2O,S (hydrochloride compoundgxperimental 321.0880 [M+H] theoretical
321.0879 [M+H], o G:0001.Purity HPLC: 99.6%.

3.5.3.5.4. O-isopentytN-(6-(trifluoromethoxy)benzajthiazol2-yl)hydroxylamine hydrochloride
(79

Method A. Yield 60% (14.5 mg). White soliap 141°C.*H NMR (400 MHzDMSO-ds) U 8. 43 ( s, 1
(d,J=8.8 Hz, 1H), 7.66 (dd] = 8.3, 2.3 Hz, 1H), 1.5¥v 1.44 (m, 1H), 1.34 1.27 (m, 2H), 1.16 (dJ=7.3
Hz, 2H), 0.89 0.83 (m, 6H).2*C NMR (101 MHz, DMSO-ds) 0 16X0=595z),1%8.43 (dJ=3.4
Hz), 149.451 144.56 (m), 134.85 (d] = 5.1 Hz), 122.69 (CH), 120.38 (CH), 115.27 Jd; 3.5 Hz, CH),
109.99, 81.50 (d] = 100.8 Hz), 48.45 (Ch), 29.46i 27.35 (CH), 22.32 (dJ=10.9 Hz, CH), 14.28 (CHl
ESFMS (mehano) m/z 321.2263[M+H]*, 344.0860M+Na]*. HRMS (ESITOF) m/z Ci3H16CIFsN20.S
(hydrochloride compoundxperimental 320.0890 [M+H]theoretical 320.0801 [M+H]g 0G=0089 Purity
HPLC: 96.1%.

3.5.3.5.5. O-benzytN-(6-(trifluoromethoxy)benzajthiazol 2-yl)hydroxylamine hydrochloride
(79
Method A. Yield 86% (206 mg). White solid; mp 195*8.NMR (400 MHz,DMSO-dq) 1i 7.62 (s, 1H), 7.40
i 7.28 (m, 5H), 7.15 (d, J = 8.7 Hz, 1H), 7.00 (d, J = 8.7 Hz, 1H), 4.95 (s*¥HNMR (101 MHz,DMSO-
d) U0 158. 48, 141. 76, 140. 57, 137. 88, 12CGH), 30 ( ¢
115.93 (CH), 111.26 (CHY,5.54 CH,). ESFMS (mehano) m/z 341.0 [M+H]". HRMS (EStTOF) m/z
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C15H12CIF3N20,S (hydrochloride compound) experimental 341.0565 [M#%kfjeoretical 341.0566 [M+Hi]
@ G0001.Purity HPLC: 98.0%.

3.5.3.5.6. O-(2-ethylhexyl}N-(6-(trifluoromethoxy)benzda]thiazol2-yl)hydroxylamine
hydrochloride 76)

Method A. Yield 48% (10.0 mg). White solithp 154°C."H NMR (499 MHz,DMSO-d¢) U4 12. 10 ( s
7.87 (d,J=8.8 Hz, 1H), 7.49 (d] = 8.9 Hz, 1H), 7.18 (d] = 8.7 Hz, 1H), 1.66 1.31 (m, 8H), 1.03 (1) =
7.4 Hz, 1H), 0.90 (dt)= 35.0, 7.0 Hz, 8H}:*C NMR (101 MHzDMSO-ds) U 1 7JG- 1134(Hz),(161,38
, 149.21 (dJ = 34.7 Hz), 134.38 (d] = 257.6 Hz), 124.43 (d] = 97.8Hz, CH), 119.96 (dJ = 15.9 Hz),
117.01i 114.74 (CH), 112.51 (CH), 76.57 (©}138.83i 38.18 (CH), 29.96 (d] = 6.8 Hz, CH), 28.60 (dJ
= 6.8 Hz, CH), 22.62 (CH), 22.55 (CH), 14.12 (dJ = 9.4 Hz, CH), 11.15 (dJ = 17.5 Hz, CH). ESFMS
(methanol) m/zCi6H24CIFsN2O.S (hydrochloride compoundB63.13 [M+H]*. Purity HPLC: 74.1%.

3.5.4.  Synthesis of A2-alkylhydrazineyl)6-
(trifluoromethoxy)benzd]thiazole hydrochloride derivative8%102

3.5.4.1. Synthesis of dtert-butyl hydrazinel,2-dicarboxylate 18)
A mixture of 3.63 g (16.6 mmol) of dert-butyl dicarbonate, commercially availabl&r), and 2.00 g (15.0
mmol) of ditert-butyl carbazate was allowed to react at room temperature for 20 min. Once completed, the
porous solid was crystallized using chloroforniight petroleum 1:4 and filtered collecting 3.06 g of white
solid. Yield 88%; mp 12022°C.*H NMR (400 MHz,DMSO-dg) it 8. 56 (s, 2H), 1.37 (:

3.5.4.2. General procedure for the synthesis of-tedt-butyl I1-alkylhydrazinel,2-
dicarboxylate 79-86)
A mixture of 1.00 g (4.30 mmol) of dert-butyl decarbonaterg) and 2.80g (8.60 mmol) of cesium carbonate
in 20 mL ofanhydrous DMF was allowed to react at room temperaturetforthien, 4.73 mmol of the desired
alkyl bromide were added. The reaction was stirred at room temperature HolTh2 mixture was diluted
with water and extracted with EtOAc (3 x 20 mL). Theaoig layers were washed with water and brine and
dried over anhydrous sodium sulfate. The solvent was concentrated under reduced pressure and the crude was
purified with flash chromatography.

3.5.4.2.1. Di-tert-butyl 1-methylhydrazinel,2-dicarboxylate 79)
Flash chomatography eluent: light petroleum 98%tOAc 7%. Yield 50% (666 mg). White solid; mp-53
58°C."HNMR (400 MHz,CDCl;) U 6. 40 (s, 1HY559Hz18H).(s, 3H), 1. 4°

3.5.4.2.2. Di-tert-butyl 1-propylhydrazinel,2-dicarboxylate 80)
Flash clhomatography eluent: light petroleum 98%tOAc 7%. Yield 64% (1.67 g). White solichp 55°C.
!H NMR (400 MHz,DMSO-d§) & 9. 01 (s, 1H)J=153%.H2 30H)Y &81 (12H)Hz, 1. 38
3H). ESMS (methanolm/zCisH26N204: 297.1[M+Na]*, 313.1[M+K]".

3.5.4.2.3. Di-tert-butyl 1-pentylhydrazinel,2-dicarboxylate §1)
Flash chromatography eluent: light petrole@8%4 EtOAc ®6. Yield 88% (1.37 g). White solid; mp 54
55°C."H NMR (400 MHz,DMSGds) U 9. 01 (s, 1H)J=1633.H3 20H], 526pd8+) , 1.
13.5, 6.9 Hz, 4H), 0.85 @,= 6.8 Hz, 3H). ESVIS (methanoln/zCisH3N204: 325.1 [M+Naf, 341.1 [M+K].

3.5.4.2.4. Di-tert-butyl 1-isopentylhydrazind,2-dicarboxylate §2)
Flash chromatography eluent: light petroleum 90B6OAc 10%. Yield 62% (1.22 g). White solid; mp-70
74°C.*H NMR (400 MHz,CDCls) U 7 6.914n3, 1H), 3.44 (s, 2H), 1.601.35 (m, 21H), 0.90 (d]= 6.6
Hz, 6H).
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3.5.4.2.5. Di-tert-butyl 1-benzylhydrazinel,2-dicarboxylate §3)
Flash chromatography eluent: light petroleum 9@#0Ac 1%. Yield 62% (1.30 g). White solid; mp 108°C.
'H NMR (400 MHz,CDClL) U i 7.17 &3 5H), 6.20 (s, 1H), 4.63 (s, 2H), 1(4618H).

3.5.4.2.6. Di-tert-butyl 1-(2-ethylhexyl)hydrazinel,2-dicarboxylate 84)
Flash chromatography eluent: light petroleum 90#OACc 10%. Yield 39% (1.15 g). Transparent liquid.
NMR (400 MHzDMSO-ds) U 9. 04 ( $=66.85H4,)2H), 138 1110 (m( 2dH), 0.82 (df = 14.4,
6.8 Hz, 6H) ESMS (methanolm/zCigHssN204: 367.2[M+Na]™.

3.5.4.2.7. Di-tert-butyl 1-phenethylhydrazind,2-dicarboxylatg(85)
Flash chromatography eluent: light petrole@8%i EtOAc ®%6. Yield 22% (760 mg)*H NMR (400 MHz,
DMSOds) U 9. 16 i(7sl5 (m,I5H)) 3,49 (8,.288),2.802.68 (m, 2H), 1.53 1.13 (m, 18H). ES
MS (methanolm/zCigH2sN204: 359.1 [M+Naj.

3.5.4.2.8. Di-tert-butyl 1-(3-phenylpropyl)hydrazind.,2-dicarboxylatg86)
Flash chromatography eluent: light petrole@8%i EtOAc ®6. Yield 31% (590 mg)*H NMR (400 MHz,
DMSOds) U 9. 08 (XF=7.4HAIH), 7.17 (d&] 6 18(1,t7,1 Hz, 3H), 3.25 (d,= 38.4 Hz, 2H),
2.56 (t,J = 7.0 Hz, 2H), 1.71 (dJ = 5.7 Hz, 2H), 1.39 (dJ = 16.1 Hz, 18H). ES/S (methanol)m/z
Ci9H30N204: 373.1 [M+Na}.

3.5.4.3. General procedure for the synthesis of-di2ert-butyl 1-alkyl-2-(6-
(trifluoromethoxy)benzd]thiazol2-yl)hydrazinel,2-dicarboxylate §7-94)

To a solution of 1.00 equivalent (2.00 mmol)2e¢hloro-6-(trifluoromethoxy)benzajthiazole (43) in 5 mL
of toluene, 3.00 equivalents (6.00 mmol) dftert-butyl 1-alkylhydrazinel,2-dicarboxylate(78-86), 2.50
(5.00 mmol) equivalents of cesium carbonate, 0.20 equivalents (0.40 mmol) of dppf and 0.15 equivalents (0.30
mmol) of Pd(dba)}were addedathe mixture under argon atmosphere and the reaction was refluxed overnight.
Once completed, the catalyst was removed by filtration through a Celite pad. The filtered solution was then
washed with brine (2 x 20 mL) and dried over anhydrous sodium sulfiatesolvent was removed under
reduced pressure and the crude was purified with flash chromatography (light petroletinE@%e 5%).

3.5.4.3.1. Di-tert-butyl 1-methyl2-(6-(trifluoromethoxy)benzaj]thiazol-2-yl)hydrazinel,2-
dicarboxylate 87)
Yield 65% (154 mg)White solid; mp 101°C'H NMR (400 MHz, CDCY) U 7= 8%Hz,(1H),7.61 (dd,
J=8.7, 1.4 Hz, 1H), 7.29 (dd,= 2.1, 1.2 Hz, 1H), 1.60 (d,= 4.9 Hz, 9H), 1.53 (s, 3H), 1.34 (HPESF
MS (methanol)n/zCioH24FsN30sS: 486.1 [M+Naj.

3.5.4.3.2. Di-tert-butyl 1-propyt2-(6-(trifluoromethoxy)benzaj]thiazol-2-yl)hydrazinel,2-
dicarboxylate 88)
Yield 19% (110 mg). Pale yellow solid; mp 193*8.NMR (400 MHzDMSO-d;)) U 8. 11 (783 1H)
(m, 1H), 7.40 (dJ = 8.8 Hz, 1H), 3.81 3.34 (m, 2H), 1.82 1.33 (m, 20H), 0.90 (g] = 7.5 Hz, 3H)ESI
MS (methanol)m/z CaiH2sFsN30sS: 514.2 [M+Naj, 530.1 [M+KJ, 392.1 [(MBoc)+HJ, 314.0 [(M
Boc)+NaJ, 292.0[(M-2Boc)+HF.

3.5.4.3.3. Di-tert-butyl 1-pentyk2-(6-(trifluoromethoxy)benzaj]thiazol2-yl)hydrazinel,2-
dicarboxylate 89)
Yield 8% (47.0 mg). White solid; mp 239°& NMR (499 MHz, DMSQdg) 118.157 8.10 (m, 1H), 7.86 (dd,
J=13.6, 8.8 Hz, 1H), 7.41 (d,= 8.2Hz, 1H), 3.87 3.67 (m, 2H), 1.42 1.37 (m, 22H), 1.30 (d} = 6.8 Hz,
4H), 0.87 (t, 3H)*C NMR (101 MHz,DMSO-ds) U 165 . 6 3 JE 383)0,Hz),154%3 (8),2144(96 ,
(s), 134.82(s), 132.03 (d= 4.8 Hz), 121.87 (3= 38.6 Hz), 121.48 (s), 109.99 (s), 80.16 (s), 49.20 (s), 28.98
(d,J=2.9 Hz), 28.76 27.70 (m), 27.31 (d] = 5.3 Hz), 22.61 22.11 (m), 14.28 (d] = 1.2 Hz).ESFMS
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(methanol)m/z 52021 [M+H]*, 542.19 [M+Naj, 558.77 [M+K]*, 42016 [(M-Boc)+H]", 442.14[(M-
Boc)+Na], 458.11 [(M-Boc)+K]*, 32010 [(M-2Boc)+H]. HRMS ESITOF) m/z  CuaHsaFsN3OsS
experimental 542.1910 [M+Ng]theoretical 542.1907 [M+Ng]  @@.0083. Purity HPLC: 99.7%.

3.5.4.3.4. Di-tert-butyl l-isopentyt2-(6-(trifluoromethoxy)benza]Jthiazol 2-yl)hydrazine 1,2
dicarboxylate 90)

Yield 15% (161 mg)Yellow oil. 'H NMR (400 MHz, DMSGds) 4 8. 13 ( sJ=115H89,Hz,7. 87
1H), 7.44i 7.39 (m, 1H), 3.90 3.38 (m, 2H), 1.66 (dt] = 19.9, 6.6 Hz, 1H), 1.54 (d,= 13.4 Hz, 9H), 1.45
i 1.37 (m, 2H), 1.24 (s, 9H), 0.88 (itl= 6.6, 3.2 Hz, 6H)*C NMR (101 MHz,DMSGds) U 171. 31, 1
(d,J=1.1Hz), 1539, 144.70, 136.19, 122.72 (CH), 120.40 (CH), 115.294d1.3 Hz, CH), 109.99, 81.04,
46.77 (dJ= 1.6 Hz, CH), 36.30 (CH), 28.05 (ddJ = 22.7, 13.7 Hz, Ck}, 25.44 (d,J = 16.6 Hz, CH), 23.07
1 22.37 (CH). ESEMS (methanolm/zCaaH32F3N30sS: 542.2 [M+Naf, 442.1 [(MBoc)+NaJ, 558.1 [M+K].

3.5.4.3.5. Di-tert-butyl 1-benzyt2-(6-(trifluoromethoxy)benzafthiazol-2-yl)hydrazinel,2-
dicarboxylate 91)
Yield 36% (118 mg)Yellow oil. *H NMR (400 MHz, DMSQd) U 8.14 (d,J = 1.5 Hz, 1H), 7.93 (dd] =
10.2, 8.9 Hz, 1H), 7.407.18 (m, 6H), 4.79 (ddd,= 58.7, 42.6, 14.4 Hz, 2H), 1.431.15 (m, 18H)ESIMS
(methanol)m/zCasH2sF3N3OsS: 562.0 [M+Naj, 462.0 [(MBoc)+NaJ.

3.5.4.3.6. Di-tert-butyl  1-(2-ethylhexyl}2-(6-(trifluoromethoxy)benzda]jthiazol2-yl)hydrazine
1,2-dicarboxylate 92)
Yield 3% (25.0 mg). White solid; mp 211°%1 NMR (400 MHz, DMSGds) 1i8.11 (dJ=13.2 Hz, 1H), 7.90
i 7.81 (m, 1H), 7.41 (d] = 8.9 Hz, 1H), 3.7% 3.61 (m, &), 3.37 (dddJ = 22.3, 15.2, 7.5 Hz, 2H), 1.60
1.05 (m, 25H), 0.80 (dt] = 16.1, 6.9 Hz, 6H)HRMS (ESITOF, methanadl m/z CsHzsF3N3OsS: 562.2519
[M+H]*, 584.2341 [M+Na], 600.2072 [M+K}, 462.1981 [(MBoc)+H]J".

3.5.4.3.7. Di-tert-butyl 2-phenethyll-(6-(trifluoromethoxy)benzo[d]thiazel-yl)hydrazinel-
carboxylate 93
Obtaired the mondBoc product. Yeld 8% (50.0 mg). White solid; mp 215°C. H85 (methanol)m/z
CasH30F3N30sS: 454.1 [M+H]*, 4761 [M+Na]*, 3549 [(M-Boc)+H]*, 3768 [(M-Boc)+NaJ.

3.5.4.3.8. Di-tert-butyl 1-(3-phenylpropyl)2-(6-(trifluoromethoxy)benzo[d]thiaze?-yl)hydrazine
1,2-dicarboxylate 94)
Yield 6% (31.0 mg). White solid; mp 231°ESFMS (methanol)n/zCy7H3:FsN3O0sS: 4902 [M+Na]*, 4685
[(M-Boc)+H]*, 4904 [(M-Boc)+Naf.

3.5.4.4. General procedure for the synthesis of-(2alkyl hydrazineyl)6-
(trifluoromethoxy)benzda]thiazole hydrochloride95-105
Method A: 2.5 mmol of acethyl chloride was added dropwise at 0°C to 11 mL of MeOH. Once completed, a
solution of 0.5 mmol 087-89, 92in 3 mL of EtOAc was added dropwise to the first solution. The reaction
was stirred at room temperature overnight. Thka,solvent was removed under reduced pressure and the
crude was filtered using EtOAc to collect white solid.

Method B: 4 mL of HCI in diethyl ether were added to 1 mmol of compo88&d, 93-94. The mixture was
stirred at room temperature overnight. @wompleted, the reaction was filtered using diethyl ether and DCM
to collect white solid of final produc&8-99, 101-102

3.5.4.4.1. 2-(2-methylhydrazineyh6-(trifluoromethoxy)benzaf]thiazole hydrochloride95)
Method A. Yield 36% (14.0 mg). White solid; mp 138%6.NMR (400 MHz,DMSO-dg) i 7. 96 ( bs,
7.55 (d,J=8.6 Hz, 1H), 7.33 (dd}= 8.7, 1.7 Hz, 1H), 2.75 (s, 3HJC NMR (101 MHzDMSO-dg)ti 143 . 61,
121.89, 120.35 (dJ = 3.4 Hz, CH), 119.35 (CH), 5199 (CH), 112.89, 109.99, 37.13 (§HESIMS
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(methanol) m/z 264.0 [M+H]. HRMS (ESITOF) m/z  CgHoCIFsN:OS (hydrochloride compound)
experimental 264.0417 [M+H]theoretical 264.0413 [M+H]g 0:0004. Purity HPLC: 96.3%.

3.5.4.4.2. 2-(2-propylhydrazineyh6-(trifluoromethoxy)benzdajthiazole hydrochloride96)
Method A. Yield 5% (42.4 mg). White solichp 180°C.*H NMR (400 MHzDMSO-dg)i 10. 66 (s, 1t
(s, 1H), 7.49 (dJ = 8.6 Hz, 1H), 7.30 (d] = 7.8 Hz, 1H), 3.79 (s, 2H), 2.91 (@= 6.0 Hz, 2H), 1.53 (d] =
7.1 Hz, 2H), 0.91 (1) = 7.4 Hz, 3H)®*C NMR (101 MHzDMSO-d¢)) 4 177. 11, 160.57, 1
(CH), 120.29 (CH), 115.81 (Gl 52.59 (CH), 11.83 (CH). ESFMS (mehanol)m/z 2920 [M+H]". HRMS
(ESFTOF) m/z  C11H13CIFsN3OS (hydrochloride compound) experimental 242.0726 [M%Hheoretical
242.0726 [M+H}, o G0000. Purity HPLC: 95.4%.

3.5.4.4.3. 2-(2-pentylhydrazineyhe-(trifluoromethoxy)benza]jthiazole hydrochlorideq7)
Method A. Yield 72% (9.00 mg). Pale yellow solidp 174°C.*H NMR (400 MHz,DMSO-ds)) 4 10. 23
1H), 7.90 (s, 1H), 7.48 (d,= 8.7 Hz, 1H), 7.29 (dd1 = 8.8, 1.4 Hz, 1H), 3.05 (qd,= 7.3, 4.8 Hz, 2H), 1.39
i 1.25 (m, 4H), 1.20 () = 7.3 Hz, 2H), 0.87 (1) = 7.1 Hz, 3H)*C NMR (101 MHzDMSOds¢) U 17 9. 8C
176.58, 157.76, 153.08, 120.08 (CH), 119.38 (CH), 116CF?), 109.99, 45.80 (Chl 29.02 (CH), 22.36
(CHy), 14.32 (CH), 8.89 (CH). ESFMS (mehanol)HRMS (ESITOF)m/z Ci3H17;CIFsNsOS (hydrochloride
compoundkexperimental 320.1033 [M+H)]theoretical 320.1039[M+H] o = 0. 0006 . Puri t\

3.5.4.4.4. 2-(2-isopentylhydraziney¥p-(trifluoromethoxy)benzaf]thiazole hydrochloride98)
Method B. Yield 65% (72.0 mg). White solid; mp 166°8.NMR (400 MHz,DMSO-ds) U 7J=98 ( s,
Hz, 1H), 7.54 (dJ = 8.7 Hz, 1H), 7.34 (ddl = 8.7, 1.7 Hz, 1H), 3.02 (§ = 6.8 Hz, 2H), 1.67 (m, 1H), 1.45
(dd,J=14.6, 6.8 Hz, 2H), 0.88 (d,= 6.6 Hz, 6H)*C NMR (101 MHzDMSOds¢) U 143. 80, 124.
120.61 (CH), 119.91, 119.32 (CH), 116.77, 116.23 (CH), 48.72)(GH.94 (CH), 2574 (CH), 22.81 (Ch).
ESFMS (methanolm/z 320.0 [M+H]. HRMS (ESITOF) m/z Ci3H:17CIF3N30OS (hydrochloride compound)
experimental 320.1036 [M+H)]theoretical 320.1039 [M+H]g 00003 Purity HPLC:98.4%.

3.5.4.45. 2-(2-benzylhydrazineytg-(trifluoromethoxy)benzdfjthiazole hydrochloride99)
Method B. Yield 67% (42.0 mg). White solid; mp 184°%6 NMR (400 MHzDMSO-ds) U 7. 92 (s, 1
i 7.12 (m, 7H), 4.07 (s, 2HJC NMR (101 MHzDMSO-ds)) U 143. 42, 137.11, 129.5
(CH), 127.99 (CH), 124.41, 121.87, 120.42, 119.32 (CH), 117.48 (CH), 116.02(®,0 Hz, CH), 54.77
(CHz). ESFMS (metanol) m/z 340.0 [M+H]}. HRMS (ESITOF) m/z  CisH13CIFsNzOS (hydrochloride
compoundkexperimental 340.0727 [M+H]theoretical 340.0726 [M+H] ¢ = 0. 000 1. Puri t\

3.5.4.4.6. 2-(2-(2-ethylhexyl)hydrazineyg-(trifluoromethoxy)benza]]thiazole hydrochloride
(100
Method A. Yield 3% (7.00 mg). Yellow solidhp216°C.*H NMR (400 MHzDMSO-ds) U 7. 24 (s, 1
(s, 1H), 6.98 (s, 1H), 4.16 (dd= 4.7, 3.2 Hz, 2H), 2.702.63 (m, 6H), 1.15 (ddl = 15.0, 7.7 Hz, 4H), 0.85
(dt, J = 12.5, 6.7 Hz, 6H).ESFMS (mehanol) m/z 3621304 [M+H]*. HRMS (ESITOF) m/z
Ci5H13CIFsN30S (hydrochloride compoundxperimental 82.1509[M+H] ", theoretical 82.1508[M+H]*, @
= 0.0001. Purity HPLC: 96%.

3.5.4.4.7. 2-(2-phenethylhydrazineyd-(trifluoromethoxy)benzaf]thiazole hydrochloride1(01)
Method B. Yield 98%. Yellow solid; mp 236°84 NMR (400 MHzDMSO-dg)ti 10. 45 (s, 1H),
7.48 (dJ=8.8 Hz, 1H), 7.36 7.15 (m, 6H), 4.82 (s, 2H), 3.233.07 (m, 2H), 2.90 2.75 (m, 2H)*C NMR
(101 MHzDMSO-dg) 176 . 57, 1143M2, 830.64, 130619, 129.80H), 128.802CH>), 126.55
(CH), 120.06(CH), 118.06(CH), 115.62(CH), 52.68(CHz), 33.92(CH,). ESFMS (methanol)m/z 354.0
[M+H]*, 376.0 [M+Naj. HRMS (ESITOF) m/z CisH1sCIFsN3OS (hydrochloride compoundxperimental
354.0822 [M+H]J, theoretical 354.0822[M+H] ¢ = 0. 0000. Purity HPLC: 98.
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3.5.4.4.8. 2-(2-(3-phenylpropyl)hydrazineyp-(trifluoromethoxy)benzajthiazole hydrochloride
(102

Method B. Yield 47%. Yellow solid; mp 242°84 NMR (400 MHz,DMSGds) 4 10. 40 (s, 1H)
7.831 7.77 (m, 1H), 7.51 7.44 (m, 1H), 7.32 7.14 (m, 5H), 2.97 2.86 (m, 2H), 2.73 2.57 (m, 2H), 1.89
i 1.72 (m, 2H).C NMR (101 MHz, DMSGd¢) U 180. 79, 167. 05, 1 €29.443 6 , 1
(CH), 128.99 (CH), 128.83 (CH), 128.72 (d, 3.0 Hz, 2CH), 1282872 (m, 2CH), 126.22 (CH), 109.99
(CH), 47.71 (CH), 32.54 (CH), 29.41 (CH). HRMS (ESITOF) m/z Ci7H1;CIFsNsOS (hydrochloride
compoundkexperimental 88.1037[M+H]*, theoretical 88.1039[M+H]*, o =2. RaritytHeLC: %$.2%.

3.5.5. Stability tests
Stability tests have been conducted with micrOTOF (Bruker) instrument coupled with HPLC (Agilent
Technologies 1260 Infinity 1l) using column InfinityLab Poroshell 120-E3 (4.6x 100 mm, 2.8
Samples have been prepared starting from a stock solution in DMSO at the concentration of 10 mM diluted
with CHsCH for the injection. Runs have been performed with al elution gradient of 7Q@NZI30% HO
to 90% CHCN/ 10% HO returningto the initial condition in 20 minutes with a flow of 0.2 mi/min.
Chromatograms have been elaborated using OtofControl (Bruker software).

3.5.6. Computational procedures

3.5.6.1. Docking studies
Docking studieswere performed by the group of Prof. Stefano Moro (University of Padua, Molecular
Modelling SectionThreedimensional structures of the ligands were built byMKE-builder tool. lonization
states were predicted using the MOEproto&idool and structuresere minimized by the MMFF94until
the root mean square (RMS) gradient fell bebtvkcal mol_1A 1. PLANTS docking protocol was selected
as aconformational search program and ChemPLP as a scoring furtetioeach compound investigated, 20
docking simiation runs were performed, searching on a sphere of 10 A radius,dpaildd the coordinates
of ligand 16W center of mass (PDB ID:4HNF).

3.5.6.2. LIPE plot

Smiles of compoundsd structures as well spMan€C|l og |
LiPE values obtained according to the formula reported inhlipter X were inserted in a Database converted
into A.txto format. The file was | oaded in Osiris

plC50s were used in y axi€log P in x axis and LiPE value in z ones.

3.5.6.3.  SALI plot
Structureactivity Landscape Index (SALI) was calculated, as described in chapter x, to evaluate the similarity
between molecules observing the change efM@lues. The dataset used in the previoosgdure was loaded
in Osiris DataWarrior Software 3.5.0. SALI 3D representation was prepared by settling the software the
Afingerprinto descriptor; fingerprints of mol ec L
compounds related to their strucg similarity.

3.5.7. Biochemistry

3571. CK1lUu activity assays
Assays with truncated {29 4 aa) CK1lu. Compounds were tested on
Millipore, recombinant human, amino acids 1294, @gjged Nterminal) with KinaseGlo® luminescence
kit (Promega). Experiments were performed invé8l plate (white, flat bottom) using buffer prepared as
follow: 50 mM HEPES (pH 7.5), 1 mM EDTA, 1 mM EGTA and 15 mM magnesium acetate. Compound PF
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670462 (IGGCK1U 0. 014 e&M) was ushea @emn cae rptorsattiiorne ofondad
of DMSO/ buffer as negative control. Firstly, 10 ¢
solution in DMSO was diluted with buffer) fen | owe
substrate 0.1% and 2 &M ATP -dmpettian increasingccencentratensi o n )
were chosen: 1, 2, 10, 50 e&M). The fi na2%. AileM®O con
minutes of incubation at 30°C, the enzymati r eacti on was stopped with 4
(Promega). Luminescence signal (RLU) was recorded after 10 minutes at 25°C using Tecan Infinite M100.
The inhibitory activities were calculated in relation to the maximal activity (absence of inhilfsr
preliminary screening, each compound was assayed
that reported an activity percentage less than 50% at the concentragiornwd@ performed in triplicate and
reported as mean + standardbe. Results were elaborated with Excel and GraphPad Prism 8.0.

ATP-competition assays were performed following the just described procedure by firstly performed the ATP
calibration |Iine to obtain the sl oeuwiththellGeof thewo ch
compound (the concentration at itsd@nd the double) and the experiment was conducted at the presence of
increasing ATP concentrationk:, 2, 10, 50 &€M. The mean of the RLU
calibration line and the mean of negative controls were subtracted by the A$émad; the reciprocal
characterizes the x axis of the LineweaBeark plot. The ATP consumed divided for volume of reaction (40

eL) provides the y value. Results were elaborated

3572. GSK3b activity assays
GSK3b of ismgsompopndowas developed during the Erasmus program in the research group of
Prof. Ana Martinez (CSI@/adrid-ES).Compounds were tested on commercially availabldfln gt h GSK 3
(ThermaScientific) with KinaseGlo® luminescence kit (Promega). Expenita were performed in 98ell
plate (white, flat bottom) using buffer prepared as follow: 40 mM Tris pH 7.5, 20 mM magnesium chloride,
0.1% mg/ mL BSA and 50 &M DTT. As a positive cont
while the solutonwhh enzyme, ATP and substrate as hegative ¢
inserted in the well (10 mM stock solution i-n DMS
2 as substrate (0.2 ¢€g/ ¢ lchsolutidn@t8enM, itevds dilatedRvith(bsfferdor t i n
achieve an initial concentration of 4 €M) and 10
the mixture did not exceed2%. After 60 minutes of incubation at 25°C, the enzymatic reactiorstopped
with 40 €L of KinaseGlo reagent (Promega). Lumi ne
25°C using Tecan Promega. The inhibitory activities were calculated in relation to the maximal activity
(absence of inhibitor). As preliminarysce ni ng, each compound was assaye
consequently, for derivative that reported an activity percentage less than 50% at the concenteatioardC
performed in triplicate and reported as mean * standard error. Results waieoeatdd with Excel and
GraphPad Prism 8.0.

3.5.7.3. CNS permeation prediction: BBBAMPA
CNS prediction of most promising derivatives was evaluated using Parallel Artificial Membrane Permeability
Assay (PAMPA). Ten commercial drugs with known permeability werkuded in the experiment to obtain
cutoff values (26 mg of Caffeine, Enoxacine, Hydrocortisone, Desipramine, Ofloxacine, Piroxicam,
Testosteroneand 25 mg of Promazine, Verapamil and 23 mg ¢
then diluted withouffer when it is required). Compounds were dissolved in a 70/30 PBS pH 7.4 buffer/ethanol
solution in the appropriate concentration determining absorbance values in-MksUight spectrum. 5 mL
of solutions were filtered with PVDF memnrane filtersadeter 30 mm, pore size 0.45 mm). The acceptor

96-well plate (MultiScreen 98ve | | Culture Tray <cl ear, Mer ck Mil i
(70/30). In the donor 9@vell plate (Multiscreen® IP Sterile Plate PDVF membrane, pore size is 0.45 mM,
Merck Millipore) 4 L/ well of porcine |ipid brain
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after 5 minutes, 180 €L of inhibitor solutions we
|l ocated on t he acmapmi ccrh 6o mendt, 0 arhaleag & .h of i ncu
removed. The absorbance values at dedicated wavelengths were red using Tecan Infinite M1000. Experiment
was conducted in duplicate. The permeability coefficient (Pe) of each compounstaldisieed in centimeter

per second.

pp_ VA _Vr 100.vd
“TVd V). 5. 100vd —%T(vd Vi)
Vr . Ar
¥T —
T = va '™

Where Vd and Vr are volumes of donor and acceptor solution (0.3)8%1s the membrane area (0.266)xm
time of incubation (2.5 h ¥ 9000 s), Ar is the absorbance oéteptor plate after the experiment and AdO is
the absorbance e donor compartment before incubation. Results are given asetreand the average of
the two runs * standard deviatio8L) is reported.Obtained results for quality control drugs were then
correlatedto permeability data found in the literature. The linear correldbietween experimental and
literature permeability values was udedthe classification of compounds iroe able to cross the BBB by
passive permeation (CNS+ which correlate with a bibliograpkiec 4) and those not (CN®hich correlate
with a bibliographicPe < 2).Compounds correlating with reported Pe values from 2:16%cm s! are
classified as CN§-.

3.5.7.4. Thermal Shift Assay
ThermalShift Assays for the best compound was performed by Elelonora Cescon in the group of Prof. Paola
Storici (BioLabElettra Sincrotrondrieste). All TSA experiments were conducted in triplicates. Recombinant
CK1d 1-294, representing the catalytic core domain of the protein, was produced at Elettra Protein Facility in
Elettra Synchrotron. Optimal concentration of protein and dye were tested friomimmey TSA in order to
establish the most advantageous set up. Samples were prepared in wihitg\9éll plate (Biorad®) with a
final volume of 20 mL into each well. A 5x stock of buffer and a 5x stock of protein solution were prepared
hence 4 mL of bitln were added into the wells. Tested inhibitors were dissolved in 100% DMSO and a 40x
stock of each concentration tested was prepared to keep a final concentration of DMSO at 2.5% in each
condition tested. Thermal shift assay was performed in assay baffetining 20 mM Tris pH 7.5, 180 mM
NaCl and 0.5 mM TCEP as final concentrations, while protein was kept at 3 mM in all conditions of the
analysis. Compounds were tested at final concentrations of 1.5, 3, 9, 15, 30 and 45 mM (0.5x, 1x, 3x, 5x, 10x,
15x). Once added buffer, protein and compounds stocks plus a proper volume of water to reach 20 mL, the
multi-well plate was centrifugated at 100 xg, 4°C for 1 min to spin down and stir the components. Protein and
inhibitors were then incubated at room temparator 30 min. After incubation, SyproOrange dye (Protein
Thermal shift dye, Thermo Fisher Scientific®) was added into each well to a final concentration of 0.5x from
1000x stock in 100% DMSO. The multiwell plate was centrifuged again and measuremeriaregs S
Measures were performed in a riadle PCR machine (CFX96, Biorad®), registering emission of the dye at
560580 nm every 30 sec, with a temperature gradient of 2°C/min. Each analysis was executed in comparison
to a negative control represented g bnly buffer or the compounds with SyproOrange, and a positive control
consisted of the protein or protein with 2.5% of DMSO plus the fluorophore.

3.5.8. In vitro experiments on neuroblastoma cell lines {SYbY)
Biological investigation of most promising deativeswas conducted during the Erasmus program in the
group of Prof. Ana Martinez (CSiBladrid-ES).

3.5.8.1. MTT assays
The human neuroblastoma SHY5Y cel | ' ine was propagated in D
(DMEM) containing L-glutamine (2mM), 1% nowessential amino acids, 1% penicillin/streptomycin and 10%
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fetal bovine serum (FBS) under humidified 5%£0nce semiaafluence was achieved, cells were countered

using TC1& Automated Cell Counter BiRad Laboratories (CSHMadrid) and 80000 cells/well were plated
in%wel | plate. After 24h of incubation, compounds
stock solution in DMSO was diluted with DMEM to obtain the right final concentration) and, after another
24h of incubation, DMEM was removed and MTT reactive[43- Dimethylthiazol2-yl]-2,5
Diphenyltetrazolium Bromide) was added at the concentratioBOomg/mL. After 2h, absorbance was
recorded, and cell survival was estimated as percentage of value of untreated control (mean of six wells). Three
independent experiments were carried out.

3.5.8.2. Neuroprotection assays
The human neuroblastoma SY5Y cell inewas propagated in Dul beccods
(DMEM) containing Lglutamine (2mM), 1% noessential amino acids, 1% penicillin/streptomycin and 10%
fetal bovine serum (FBS) under humidified 5%£L0nce semiconfluence was achieved, cells were codntere
using TC1& Automated Cell Counter BiRad Laboratories (CSHMadrid) and 60000 cells/well were plated
in9%6we | | pl ate. After 24h of incubation, compounds
stock solution in DMSO was diluted with DBM to obtain the right final concentration) and, after 1h
ethacrynic acid (45 €M starting from stock sol uti
control, a solution of DMSO 1% in DMEM was used while as positive control ethacrynic acid withou
compound. After 24h of incubation, DMEM was removed and MTT reacti4,%3 Dimethylthiazot2-yl] -
2,5-Diphenyltetrazolium Bromide) was added at the concentration of 20 mg/mL. After 2h, absorbance was
recorded, and cell survival was estimated as thenroéaelative absorbance of six wells/compound. Three
independent experiments were conducted, and statistical analysis of data was conducted using GraphPad Prism
8.0 oneway ANOVA for each plate and-TEST to compare the three experiments.

3.5.8.3. Immunoblottinganalysis
In a 6well plate, 2000000 of cellsereplated per well and, after 24h of incubation, compounei®inserted
at the chosen concentration (starting from stock solution in DMSO diluted with DMEM). Ethacrynieaacid
added at the concentration of 45 &M af wereharvkésted of i |
and washed with PBS and ththeywerelysed in icecold lysis buffer. The number of proteins in the extract
wasdetected by the Pierce BCA Protein Assay kit (Thermo Scientifieh 20 ¢ g of pr wdreei n o
fractionated on SDS polgcrylamide gel and transferred to peinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). Membranesvere blocked with 5% bovine serum albumin (BSA) (Sigma)
for 1h and then thewereincubated overnight at 4°C with primary antibodies (p743mouse, BioRad)
di l uting 3 e¢RCA.iSignal3fronmthe ponfary antibodyas amplified using speciespecific
secondary antibody (pTD®3 anttmo u s e, Bi oRad) t o obtain t he f
chemiluminescent substrate detection system ECL. Protein band densitsguantified usig ChemiDoc
station with Quantity One 1D analysis software (Biad Laboratories, Madrid, Spain).

3.5.9. In vivo experiments orosophila
Riluzole was tested dbrosophilathat overexpresses TP at the concentration of 1 mM. Experiments were
conducted overgressing selectively TDRB5 in glial cells and motoneurons testing riluzole at the
concentration of 5 mMn vivo assaysvereperformed by Prof. Marco Bisaglia (University of Padua).
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4. Synthesis and characterization of &aind tetrasubstituted pyrazines:
new scaffoldbased strategy

4.1. Aim of the work
Aroutinely screeningofihous e mol ecul es t owar d0810% iedoded iffibernyt i f i e
as hit compounds for the target. Pyrazine represents a versatile scaffold widely used in medicinal chemistry
but, according to the I|iterature, not stild]l repor
the high micromolar range. Thubkgy provided a promising starting point for the development of a new series
of CK1lid derivatives.

P00 g i

103 ICs=219¢ M N . 8 104 1Cso=125¢ M 418 105, ICso=7.20e M 317

Figure 72: pyrazinescaffold compound403105)desi gned f or di fferent purpose

Compoundsl03-105 share the main-aminopyrazine nucleus substituted by-dluoro-6-methylpyridire at

the 5 position and 4fluorophenyl moiety at the-Bbcation The three molecules, that differ by the alkyl chain
introduced at the position 3, have the peculiarity to be substituted in all the 4 free positions of the scaffold and
the tetrasubstitution represented a challersyjgce the reactivity of the halogens inserted to perform desired
reactions resulted decreased after each substitution, especially when an ester or amino moieties are inserted a
the 3position of the ring. Tetra substitution can be performed in seveyal, wacording to the review of Ong

et al. 2 through condensation reactions refined over the years, nevertheless there is literature that reports the
possibility to perform 4 substitutions starting from the commercially available pyrazine ring even if the success

of this strategy depends time reactivity ofthe substituerg. 2°2

Aim of this project was the development of series of 2,3&@substituted and 2,5t8substituted pyrazines

to investigate the SAR profile of this nucleus. In particular, as reporkg.ii3, different types of substituents
wereinvestigated for the study of thepdsition (R) including butyl chain, ethyl ester and saturated cycles
like morpholine and functionalized and not piperazine. Several aryl moieties were explored to substitute 5
position (R): simple phenyl ring, substited and not pyridine as well agudnctionalized phenyl groups with
fluorine, methoxy and hydroxy moieties were inserted. Finally, some attempts to Hiserofphenyl group

and piperazine were carried out to substitute thedtion of the main scaffdl(Rs).
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Figure 73: pyrazine nucleus and substituents inserted at positions)35RR) and 6 (R).
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4.2. Discussion

4.2.1. Chemistry
In order to develop-alkyl derivatives, a series bfomination and catalyzed reactions occurred. Starting from
6-chloro-2-amino pyrazine X06), commercially available, firstly the chlorine atom apdsition was
substituted with 4luorophenyl ringvia SuzukiMiyaura followed by the bromination of thepsition.
Obviously the two regiassomers werebtained,and the synthetic strategy takes into account the order of
substitutions determined by the main bredesivative achieved A modified Kumadacoupling was
conducted, after the-@oc protection of theraino group at the-Bocation, to insert the alkyl moiety at the 3
position. Finally, the last bromination and Suzikyaura were carried out to functionalize thegésition.
The bromination performeat the last position of the scaffold trisubstituted eays challengingn this case,
it was successful by increasing the number of equivalents but when the ring is strongly deactivated it can fail
like with 3-ester derivatives. The synthetic strategy was adjusted according to the substituent to insrt at the
position, considering ester moieties, the starting mole8tdeinopyrazine2-carboxylic acid(121) was
esterificated, then brominated at th@dsition to inservia SuzukiMiyaura the desired aromatic group. As
previously mentioned, the last bromination appears impracticable. Regardsathi@d compounds, two
different synthetic pathwaywere considering; one strategy involved the nucleophilic substitution at the
brominated compound@09to obtain trisubstituted pyrazines, the other is characterized by synthe%i&ing
dibroma6-chloropyrazin2-amine(131) to firstly proceed with the nucleophilic substitution at thga3ition
followed by Suzuki reaction to functiomas -5 and-6 positions. Also, derivatives without substituents at the
3-location were developed; in this case, taking advantage from-then® derivative obtained in the first
mentioned synthetic pathway, compout@B was reacted with desired boroniddaor ester leading to final
derivativesl37-141

4.2.1.1. Synthesis of dlkyl-5-substituteeb-(4-fluorophenyl)pyrazi2-amino derivatives
(103105 120
Compoundl20 has been synthesized as reporte8dheme 6according to procedures reported in literature
2022032040150 the already tested compounti83-105 were synthetized in this way, and are reported here
because some intermediates were tested to complete the SAR of the series. . First step concerns the reaction o
6-chloro-2-amino pyrazine X06), canmercially available, with 4luoro phenyl boronic acidia Suzuki
reaction.

This reaction has been tried using different types of palladium catalysts 0 or Il withoRdtitain the best
conditions.??® Both Pd(PP¥. and PdCIPPh). have provided senryuantitative yields in the reaction.
Derivative107 has been then brominated usindpidmo succinimide (NBS) obtaining the two reggomers,
3-bromo @09) and 5bromo (08) derivatives, in a ratio of 4/1, respectively. The two isomers have been
characterized usingd-'H NOESY (Nuclear Grer-HauselEffect SpectroscopyNMR bidimensional technique
allowing to identify crosgpeaks of vicinal protons that are not directly linked in the spacEigln74 it is
possible to appreciate cregeaks related to singlet of proton at thpdsition at 8.12 ppm andffuorophenyl
moiety at 8.03 ppm confirming the achievement-tif@mo derivative 109).
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-(CH,), (113, 114, 119, 105, 120) -4FPh (120)

Schemeés: synthetic pathwga for the development ofakyl-5-substituteebs-(4-fluorophenyl)pyrazir2-amino derivatives1(03-105,
120). Reagents and conditiore. (4-fluorophenyl)boronic acid, Pd(PRJa, NaCOs, PhMe, EtOH, 110°C, 4h, Al NBS, DCM, r.t.,
1h, Ar; c: BocO, DMAP, THF, rfx, 2hgd: RiBr, Mg, THF, 60°C, 34h, Ar/ RMgBr, Fe(acac), THF, NMP, 0°Cr.t., 4h, Ar;e: 1,4~
dioxane, r.t.,, overnight; f: NBS, DCM, r.t., 1h, Ar; g:flaoro-6-methyit4-(4,4,5,5tetramethyll,3,2dioxabordan-2-yl)pyridine,
PdCk(PPhs)2, N&COs, PhMe, EtOH, HO, 130°C, MW, 1hy = yield.
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Figure 74: 'H-'H NOESY NMRDMSO-ds) of compoundL09. The zoom representing theosspeaks between free proton at th
position and the 4luorophenyl moiety is reported.
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To have the certainty to have obtained compol0®] the other regiassomer (08 has been characterized
with the same NMR technique. Fig. 75 is possible to appreciate the crgesak between the amino group at
the position 2 of the scaffold, 6.78 ppm, and the proton at the position 3 of pyrazine (7.68 ppm).

F
\©IN\]/NH2 ’
108 “

|
Br~ N NL U | M ‘L
— 2.5
6
j 3.0
I i [ {7.68,6.7&
3.5
=8 =
F4.0 7 §
F4.5 = =) :
5.0 < = e
| 5.5 é 8
[e T T T T T T T 1
_J 78887 b [es 8.0 7.5 7.0 6.5
] L7 f2 (ppm)
——— =
_J . ~ 7.5
8.0
8.5

T T T T T T T T T T T T T T T T T T T T
86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48
2 (ppm)

Figure 75: 'H-'H NOESY NMRDMSO-ds) of compoundl08. The zoom representing the crgmsaks between free proton at th
position and the amino group at thep@sition is reported.

The protection of the amino group at thedsition (L10) of the scaffold results mandatory for the success in

the next reaction that is provided by a Fursmedified Kumada couplingeaction starting from the synthesis

of the Grignard reagent of the appropriate alkylhalide in dry THF using a catalytic aofdasine Kumada

has been performed in THF atid-methyt2-pyrrolidone)NMP 10/1 in the presence of Fe(agdapn acetyl
acetonateaffording compound&11-113; this catalyst igasy to synthesize applying green procedure starting
from FeC} and acetlacetonate in BD and KOH. The Frstner variant has been developed in order to bypass
the limitations given by the Niomplexes, this Fe(lHEatalyst has the advantages of being economic, efficient
and not toxic2%62°7 The Firstner hypothesized mechanism of this reaction, schematically represented in
Scheme?7 assumed the formation of a (MgXjldobtangtd bfithenor g a
reaction of FeGland the Grignard reagent. Through the reduction process, a zerovalent Fe(0) specie is formed
that is subjected to alkylation and finally, in the reductive coupling phase, the desired product is given with
the reobtainment of Fe(ll) specie of the initial state.

[Ar-Fe(MgX)] + MgX 2

[Fe(MgX)2] R-MgX

)
[Ar-Fe(MgX) 2}

Schemé’: Firstner hypothesized mechanism of the modified Kumada coupling.

109

—
| —



4. Synthesis and characterization of tind tetrasubstituted pyrazines: new scaffdldsed strategy

The following reaction involved the deprotection of Boino graip using hydrochloric acid in organic
solvent (14-116), the bromination of the last free position of the scaffdlti’{119) and then the Suzuki
reaction with the boronic ester commercially available of2tfieioro-6-methylpyridire or with the boronic

acid of 4fluorophenyl ring, represent the last steps of the reaction pathway to obtain final desired compounds
(103-105, 120)

4.2.1.2. Synthesis of 3ster5-substituteds-(4-fluorophenyl)pyrazir?2-amino derivatives
(12412H

The first attempt in the development eE8ter derivatives has been conducted by substituting plositon
with 2-fluoro-6-methylpyridire; since an activity inhie high micromolar range has been recorded, the
correspondent compound witHldorophenyl group has been developed. The commercially available starting
material3-aminopyrazine?-carboxylic acid121) has been allowed to react, according toStigeme 8 with
ethanol to obtain the ethyl ester derivatit23d). Then a bromination is required at thpdsition of the scaffold
affording compound?23. In this case, the reaction provided a selectivityherintroduction of bromide atom
since the @ocation is less reactive and difficult to substitute. As a final reactidlnofophenyl moiety as
well as2-fluoro-6-methylpyridire were introducedia Suzuki to obtain compound24-125.

[N\ NH, . [N\ NH, b JIN\ NH, c JIN\ NH,
P (o) 7 (0] — (o)
N/]%(OH N ~ Br” N ~ Ry N ~
o) o o o)
121 122 123 124-125
y = 62% y = 85% y = 8-58%

R, = -6CH;-2F-Pyr (124)
-4F-Ph (125)

Schemes: synthetic pathway for the development afsder5-substituteeb-(4-fluorophenyl)pyrazir-amine derivatives1@4-125).
Reagents and conditiors.EtOH, SOCY, rfx, overnightb: NBS, DCM, 0°C tor.t., 1h, Ac; 2-fluoro-6-methyt4-(4,4,5,5tetramethw
1,3,2dioxaborolan2-yl)pyridine or (4fluorophenyl)boronic acid, Pd@PPls)2, N&eCOs, PhMe, EtOH, HO, 130°C, MW, 1lhy =
yield.

4.2.1.3. Synthesis of @minopyrazir2-piperazine deriviive (127)
The commercially available starting materiattioro-2-aminopyrazine {06) has been reacted with-BOC
piperazine, previously synthesized usied-buthyloxycarbonate and piperazing nucleophilic substitution,
to achieve compounti26 followed by the BOC removal using hydrochloric acid in-didxane obtaining
derivativel27 (Scheme 9.

Cl_N__NH BOC\N/\ HN/\
Oy rr——~fiw

y = 39, q.y.
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Schemed: synthetic pathway for the development efninopyrazir2-piperazine {27). Reagents and conditiona. piperazine
BocO, DIEA, DCM, r.t., overnight®hloro-2-amino pyrazineX06), Bocpiperazine, BUuOH, rfx, overnighl; HCI in 1,4-dioxane
r.t., 30 min y = yield, g.y. = quantitative yield.

4.2.1.4. Synthesis of &aamino6-substituted 2aminopyrazine derivatived28-130, 136)
According to thescheme 10 two strategies have been used to obtain trisubstituted derivativaedy A)
andtetrasubstituted pyrazinest(ategy B). Following the first synthetic strategy, starting matesiahloro-
2-amino pyrazin€106) has been subjected to Suzuki reaction to insétotophenyl moiety at the position
6 of the ring followed by the brominati of compound.07 using NBS leading to-Bromo derivative 109).
At this point the desired amine has been inserted applying a nucleophilic substitution in butanol (BuOH) to
achieve final derivative$28 130 (strategy A). Proceeding in th&cheme 10with the strategy B, the direct
bromination ofLO6with an excess of NBS has led to the obtainment efififomo compoundl@1), 3-bromo
and 5bromo derivatives132133). The bisbromo derivative 131) has been allowed to react withBOC
piperazine to obtainompoundlL34 that has been reacted witho equivalent®f 4-fluorophenyl boronic acid
to achieve compounti3s with the double fluorophenyl group at 5 ang@@sitions. The last reaction involved
the deprotection of NBOC piperazine derivative obtaining compourss.

F F F
N NH
N\ NH, N N\ NH, . N 2
Strategy A | | |
Pz > Pz 7
a/« N N Br N Ri
107 109 128-130
CI\[N\]/NHz y =95% y = 43% y = 8-78%
N/ R = -morpholine (128)
106 -CH; piperazine (129)
-Bn piperazine (130
Strategy B _ + I + :[ ]/
Br”™ N7 TBr N” O Br Br~ N7
131 132 133
y=77% y=4% y=3%
€
F F
Cl N\ NH, c O N\ NH, . O N\ NH,
| I — - — » HCI
Pz
Br” ONT N NTONTY N7 N
LN, LN, L_NH
y =40% y=51% y=95%

Schemel0: synthetic pathways to obtaina@nino6-substitutee?-aminopyrazinesl28-130, 136. Reagents and conditiona: (4-
fluorophenyl)boronic acid, Pd(PRJa, NaCOs, PhMe, EtOH, 110°C, 4h, Arb: NBS, DCM, 0°C to r.t., 1h, Ac: R1, BUuOH, 130°C,
MW, 6h;d: NBS, DCM, 0°C to r.t.,, 1h, Are: piperazine, BogD, DIEA, DCM, r.t., overnightd31, Bocpiperazine, BuOH, rfx,
overnight;f: (4-fluorophenyl)boronic acid, Pd(PBJa, N&2COs, PhMe, EtOH, 110°C, 4h, Ag: HCl in 1,4-dioxane, r.t. 1h.y = yield.
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The bramination showed as reactidnn the syntheticScheme 10has led to the formation of 3 products: the
3,5-dibromo (@31), 3-bromo @32) and 5bromo (33) derivatives. The characterization has been conducted
with *H-NMR and'H-'H NOESY NMR.

Cl<__N. _NH,
N
Ly
Br N
133 J
Cl N _NH,
T :

Br N Br

131 L
LA

6
f1 (ppm)

Figure 76: superimposition ofH-NMR of compoundt32 (red), 131 (green),133 (blue).

The superimposition dH-NMR spectralfig. 76) of compound431-133 does not allow to establish the right
assignment of isomers according to the chemical shift of protons 8 tires-locations and amino group at

the 2position. Bisbromo derivative 131) reports a unique signal fil-NMR spectrum assigned to amino
group and does not register crgsaks intH-'H NOESY NMR €ig. 77). In order to assign the other two
regio-isomersH-NMR spectra and the NOESY bidimensional one are givétign77; from the top to the
bottom,*H NMR of the two monébromo derivatives have been recorded displaying the presence of the singlet
related o the free protonl32 and133, respectively. To assess the location of the proton, NOESY NMR of
compoundL33 has been registered: cross peaks between amino group (7.08 ppm) and protompasitien3

(7.63 ppm) have been identified (right side of fg. 78) confirming the obtainment of thel&omo isomer

(133) allowing to confirm its identity, thus, for exclusion, structure of compdi2etould be also confirmed.
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Cl. _N. NH, = i
;[ I / LA
P 2000
Br” "N~ “Br -
131 I
-1000 j &

|

| :
b= L e
=] ~ =) 8.0 7.5 7.0 6.5
T 11T 17 77717 fz(ppm)

f1 (ppm)

Figure 77: *H-NMR (DMSGO-ds) and NOESY NMR spectra of compouBd (3,5-bis bromo derivative).
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Figure 78: from the top to the bottorti-NMR (DMSGQGds) of isomersl32 and133 are reported. In the right side the NOESY NMR of
derivativel33is recorded.

Following the strategy B of the Scheme 10 3-piperazine derivative with double fluorophenyl moiety at 5
and 6positions has been developed. In order to establish the rightustroeé compound 36, the position of
piperazine inserted has been investigated.'HARMR (Fig. 79) has displayed all the signals of derivatives:
singlets of the NH-HCI of piperazine aneaghino group at 9.24 and 6.48 ppm, respectively, signals of the
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double fluoro phenyl moiety at 7.09 and 7.29 ppm and the multiplet of theG@disrelated to piperazine at
3.453.20 ppm closed to the signal of the residue water in the sample.
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Figure 79: 'H-NMR (DMSQds) of compound.36.

(9.55,3.25{* ‘M Ls

L

U‘»_J\ m

f1 (ppm)

e
f1 (ppm)

-

527 4 r - 8.0 7.5 7.0 6.5
’ s f2 (ppm)

8 (3.23,9.55{‘

T T T T T T T T T T T T T T T T T T T T T
105 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
f2 (ppm)

Figure 80: NOESY NMR (DMS@s) of compound 36. In the right part zooms related to cross peaks of fluorophenyl ring and between
methylenes dfiperazine andts amino group, respectively, are given.
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