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Abstract 

Protein kinases (PKs) are a family 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 (CK1), a subset that is composed by six isoforms: the isoform ŭ (CK1ŭ), in particular, is the protein on which 

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 including cancer, 

circadian rhythm disorders and neurodegenerative diseases. CK1ŭ results implied in Alzheimerôs, Parkinsonôs 

diseases (AD; PD) and Amyotrophic Lateral Sclerosis (ALS) which are all characterized by 

hyperphosphorylation of proteins and accumulation of aggregates contributing to trigger neuroinflammatory 

and neurodegenerative processes. Given the role of CK1ŭ in these disorders, the kinase appears an appealing 

target to be studied. In this PhD thesis, series of ATP-competitive CK1ŭ inhibitors have been developed to 

obtain promising candidates that can be used as tools in neurodegenerative diseases. Several heteroaromatic 

systems have been functionalized to outline and deepen a structure-activity relationship profile (SAR). 

Metabolism-based, new scaffold-based and molecular simplification-based strategies has been applied to gain 

the fixed goal. 

Synthesis and characterization of benzo[d]thiazole derivatives: a metabolism-based strategy 

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

It has proved to reduce the excitotoxic effects of glutamate in brain mitigating the diseaseôs progression. The 

research group in which I conducted the PhD and the collaborators of Padua, have in silico postulated and 

experimentally demonstrated an activity of this candidate on CK1ŭ with an IC50 of 16.1 ɛM. Riluzole (34) 

underwent a strong hepatic and extrahepatic metabolism; one of the main metabolites produced is the 

hydroxylamine that is subjected to quick glucuronoconjugation. Therefore, the first purpose is represented by 

the achievement of this metabolite to establish an additional link between CK1ŭ and riluzole (34). N-

hydroxylamine metabolite (39) displays an IC50 in the high micromolar range of 35.1 ɛM that agrees with the 

reported one for riluzole. This represents an important achievement since provides the validation of the 

hypothesis for which the CK1ŭ-mediated action can be one of the mechanisms of action explicated by riluzole. 

Moreover, a series of functionalized derivatives has been developed to modify phase II 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 of pentyl derivative that has registered 

an activity of 4.40 ɛM (73). In addition, another starting point is represented by the hydrazine derivative (42) 

that, according to the computational studies, seems to conserve the capability of binding the target. 

Surprisingly, it has revealed an IC50 of 3.64 ɛM denoting a marked improvement of the activity. To outline the 

structure-activity relationship profile of this series, the hydrazine moiety has been functionalized with linear 

and branched chains as well as aryl and arylalkyl 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 achieving IC50s of 0.92 (98) and 1.62 (99), respectively. Final derivatives have been 

characterized from biochemical and biological point of view. The BBB-permeability using BBB-PAMPA 

(Parallel Artificial Membrane Permeability Assay) has been predicted and all the synthesized compounds have 

proved to be permeable. Moreover, the ATP-competitive behavior as well as the stability effect of the binding 

towards the target with TSA (Thermal Shift Assay) have been carried out for the best compound of the series. 

To explore a preliminary selectivity profile of candidates, the screening on GSK3ɓ, another kinase involved 

in neurodegeneration has been performed for riluzole, its hydroxylamine metabolite and the two best 

derivatives; N-hydroxylamine metabolite has reported an IC50 of 23.1 ɛM, in the same range for the registered 

one for CK1ŭ. Finally, in vitro assays on neuroblastoma cell lines (SH-SY5Y) has been performed; preliminary 
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MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test to establish if derivatives are toxic 

has highlighted a strong toxicity for N-hydroxylamine metabolite (39). Neuroprotection assays, conducted for 

compounds that have displayed to be harmless for cells, have been denoted an important effect of riluzole but 

non-positive 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 phosphorylation of TDP-43. In 

conclusion, preliminary results have been achieved by assaying riluzole in Drosophila models overexpressing 

TDP-43: an improvement in the lifespan of flies has been observed. Nevertheless, further results are required 

to validate all the collected data.  

 

Development of tri- and tetra-substituted pyrazines: new scaffold-based strategy 

A routinely screening of in-house molecules designed for a completely different purpose has highlighted the 

activity on CK1ŭ in the high micromolar range of three tetra-substituted 2-amino pyrazines bearing 2-fluoro-

6-methylpyridine at the 6-position and 4-fluorophenyl ring at the 5-location. The three compounds differ for 

the alkyl chain introduced at the 3-position of the scaffold. Starting 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 CK1ŭ. Some synthetic precursors of 3-alkyl derivatives have been assayed on the target 

revealing the crucial substitution at the 5-location to obtain activity. This SAR hypothesis has been confirmed 

by developing 3-amino derivatives functionalized with a 4-fluorophenyl at the 6-location: without moieties at 

the 5-position, these compounds have reported no activity towards CK1ŭ. The situation changes introducing 

4-fluorophenyl moiety at the 5-position while inserting an ester at the 3-position: ethyl ester derivative showed 

an IC50 of 12.3 ɛM (125). Interestingly, the exploration of the position 5 of the ring has led to promising results: 

introducing a double fluorophenyl ring at -5 and -6 location, an IC50 of 1.86 ɛM (137) has been achieved and 

the activity improves when 4-fluorophenyl moiety has been substituted with pyridine achieving an IC50 of 69.0 

nM (138), the best compound of the series. Then, functionalizing bis fluorophenyl derivative with amino 

groups at the 3-position such as piperazine, the activity of 0.86 ɛM (136) has been reached. Changing nature 

of substituent, inserting a butyl chain at the 3-location, the activity improves (120, IC50 = 0.20 ɛM). Given the 

promising results of the series, biochemical and biological investigations have been conducted. Firstly, the 

Riluzole (34) IC50 = 16.1 ɛM 

39, IC50 = 35.1 ɛM 
42, IC50 = 3.64 ɛM 

73, IC50 = 4.40 ɛM 

98, IC50 = 0.92 ɛM 

99, IC50 = 1.62 ɛM 

https://en.wikipedia.org/wiki/Numeral_prefix
https://en.wikipedia.org/wiki/Methyl_group
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl_group
https://en.wikipedia.org/wiki/Bromide
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BBB-permeabilities have been evaluated: 3-piperazine 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 BBB-PAMPA. The ATP-competitive behavior as well as the capability to stabilize 

the target have been evaluated for the most potent candidate. Moreover, the most promising derivatives have 

been screened on GSK3ɓ: it is interesting to explore the selectivity of this new scaffold-based series towards 

other kinases. The derivatives have proved to be inactive on GSK3ɓ. Most potent compounds of the series 

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 ɛM; in neuroprotection assay, in particular, the most active derivative has shown a 

neuroprotective effect at the concentration of 1 ɛM. The Western Blot preliminary experiment has been 

conducted to observe a decrease in TDP-43 phosphorylation; in this case two contradictory results have been 

obtained suggesting that further investigations are required to confirm the results.  

 

 

 

 

 

 

 

 

 

 

 

 

1,3,5-Triazines as CK1ŭ inhibitors: a simplification strategy  

The bicyclic derivative 5-(7-amino-5-(benzylamino)-[1,2,4]triazolo[1,5-a][1,3,5]triazin-2-yl)benzen-1,3-diol 

(35)  that has reported an IC50 of 0.18 ɛM on CK1ŭ. Moreover, it has proved to be not cytotoxic against 

peripheral blood lymphocytes as well as neuroblastoma cells. The synthetic strategy to obtain 

[1,2,4]triazolo[1,5-a]triazine (TT) derivatives involves eight steps and, in particular, the intramolecular 

cyclization leads to low yields. In order to simplify the synthetic approach, a molecular simplification has been 

applied functionalizing the 1,3,5-triazine nucleus opening the possibility to develop a quick and deep SAR 

profile. Several substituents have been considered: amino moieties have been inserted at 6-position of the 

scaffold maintaining poly methoxy and hydroxyphenyl groups as R2 linked by a linker of different size and 

nature including hydrazide, alkyl chain, amino moiety as well as ureido group. A few compounds of the series 

have proved to be active in the high micromolar range, the best one displayed an IC50 of 19.6 ɛM (174). Its 

activity suggests that it behaves more as fragment than full inhibitor; therefore, a molecular hybrid has been 

developed by fusing N-benzyl-4,6-dichloro-1,3,5-triazin-2-amine and 4-fluoro-1H-indazol-3-amine, 

heteroaromatic molecule discovered in a Fragment-Based Drug Discovery work published by the research 

group that reported an activity of 24.9 ɛM. The molecular hybrid has determined an improvement in the IC50 

 

137, IC50 = 1.86 ɛM 

 

138, IC50 = 0.069 ɛM 

 

120, IC50 = 0.20 ɛM 

 

136, IC50 = 0.86 ɛM 

 

125, IC50 = 12.3 ɛM 
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(142, 3.86 ɛM) confirming this strategy as challenging. This molecule has been confirmed as an ATP-

competitive CK1ŭ inhibitor. Moreover, the screening on GSK3ɓ, that allows to obtain some information about 

the activity towards another kinase involved in neurodegeneration, has led to an inactive derivative. 

Nevertheless, despite the promising CNS-predicted permeability of the candidate, the in vitro 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 available to might 

allow the development of a new series of inhibitors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

35, IC50 = 0.18 ɛM 

 

174, IC50 = 19.6 ɛM 

 

142, IC50 = 3.86 ɛM 
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Riassunto 

Le protein kinasi sono unôimportante famiglia di 518 enzimi che catalizzano la fosforilazione di substrati che 

contengono residui di serina, treonina o tirosina. Uno dei membri di questa superfamiglia è la Casein Kinase 

1, un insieme di enzimi composto da sei isoforme: lôisoforma ŭ (CK1ŭ), in particolare, è la proteina su cui si 

focalizza questa tesi. Questo bersaglio è coinvolto in diversi processi fisiologici che modulano diversi percorsi 

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

disturbi del ritmo circadiano e malattie neurodegenerative. I risultati di CK1ŭ sono impliciti nell'Alzheimer, 

nel morbo di Parkinson (AD; PD) e nella sclerosi laterale amiotrofica (SLA), che sono tutti caratterizzati da 

iperfosforilazione delle proteine e accumulo di aggregati che contribuiscono a innescare processi 

neuroinfiammatori e neurodegenerativi. Dato il ruolo di CK1ŭ in questi disturbi, la chinasi appare un 

interessante bersaglio da studiare. In questa tesi di dottorato, sono state sviluppate serie di inibitori CK1ŭ ATP-

competitivi per ottenere candidati promettenti che possono essere utilizzati come strumenti nelle malattie 

neurodegenerative. Diversi sistemi eteroaromatici sono stati funzionalizzati per delineare e approfondire un 

profilo di relazione struttura-attività (SAR). Per raggiungere l'obiettivo prefissato sono state applicate nuove 

strategie basate sul metabolismo, basate su scaffold e basate sulla semplificazione molecolare. 

Sintesi e caratterizzazione di derivati benzo[d]thiazolici: una strategia ñmetabolism-basedò 

Il riluzolo (34), un farmaco approvato per la SLA, è caratterizzato da un meccanismo d'azione intricato e poco 

chiaro. Ha dimostrato di ridurre gli effetti citotossici del glutammato nel cervello mitigando la progressione 

della malattia. Il gruppo di ricerca in cui ho condotto il dottorato e i collaboratori di Padova, hanno postulato 

in silico e dimostrato sperimentalmente un'attività di questo candidato su CK1ŭ con una IC50 di 16.1 ɛM. Il  

riluzolo (34) ha subito un forte metabolismo epatico ed extraepatico; uno dei principali metaboliti prodotti è 

l'idrossilammina che viene sottoposta a rapida glucuronoconiugazione. Pertanto, il primo scopo è rappresentato 

dal raggiungimento di questo metabolita per stabilire un legame aggiuntivo tra CK1ŭ e il riluzolo (34). Il 

metabolita N-idrossilamminico (39) ha mostrato un IC50 nell'intervallo micromolare di 35.1 ɛM che concorda 

con quello riportato per il riluzolo. Questo rappresenta un risultato importante poiché fornisce la convalida 

dell'ipotesi per cui l'azione mediata da CK1ŭ può essere uno dei meccanismi di azione esplicati dal riluzolo. 

Inoltre, è stata sviluppata una serie di derivati funzionalizzati per modificare il metabolismo di fase II del 

candidato approvato. Sono stati introdotti diversi tipi di catene alchiliche e arilalchiliche e la maggior parte dei 

composti sintetizzati si è rivelata inattiva ad eccezione del derivato pentilico che ha registrato un'attività di 

4.40 ɛM (73). Inoltre, un altro punto di partenza è rappresentato dal derivato dell'idrazina (42) che, secondo 

gli studi computazionali, sembra conservare la capacità di legare il bersaglio. Sorprendentemente, ha rivelato 

un IC50 di 3.64 ɛM che denota un netto miglioramento dell'attività. Per delineare il profilo della relazione 

struttura-attività di questa serie, la porzione di idrazina è stata funzionalizzata con catene lineari e ramificate, 

nonché gruppi arilici e arilalchilici. Tutti i composti sviluppati si sono dimostrati attivi ad eccezione del 

derivato etilesile e, in particolare, i candidati isopentilici e benzilici si sono dimostrati i migliori della serie 

raggiungendo rispettivamente IC50 di 0.92 (98) e 1.62 (99). I derivati finali sono stati caratterizzati dal punto 

di vista biochimico e biologico. La permeabilità attraverso la BBB utilizzando il test BBB-PAMPA (Parallel 

Artificial Membrane Permeability Assay) è stata predetta e tutti i composti sintetizzati si sono dimostrati 

permeabili. Inoltre, il comportamento competitivo sull'ATP e l'effetto di stabilità 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 selettività dei candidati, lo screening su GSK3ɓ, un'altra chinasi coinvolta nella 

neurodegenerazione, è stato eseguito per il riluzolo, il suo metabolita idrossilamminico e i due migliori derivati; 

Il metabolita N-idrossilamminico ha riportato un IC50 di 23.1 ɛM, nello stesso intervallo per quello registrato 

per CK1ŭ. Infine, sono stati eseguiti saggi in vitro su linee cellulari di neuroblastoma (SH-SY5Y); il test 

preliminare MTT (3-(4,5-dimetiltiazol-2-il) -2,5-difeniltetrazolio bromuro) per stabilire se i derivati sono 

innocui o meno, hanno evidenziato una forte tossicità per il metabolita N-idrossilamminico (39). I saggi di 
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neuroprotezione, condotti per composti che si sono dimostrati non-tossici per le cellule, hanno condotto ad un 

importante effetto del riluzolo ma contributi non positivi per i migliori derivati della serie. Pertanto, per il 

riluzolo è stata effettuata un'analisi preliminare di Western Blot ma il farmaco non ha determinato una 

diminuzione della fosforilazione di TDP-43. In conclusione, risultati preliminari sono stati ottenuti 

somministrando il riluzolo in modelli di Drosophila che sovraesprimono TDP-43: è stato osservato un 

miglioramento della durata della vita delle mosche. Tuttavia, sono necessari ulteriori risultati per convalidare 

tutti i dati raccolti. 

 

Sviluppo di pirazine tri- e tetra-sostituite: una strategia basata sullôutilizzo di nuovi scaffolds 

Uno screening di routine di molecole interne progettate per scopi completamente diversi ha evidenziato 

l'attività su CK1ŭ nell'intervallo alto micromolare per tre 2-amminopirazine tetra-sostituite recanti la 2-fluoro-

6-metilpiridina in posizione 6 e il gruppo 4-fluorofenil nella posizione 5. I tre composti si differenziano per la 

catena alchilica introdotta in posizione 3 dello scaffold. Partendo da questi composti, diversi gruppi sono stati 

inseriti nelle posizioni 3 e 4 del nucleo provando diverse combinazioni al fine di potenziare l'attività verso 

CK1ŭ. Alcuni precursori sintetici di derivati 3-alchilici sono stati saggiati sul bersaglio rivelando cruciale la 

sostituzione in posizione 5 per ottenere l'attività. Questa ipotesi SAR è stata confermata sviluppando derivati 

3-amminici funzionalizzati con un 4-fluorofenile in posizione 6: senza sostituenti in posizione 5, questi 

composti non hanno riportato alcuna attività verso CK1ŭ. La situazione cambia introducendo il gruppo 4-

fluorofenilico in posizione 5 mentre si inserisce un estere in posizione 3: il derivato dell'estere etilico ha 

mostrato unaôIC50 di 12.3 ɛM (125). È interessante notare che l'esplorazione della posizione 5 dell'anello ha 

portato a risultati promettenti: introducendo un doppio anello fluorofenilico in posizione -5 e -6, è stato 

raggiunta unôIC50 di 1.86 ɛM (137) e l'attività migliora quando la frazione 4-fluorofenilica è stato sostituita da 

una piridina raggiungendo unôIC50 di 69.0 nM (138), il miglior composto della serie. Quindi, funzionalizzando 

il bis-fluorofenil derivato con gruppi amminici in posizione 3 come la piperazina, si è raggiunta l'attività di 

0.86 ɛM (136). Cambiando la natura del sostituente, inserendo una catena butilica in posizione 3, l'attività 

migliora (120, IC50 = 0.20 ɛM). Dati i risultati promettenti della serie, sono state condotte indagini biochimiche 

e biologiche. In primo luogo, sono state valutate le permeabilità attraverso la BBB: il derivato 3-piperazinico 

Riluzole (34) IC50 = 16.1 ɛM 

39, IC50 = 35.1 ɛM 

73, IC50 = 4.40 ɛM 

42, IC50 = 3.64 ɛM 

99, IC50 = 1.62 ɛM 

98, IC50 = 0.92 ɛM 
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così come il composto più potente della serie hanno mostrato valori borderline mentre il candidato con un 

doppio fluorofenile ha mostrato una caratteristica CNS+ secondo il BBB-PAMPA eseguito. Il comportamento 

ATP-competitivo e la capacità di stabilizzare il bersaglio sono stati valutati per il candidato più potente. Inoltre, 

i derivati più promettenti sono stati saggiati su GSK3ɓ: è interessante esplorare la selettività di questa nuova 

serie verso altre chinasi. I derivati si sono dimostrati inattivi su GSK3ɓ. I composti più 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 10 ɛM; nel saggio di neuroprotezione, in particolare, il derivato più attivo ha mostrato 

un effetto neuroprotettivo alla concentrazione di 1 ɛM. L'esperimento preliminare Western Blot è stato 

condotto per osservare una diminuzione della fosforilazione di TDP-43; in questo caso sono stati ottenuti due 

risultati contraddittori che suggeriscono la necessità di ulteriori indagini per confermare i risultati. 

 

 

 

 

 

 

 

 

 

 

 

 

1,3,5-Triazines come inibitori di CK1ŭ: una strategia di semplificazione 

Il derivato biciclico 5-(7-ammino-5-(benzilammino)-[1,2,4]triazolo[1,5-a][1,3,5]triazin-2-il)benzen-1,3- diolo 

(35) ha riportato unôIC50 di 0.18 ɛM su CK1ŭ. Inoltre, si è dimostrato non citotossico nei confronti di linfociti 

e delle cellule di neuroblastoma. La strategia sintetica per ottenere derivati [1,2,4]triazolo[1,5-a]triazinici (TT) 

prevede otto passaggi e, in particolare, la ciclizzazione intramolecolare porta a basse rese. Per semplificare 

l'approccio sintetico, è stata applicata una semplificazione molecolare funzionalizzando il nucleo 1,3,5-

triazinico aprendo la possibilità di sviluppare un profilo SAR rapido e approfondito. Sono stati considerati 

diversi sostituenti: gruppi amminici sono state inseriti in posizione 6 dello scaffold mantenendo i gruppi 

polimetossi e idrossifenilici come R2 collegati da un linker di diversa dimensione e natura tra cui unôidrazide, 

una catena alchilica, un gruppo amminico o ureidico. Alcuni composti della serie si sono dimostrati attivi 

nell'alto range micromolare, il migliore ha mostrato unôIC50 di 19.6 ɛM (174). La sua attività suggerisce che 

si comporti più come frammento che come inibitore completo; pertanto, un ibrido molecolare è stato sviluppato 

fondendo lôN-benzil-4,6-dicloro-1,3,5-triazin-2-ammina e la 4-fluoro-1H-indazol-3-ammina, molecola 

eteroaromatica scoperta in un lavoro di fragment-based pubblicato dal gruppo di ricerca che ha riportato 

un'attività di 24.9 ɛM. L'ibrido molecolare ha determinato un miglioramento dell'IC50 (142, 3.86 ɛM) 

confermando questa strategia come vincente. Questa molecola è stata confermata come un inibitore di CK1ŭ 

 

137, IC50 = 1.86 ɛM 

 

138, IC50 = 0.069 ɛM 

 

120, IC50 = 0.20 ɛM 

 

136, IC50 = 0.86 ɛM 

 

125, IC50 = 12.3 ɛM 
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ATP-competitivo. Inoltre, lo screening su GSK3ɓ, che permette di ottenere alcune informazioni sull'attività 

nei confronti di un'altra chinasi coinvolta nella neurodegenerazione, ha portato ad un derivato inattivo su questo 

target. Tuttavia, nonostante la promettente permeabilità del candidato, l'indagine in vitro su linee cellulari di 

neuroblastoma ha evidenziato una forte tossicità del derivato nel saggio dell'MTT. Pertanto, applicando questa 

strategia, l'ottimizzazione del composto mediante la funzionalizzazione del frammento indazolico può essere 

condotta per consentire lo sviluppo di una nuova serie di inibitori. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

35, IC50 = 0.18 ɛM 

 
174, IC50 = 19.6 ɛM 

 

142, IC50 = 3.86 ɛM 
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1. Introduction 
 

1.1. Protein Kinases 
The PhD thesis focuses on the development of ATP-competitive Casein Kinase 1 isoform ŭ (CK1ŭ) inhibitors. 

Kinome is partitioned in about 20 lipid kinases and 518 protein kinases. CK1ŭ is comprised in the superfamily 

of human Protein Kinases (PKs) that are encoded by 1.7% of human genes. 1 Among cluster of PKs,  478 are 

eukaryotic PKs (ePKs) and 40 are composed by lack sequences similarity with ePKs but have unknown activity 

and are called atypical protein kinases (aPK) as represented in Fig. 1. 1,2,3 

 

 

Figure 1: Human kinoma subdivision and ePK tree representation setting out kinase families that share a similarity in kinase 

domain. Abbreviations are given in specific chapter. 1,2 

   

 

 

 

 

 

 

 

 

Figure 2: Schematic representation of phosphorylation. 4 
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Protein kinases are able to catalyze the phosphorylation of substrates containing serine, threonine or tyrosine 

residues (Ser/Thr/Tyr) by transferring the ɔ-phosphoryl moiety of adenosine triphosphate (ATP) on hydroxy 

group of a specific aminoacidic residue, therefore it is possible to further divide PKs in Ser/Thr kinases and 

Tyr kinases (Fig. 2). 4 

To understand the mechanism of phosphotransfer reaction several efforts have been carried out summarized 

in the review of Wang et al. 5 The mechanism of this reaction can be concerted or stepwise in the associative 

or dissociative kinds. The concerted one represented in Panel A of Scheme 1 involves a single transition state, 

metaphosphate-like, in which the phosphoryl group binds in a non-covalent manner both nucleophile and 

leaving group. The associative stepwise mechanism consists in addition and elimination phases with the 

formation of penta-valent phosphorane intermediate while the dissociative one proceeds through the 

production of non-covalent transition adduct with either nucleophile and monomeric metaphosphate (Scheme 

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 metal, Mg2+ or less frequently Mn2+, helps to stabilize the charge of the ADP 

(adenosine diphosphate) leaving group. 5   

The ubiquitously expression of PKs affects many physiological aspects in cells including proliferation, growth, 

and death. The capability of kinases to participate in several signaling pathways with complicated and tricky 

mechanisms in which a plenty of players are involved makes these proteins promising and challenging targets. 

Dysregulations can lead to the development of pathological conditions such as circadian rhythm disorders, 

cancer and neurodegenerative diseases. 6 

 

1.1.3. Architecture of Protein Kinases 

PKs have the peculiarity to share common features in their architecture; the typical bilobed structure is 

composed by N-terminal lobe with five-stranded ɓ-sheets and an Ŭ-helix called the C-helix and C-terminal 

lobe consisting in six Ŭ-helices. The two domains are connected by the hinge region that defines the ATP-

binding pocket and this site appears to be conserved in kinome representing a limit in the design of selective 

kinase inhibitors. Thanks to the studies conducted by Hangs and Hunter in 1995 it has been possible to know 

lots of aminoacidic sequences in kinases, opening the possibility of elucidating key structural elements and 

crucial functions of these proteins. Several structural components compose the active site of kinases, and they 

are essential for the enzymatic activity. Among these features the activation loop, catalytic loop, P loop and 

Scheme  1: Associative (Panel A) and dissociative (Panel B) phosphotransfer reactions. 
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C-helix must be mentioned and descripted in detail in the following part with a mention for CK1ŭ, the protein 

kinase of interest (Fig. 3). 7,8,9  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¶ P loop: the phosphate-binding loop (orange in Fig. 3) is a glycine-rich domain in N-terminal lobe that 

is conserved in kinome and defined with the motif Gly-X-Gly-X-X-Gly (Gly-Ser-Gly-Ser-Phe-Gly in 

CK1ŭ). This loop helps to stabilize the phosphates of ATP during catalysis. An amino acid of lysine 

of the P-loop that is located in ɓ-sheet in N-terminal domain (Lys-38 in CK1ŭ) results attractive residue 

for the development of selective covalent inhibitors due to its catalytic activity targeted by an 

appropriate electrophilic portion. 10,11,12,13 

¶ Activation loop: this loop (yellow in Fig. 3) is composed by 20 to 30 aminoacidic residues starting 

from DFG motif (Asp-Phe-Gly), which is highly conserved, extending to the APE cluster (Ala-Pro-

Glu) in the C-terminal lobe shaping a cleft for the location of substrate. The Asp residue of DFG in 

the active conformation of the enzyme (ñinò) is oriented on the side of ATP-binding pocket and it is 

able to coordinate the magnesium ion allowing its interaction with oxygen of ɓ phosphate of ATP. The 

activation statement of kinase can switch to the ñoutò conformation: the activation loop collapses into 

the hinge region by blocking the catalytic activity of the enzyme preventing the binding with substrate. 

In addition, in this scenario Asp and Phe of DFG motif switch roles and positions allowing Phe to 

Figure 3: representation of CK1ŭ and structural key elements crucial for the catalytic activity of kinase: P loop (orange), activation 

loop (yellow), C-helix (green), catalytic loop (red) and hinge region (light blue) with the ñgatekeeperò residue reported in blue. 

PDB code: 4HNF. 

 



1. Introduction 

 
29 

occupy the ATP-binding site but some evidences are also collected by Modi et al. about intermediate 

situations between activation and inactivation of kinases (Fig. 4). 9,14,15,16 

 

 

 

 

 

 

 

 

 

 

 

¶ C-helix: this section (green in Fig. 3) is the unique Ŭ-helix in N-terminal lobe of kinase. When the 

enzyme assumes the active conformation, the conserved Glu-91 included in C-helix is able to establish 

a salt bridge with a Lys-72 in ɓ3-strand of P-loop and this interaction appears conserved in ePK family. 
2,8  

¶ Catalytic loop: (red in Fig. 3) in the C-terminal lobe is localized the catalytic loop of kinase 

characterized by the HRD motif (His-Arg-Asp) in which the residue of aspartate plays an important 

role in the reaction between the enzyme and the substrate: during the transfer of ɔ-phosphate group, 

Asp deprotonates the hydroxy moiety of substrate allowing its nucleophilic attack towards ATP. In 

CK1ŭ the catalytic loop comprises residues 126-133 with the corresponding consensus sequence 

DVKPDN (Asp-Val-Lys-Pro-Asp-Asn) crucial for the ATP binding. 2,11  

¶ Hinge region: (light blue in Fig. 3) is the connection between the two lobes of the kinase and it defines 

the ATP-binding pocket. In CK1ŭ it is represented by the sequence M-E-L-L-G (Met82-Glu83-Leu84-

Leu85-Gly86). This is a key element in the architecture of the enzyme because lends itself to the 

housing of ATP-competitive inhibitors. Figure 5 represents the catalytic pocket for the 

accommodation of ATP. Met82, called ñgatekeeperò, is a particular residue represented in blue in Fig. 

3 which is a key amino acid for the accessibility at the level of catalytic motif of enzyme. Mutations 

of gatekeeper residue can influence the affinity and selectivity of small molecule inhibitors and also 

drug resistance.. 8,11,17,18 

 

 

 

 

 

 

 

Figure 4: position of Phe chain in DFG "in" (cyan), "out" (purple) 

and "inter" as intermediate state (orange). The superposition of 

Phe sidechains is shown for tyrosine kinases EGFR family 

(Epidermal Growth Factor Receptors) 9 
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1.2. Casein Kinase 1 isoform ŭ (CK1ŭ) 
Protein casein kinase 1 (CK1) gets its name from the capability to phosphorylate in vitro casein (milk protein). 

This enzyme comprises seven isoforms: Ŭ, ɓ, ɔ1, ɔ2, ɔ3, ŭ, Ů and their transcription variants (TVs). All the 

isoforms are expressed in humans except for the ɓ one. They share a high homology of kinase domains (51-

98% of conserved residues) schematically represented in Fig. 6, while C-terminal domain results in different 

lengths. The highest similarity has been reported between isoforms ŭ and Ů. 17,19 

 

Figure 6: schematic alignment of CK1 isoforms (32-52.2 kDa). The light green zone represents the conserved kinase domain while 

N- and C-termini portions (dark green) differ. 17 

The seven isoforms of CK1ŭ are ubiquitously expressed even if it is known that Ŭ, ŭ and Ů are located in 

cytoplasm and nucleus while the isoform ɔ appears to be the bound-membrane component of CK1 family. 20 

The discussion will be focused on the isoform ŭ whose gene encoding it, CSNK1D, was firstly isolated by 

Graves et al. in 1993 and it consists in a sequence of 1284 nucleotides. Several variants of CK1ŭ are described 

in different organisms and three TVs in humans. As shown in Table 1, sequences of human TVs appear 

conserved until residue 399. 7,11 

Figure 5: representation of CK1ŭ with its surface: the cycle 

highlights the ATP-binding pocket of the kinase. PDB code: 

4HGT, CK1ŭ co-crystallized with ADP. 
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Table 1: Partial alignment of sequences of TV1-3 of CK1ŭ. Residues conserved (372-399) are highlighted in yellow. Adapted by ref. 

11. 

HomoSapiens_TV1  

(1-415) 

RLHRGAPVNISSSDLTGRQDTSRMSTSQIPGRVASSGLQSVVHR------------- 

HomoSapiens_TV2  

(1-409) 

RLHRGAPVNISSSDLTGRQDTSRMSTSQNSIPFEHHGK------------------------- 

HomoSapiens_TV3  

(1-427) 

RLHRGAPVNISSSDLTGRQDTSRMSTSQRSRDMASLRLHAARQGTRCRPQRPRRTY- 

 

Over the years several crystal structures of CK1ŭ have been reported and co-crystallized with ligands and 

inhibitors. The chronological list of structures on Homo Sapiens is reported in Table 2. 

Table 2: crystal structures of CK1ŭ in chronological order: PDB code, ligands, resolution, year, and reference. 

PDB code Ligands Resolution (Å) Year Reference 

3UYS SO4 2.30 2012 21 

4HNF 16W 2.07 2012 21 

4HGT 15G 1.80 2012 22 

3UZP 0CK 1.94 2012 21 

3UYT 0CK, SO4 2.00 2012 21 

4TWC 
37J, BOG, DMS, GOL, 

SO4 
1.70 2012 23 

4KBK 1QG, SO4 2.10 2013 24 

4KBC 1QJ, EDO, SO4 1.98 2013 24 

4KBA 1QM, SO4 1.98 2013 24 

4KB8 1QN, 1QO, SO4 1.95 2013 24 

5MQV D5Q, SO4 2.15 2017 25 

5OKT 9XK, ACT, GOL, SO4 2.13 2018 26 

6GZM CIT, GOL, LCI 1.59 2018 27 

6RU8 ADP, EDO, NA, SO4 1.92 2020 28 

6RU7 ADP, EDO, NA 2.08 2020 28 

6RU6 ADP, EDO, NA, SO4 2.05 2020 28 

7P7F ADN, AMP, EDO, SO4 1.96 2022 29 

7P7G AMP, CIT, EDO 1.70 2022 29 

7P7H AMP 2.40 2022 29 

6RCG EDO, KOE 1.40 To be published  

6RGH EDO, KOE, NA, SO4 1.45 To be published  

4TN6 PFO, SO4 2.41 To be published  
 

CK1 is regulated by other protein kinases: it is demonstrated that the isoform ŭ can be phosphorylated by 

cAMP-dependent protein kinase (PKA), CDC-like kinase 2 (CLK2), protein kinase C Ŭ (PKCŬ). In particular, 

PKA was found to phosphorylate in vitro and in vivo Ser-370 of CK1ŭ and the result provides a decrease in 

the phosphorylation of substrate. 30 Regarding the isoform Ŭ, instead, Clokie and co-workers have reported the 

interaction with protein 14-3-3. 14-3-3 is an important member that can regulate several physiological 

functions included intracellular trafficking, modulation of cell cycle and signal transduction. CK1Ŭ is 

phosphorylated by the just discussed protein determining the modulation of different cellular functions. 31 

Interestingly, it is well known that CK1ŭ and Ů are less active when the truncation at C-terminal domain occurs 

and the autophosphorylation of these kinases is an important regulation mechanism studied both in vitro and 

in vivo. Maintenance of dephosphorylation status was detected in 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. 32 CK1 is able to intercalate in several processes and, as reported, can take action 

downstream of other kinases preferring pre-phosphorylated negative-charged substrates bearing the consensus 



1. Introduction 

 
32 

sequence pS/pT-X-X-S*/T* in which S*/T* represent the amino acid target of phosphorylation. Nevertheless, 

non-canonical motif such as S-L-S have found to be phosphorylated in well-known substrates including 

nuclear factor of activated T-cells (NFAT) and ɓ-catenin whose signaling pathway is discussed in the following 

chapter. 32 Other phosphorylation clusters have been reported, for example sequence K/R-X-K/R-X-X-S/T 

suggesting that, despite the ability to phosphorylate primed substrates, CK1 family is able to phosphorylate 

also unprimed substrates. 33,34  

CK1ŭ results a promising target since it is implied in several signaling pathways including Wnt/ɓ-catenin, 

Hedgehog, Hippo and p-53 pathways, thus playing an important role in the setting of physiological functions. 

Its deregulation can lead to the development of several diseases such as circadian rhythm disorders, cancer and 

neurodegenerative pathological conditions.   

 

1.3. Cellular signaling pathways and 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 1; Wnt/ɓ-catenin, Hippo, Hedgehog and p-53 signaling pathways are 

discussed in following chapter to understand the implication of CK1ŭ in the development of several types of 

cancers as well as the complexity of interconnections between the various members implied in these pathways. 

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

 

1.3.1. Wnt/ɓ-catenin signaling pathway 

Wnt name of the Wnt/ɓ-catenin signaling pathway takes its name from the fusion of ñwinglessò, gene encoding 

for Drosophila segment polarity and ñintegratedò, the vertebrate homolog 35 and controls lots of biological 

and physiological functions and it is finely regulated. The crucial role of the perfect coordination of this 

pathway is reflected in several features including organogenesis, cell determinations and the modulation of 

primary axis formation. 36 The aberrant counterpart of this pathway could lead to the development of several 

pathological conditions; the 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 

occurrence of familial adenomatous polyposis, a type of cancer. 37,38 Mutations at the level of ɓ-catenin gene 

could determine a wide range of tumors including hepatocellular carcinoma, colon cancer, melanoma and 

sebaceous skin cancer. 37,39,40,41,42 Wnt signaling pathway can be divided into canonical and non-canonical in 

relation to the ɓ-catenin dependence. 43 In the canonical one, the presence of Wnt signal that binds the Frizzled 

(Fzd) receptor and Lipoprotein Receptor-Related (LRP) co-receptor determines the turning on of the pathway. 
43 The signal leads to the intracellular phosphorylation of LRP6 in its PPPSPxS motif by CK1 and GSK3ɓ, 

members of the Axin complex. GSK3ɓ-mediated phosphorylation is the primary event in the pathway that 

primes CK1 to phosphorylate the S (serine) in the PPPSPxS  motif of LRP6. 44,45 The double phosphorylation 

of LRP6 generates the docking site for the recruitment of the Axin complex called ñdisruption complexò whose 

members are Axin, APC, GSK3ɓ and CK1Ŭ and the induction of Dishevelled proteins that move from the 

plasma membrane. 45,46 This provides the stabilization of the Axine complex and the accumulation of ɓ-catenin 

that translocates at the level of nucleus binding several transcription factors including TCF/LEF (T-cells 

factors/lymphoid enhancer factor), TBX5 (T-box transcription factor 5) and HIF-1Ŭ (hypoxia-inducible factor-

1Ŭ). 47 In the absence of Wnt signal, the ɓ-catenin recruited by the ñdisruption complexò is phosphorylated in 

Ser-45 by CK1Ŭ and in Ser-33, Ser-37 and Thr-41 by GSK3ɓ determining its recognition by ɓ-Transducin 

Repeat Containing E3 Ubiquitin Protein Ligase catalyzing the polyubiquitylation at Ser-19. The catalysis of 

this reaction prompts the degradation of ɓ-catenin by the proteasome system. 46,48,49,50 The canonical Wnt-

signaling pathway discussed above in its activation and inactivation phases is represented in Fig. 7. Even if 

the isoform Ŭ plays the main role in the pathway, also the other isoforms of Casein Kinase are involved; LRP6 
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is phosphorylated by CK1ɔ with a positive regulation and CK1Ů with a negative one indicating a very intricate 

and complicated regulation. 17,51,52 In addition, CK1ŭ and CK1Ů can be activated by Wnt signal traducing it in 

the phosphorylation of Axin complex in several sites determining the disruption of the complex and, 

consequently, the degradation of ɓ-catenin even if the signaling pathway is in the active mode. CK1Ů also plays 

a role in the stabilization of ɓ-catenin thanks to the action of DDX3 (RNA helicase) recruited during the Wnt-

activation and this isoform is able to phosphorylate TCF3, a transcription factor, mediating its bound to ɓ-

catenin. 17,51,53,54 

The non-canonical Wnt-pathway is defined as ɓ-catenin independent. Wnt signal, in this case, can 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 activation of ROCK 

(Rho kinase) and JNK (c-Jun N-terminal kinase) leading to the rearrangement of cytoskeleton and 

transcriptional response. 43,55,56,57 The same response of Wnt signal just described is also given by the triggering 

of phospholipase C activity via Frizzled GPCR-mediated (G-protein coupled receptors-mediated); the result is 

provided by the release of intracellular calcium. 43,58,59,60 Finally, isoforms ŭ and Ů are main characters in the 

positive regulation of non-canonical Wnt pathway phosphorylating DVL (Dishvelled) and, thus, providing the 

activation of Rho/JNK cascade. 17,51,53,54  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.2. Hippo pathway 

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

several types of cancer. The signaling pathway starts with the phosphorylation of large tumor suppressor 

LATS1/2 by mammalian Ste20-like kinase (MST1/2, ortholog of Drosophila Hippo) helped by adaptor protein 

Salvador (WW45) and MOB kinase activator 1 A/B (MOB1A/B). LATS1/2 is able to phosphorylate YAP 

!ŎǘƛǾŀǘŜŘ ²ƴǘπǎƛƎƴŀƭƛƴƎ ǇŀǘƘǿŀȅ LƴƘƛōƛǘŜŘ ²ƴǘπǎƛƎƴŀƭƛƴƎ ǇŀǘƘǿŀȅ 

Figure 7: representation of activated and inhibited Wnt-signaling pathway. In the presence of Wnt signal (activated pathway), the 

Axin complex is stabilized determining the accumulation and translocation of ɓ-catenin at the level of nucleus switching on the gene 

transcription. Without Wnt signal (inhibited pathway), instead, the Axin complex leads to the ubiquitylation of ɓ-catenin. 43 The image 

is created using BioRender. 
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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) determining the phosphodegron-mediated degradation of 

YAP/TAZ. 17,62,63,64 The just described mechanism is applied when the signaling pathway is in the ñonò mode; 

in this way the nuclear transcription of cyclin E and diap1, cell-cycle and death regulators, is locked. CK1ŭ 

and Ů are found as modulators in Hippo pathway since they are able to control several steps of the pathway. 

LATS phosphorylates on Ser-381 TAZ protein, and this is considered as a trigger event for the CK1ŭ/Ů-

mediated phosphorylation of phosphodegron of TAZ protein providing its degradation as a result. In addition, 

the TAZ phosphorylation on Ser-311 caused by the isoform Ů has proved to determine the same consequence: 

the ubiquitylation of TAZ. 17,62,65 Moreover, Xu et al. reported a possible connection between Hippo and Wnt 

pathways providing an idea of the complexity of interactions and concatenations between several members 

and effectors of pathways in vivo. MST1/2 can bind CK1Ů preventing the phosphorylation of DVL and 

determining the block of Wnt/ɓ-catenin pathway. 11  

 

1.3.3. Hedgehog pathway  

The Hedgehog pathway is predominant in child organism since its role in the organogenesis, while in adults it 

is important in renewing of epithelia of internal organs. Deregulations associated with this pathway can lead 

to the development of several cancer types including basal cell carcinoma, medulloblastomas, gliomas and 

gastrointestinal and prostate cancer. 66,67,68,69,70 Upstream of the pathway there is the activation of PTCH 

(membrane receptor Patched) by three Hh ligands: Sonic Hedgehog (Shh), Indian Hedgehog (Ihh) and Desert 

Hedgehog (Dhh). When ligands are absent, PTCH inhibits the activity of 7-pass membrane smoothened (SMO) 

blocking the signal transmission at the level of nucleus via glioma-associated oncogene transmission factors 

GLI1, GLI2, GLI3. Consequently, PKA, GSK3ɓ and CK1 are able to phosphorylate GLI factors making them 

available for the proteolytic degradation by suppressing the activity of SUFU (suppressor of fused), gene 

negative regulator of Hedgehog pathway. Moreover, SUFU prevents the activation of Hh genes by binding 

GLI in cytoplasm and nucleus. 17,71 When this cascade is in the ñonò modality, instead, Hh ligands can bind 

PTCH leading to the release of SMO and then activation of GLI factors that translocate at the nuclear level to 

start the transcription as reported in Fig. 8. 17,71 Interestingly, a crucial role of kinases CK1ŭ and GSK3ɓ have 

been proved by examining the phosphorylation of Ci-155 of an homolog in Drosophila of 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 SMO. 72,73,74,75,76 
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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 conditions. 77 The levels 

of p53 are finely regulated but, after various stimuli, the increase of activation is reported. Several functions 

are associated to p53, including apoptosis, autophagy and the repairment of DNA by regulating lots of 

transcription factors. 77 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 physiological condition. 78 Moreover, MDM2 acts with an anti-apoptotic role by 

switching E2F-1 from negative to a positive regulator of the progression of cell cycle. Subjected to a stress 

condition that determines a damage at the level of DNA, p53 inhibits MDM2 but the activity of this effector 

depends also to its phosphorylation state kinases mediated. 79 This suggests that several signaling pathways 

can modulate p53/MDM2 regulation. Interestingly, CK1 isoforms Ŭ, ŭ and Ů are found to phosphorylate p53: 

in response to a DNA damage, CK1ŭ can phosphorylate p53 at the level of Thr-18 and Ser-20 determining the 

impairment of the interaction with MDM2 and providing the binding with p300 resulting in the final activation 

of p53. Nevertheless, under physiological conditions, isoforms ŭ and Ů are able also to interact directly with 

MDM2 by phosphorylating several residues suggesting a crucial role of CK1 in the regulation of this signaling 

pathway. 79 

All the described pathways are involved in the development of several cancer diseases; thus, it appears evident 

the important role of Casein Kinase 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 functions in 24 h and 

deregulation of these factors can lead to the development of sleeping problems, metabolic diseases, and 

neurological disorders. In this scenario, the main characters are PER (PER1 and PER2), period proteins, and 

CRY (CRY1 and CRY2) proteins whose expression levels are finely regulated in time-dependent manner 

Figure 8: Hedgehog pathway: when ligands are absent, GLI factors are degraded by proteosome (ñoffò mode). At the presence 

of ligand, GLI factors can translocate at nuclear level activating the gene transcription. 17,71 Image created using BioRender. 



1. Introduction 

 
36 

during the day. These effectors can interact with CLOCK-BMALI -responsive circadian gene transcription 

regulating themselves expression at the nuclear level. CK1ŭ determines the inhibition of the transcription 

process by reducing the binding affinity of CLOCK-BMALI on DNA but it is also implied in the 

phosphorylation of PER and in degradation of this one together with isoform Ů thanks to the ñphosphoswitchò 

action. 11,80 The CK1-mediated 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 crucial for the regulation of circadian rhythm functions. 80 The isoforms ŭ and 

Ů can establish a balance between degradation and stabilization of PER due to the isoform preference of site: 

this equilibrium is called ñphosphoswitchò. In particular, as described in Fig. 9, CK1ŭ phosphorylates degron 

leading to its degradation ɓ-TrCP mediated while the Ů isoform prefers the binding with FASP stabilizing PER 

against the polyubiquitylation. 34 

 

 

 

 

 

 

1.5. Neurodegenerative diseases and the role of CK1 
CK1ŭ is involved in neurodegenerative diseases and results an appealing target to investigate for the 

development of possible 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 symptoms. This kinase is 

implicated in the pathogenesis of Alzheimerôs disease (AD), Parkinsonôs disease (PD) as well as Amyotrophic 

Lateral Sclerosis (ALS).  

1.5.1. Alzheimerôs disease  

The disease of Alzheimer is a neurodegenerative disorder characterized by the occurrence of dementia. The 

familial AD is linked by mutations at the level of the 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 

diseaseôs type since there are lots of factors and members interconnecting each other in the development of the 

pathological condition. 81 AD is characterized by the occurrence of memory deficits, cognitive and language 

impairments and, consequently, the failure in daily activities. 82,83 Hallmarks of this disease comprise the 

formation at the microscopic level of senile plaques composed by the aggregation and the accumulation of 

Amyloid ɓ (Aɓ) peptide and neurofibrillary tangles (NFTs) that are the result of the hyperphosphorylation of 

Tau protein (Ű) accompanied by neuronal loss and the insurgence of a neuroinflammatory process (Fig. 10). 81  

Figure 9: representation of the role of CK1ŭ and CK1Ů in degradation and stabilization of PER protein by interacting with Degron 

and FASP domains, respectively. The two isoforms can balance their effects in the modulation of PER, the main character in the 

development of circadian rhythm disorders. 34 
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The starting event that triggers the pathological conditions is debated: in literature an experiment conducted 

by Lewis et al. in two lines of transgenic mice expressing mutant forms of Ű protein and Amyloid Precursor 

Protein (APP) is reported. The result highlights that both the lines have been displayed neurofibrillary tangles. 
84 Nevertheless, evidences suggest that Aɓ aggregation prompts the impairments linked to the development of 

NFTs via caspase-3 activation leading to the cleavage of Ű protein, In addition, Aɓ peptide is able to reduce 

interactions between Ű and microtubules determining the loss of stabilization. 85,86,87,88 APP is a transmembrane 

protein (Fig. 11, Panel a) cleaved by Ŭ and ɓ-secretase (BACE-1); the first enzyme triggers the non-

amyloidogenic pathway and determines the obtainment of the soluble APPŬ (sAPPŬ) and Ŭ-CTF (ŬC-terminal 

fragment) while ɓ-secretase leads to sAPPɓ and ɓ-CTF via amyloidogenic pathway (Fig. 11, Panels b and c). 

The cleavage-products Ŭ and ɓ-CTFs are then processed by ɔ-secretase obtaining p3 that is rapidly degraded 

and Aɓ peptide of different lengths (Aɓ40 and Aɓ42) leading to the accumulation and the formation of senile 

plaques. 89,90,91 All this process is accompanied by chronic neuroinflammation but the real mechanism leading 

to the Aɓ formation is still unknown since it is demonstrated that the release of cytokines from neurons is not 

able to induce the Aɓ production. 92,93 Thus, Li et coworkers in 2020 demonstrated an indirect mechanism by 

which astrocytes, that control neuronal functions via extracellular vesicles (EVs), induce the release of CK1 

from the complex with GSK3ɓ and APC described in a previous chapter. ɓ-catenin is free to reach nucleus 

where it binds the Hnrnpc gene providing an increased amount of APP co-localized with BACE-1. 92 

Furthermore, Flajolet et coworkers have conducted an in silico analysis to find putative CK1 phosphorylation 

sites in proteins connected to the AD. Interestingly, from the computational studies several CK1 consensus 

sites have been discovered in APP, BACE-1 and ɔ-secretase. 94 This theoretical base has been investigated 

assaying CK1Ŭ, CK1ɔ, CK1ŭ and CK1Ů in N2A cells expressing APP and results suggest that only the isoform 

Ů is able to increase Aɓ40 and Aɓ42 and, moreover, the administration of CK1Ů inhibitors has proved to reduce 

the accumulation of Aɓ peptide modulating the APP cleavage operated by ɔ-secretase. Unexpectedly, the 

isoform ŭ is not connected to the overproduction of Aɓ peptide even if it shares a 97% of homology with the 

isoform Ů. This evidence suggests the presence of several substrates participating in the regulation of ɓ-amyloid 

cascade and several pathways implied in the development of pathology since it is demonstrated that CK1ŭ 

mRNA is strongly present in post-mortem. 94 Another hallmark of the AD, especially for familial one, is 

represented by mutations at the level of genes encoding for Presenilin (PS): PS1 and PS2. PS1 covers the role 

of being the catalytic subunit of ɔ-secretase. 95 Mutations at the level of PSEN1, gene encoding for PS1, are 

common in familial AD that leads to the production of Aɓ40 and Aɓ42. Another gene involved in the trigger 

of the pathology is represented by PSEN2 encoding for PS2 that is known as modulators of several signaling 

Figure 10: hallmarks of Alzheimer's disease: accumulation of amyloid ɓ plaques and neurofibrillary tangles (NFTs) composed by 

amyloid ɓ peptide (Aɓ) and disrupted Ű protein, respectively. Image created using BioRender. 
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pathways independent to ɔ-secretase. Regulating the intracellular Ca2+ homeostasis, it leads to a disruption in 

autophagy processes determining the progression of the neurodegenerative disease since the pivotal role of 

Ca2+. 96 The role of several kinases in the phosphorylation of PS2 leading to the modulation of the caspase-

activity is demonstrated but there is no evidence that supports the role of CK1 in PS-regulation. 97 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

An important feature that characterizes the AD as tauopathy is the insurgence of abnormal Tau protein (Ű) that, 

under physiological conditions, contributes to stabilize microtubules preserving physiological cellular 

functions. The microtubule-associated protein 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 (3R, 4R), repetitive sequences 

of 31-32 amino acids. 98,99,100 The primary structure is composed by 441 residues and it is susceptible to 

posttranslational modifications including phosphorylation, O-glycosylation, methylation, deamidation, 

acetylation and ubiquitylation. 99 Interestingly, Tau protein is known as a flexible and disordered structure that, 

after the binding with microtubule, is structured in stable folds composing fibrils as displayed in Fig. 12. 101  

Figure 11: Panel a) representation of APP; Panel b) amyloidogenic pathway with ɓ and ɔ-secretases cleavage; Panel c) non-

amyloidogenic pathway. Image adapted by ref. 93. 
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In AD, Tau protein is found mutated with an hyperphosphorylated status leading to the formation of 

neurofibrillary tangles (NFTs). The pattern of physiological phosphorylation of the protein changes with the 

development of the disease occurring especially in residues involved in the binding with tubulin to allow the 

stabilization of microtubule (Fig. 13) but also in other regions linked to conformation changes. 102,103 

 

 

 

 

 

 

 

 

 

Moreover, Tau abnormal modifications linked to a mutation of gene encoding for this protein are connected 

to the occurrence of unusual change in 3R:4R ratio leading to the deposition of hyperphosphorylated Tau. 104 

The region assigned to the binding is represented by amino acids S244-S368 in the C-terminal site of the 

protein. 105 Residues involved in the formation of earliest stage of the development of pathology are Ser-199, 

Ser 202-205, Thr-231 and Ser-262; hyperphosphorylation at the level of these amino acids is connected to the 

pre-tangles processes. 102,106 The chain of events suggests that it is complicated to establish the order and the 

role of each occurrence; the hyperphosphorylations at Ser-422 and Ser-396 represent an advanced pathological 

condition and these residues appear as the most relevant. 102 The event that determines the aggregation of Tau 

protein is the cleavage of Asp-421 and curiously, the phosphorylation on residue 422 tends to inhibit this 

cleavage process suggesting and intricated system of events to determine the development of the AD. 102 The 

hyperphosphorylated Tau protein at this point becomes inclined to self-assemble obtaining pathological 

intracellular paired helical filaments (PHFs) leading to the accumulation and, as a result, the development of 

Figure 12: crystal structure of Ű protein organized in 

fibrils bound to the microtubule in two points of view. 

PDB Code: 2MZ7.  

Microtubule stabilized Microtubule disrupted 

Ű protein Hyperphosphorylated 

Ű protein Formation of 

neurofibrillary tangles 

Physiological state Pathological state 

Figure 13: physiological and pathological states: in the first mentioned, Tau protein stabilizes microtubule. When 

hyperphosphorylation occurs, microtubule is disrupted, and the result is the accumulation of abnormal Tau forming fibrils and then 

neurofibrillary tangles. Image created using BioRender. 
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NFTs that determine neuronal loss. 103,107 Since excessive phosphorylation appears as a posttranslational 

modification occurred in Tau protein in a pathological statement, it is reported that many kinases are involved 

in this reaction contributing to the trigger of the neurodegeneration. 102 Li and coworkers reported in 2004 the 

role of CK1ŭ in phosphorylation of Ser202/Thr205 and Ser396/Ser404 of Tau protein: the use of IC261 as 

inhibitor determines the decrease of the phosphorylation. 108 Nevertheless, CK1-mediated phosphorylation 

sites in Tau protein are various; 109 even if its role, in comparison to other kinase in the development of AD is 

less studied, at least 15 residues are found to be phosphorylated by CK1 in in vitro models of Tau. The study 

carried out together GSK3ɓ suggests that the combination of the two enzymes can lead to the worsening of the 

hyperphosphorylation statement. 104 The Table 3 below resumes the studied sites phosphorylated by CK1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, to validate the role of CK1 in the abnormal prospect of Tau protein, a study of sequences of Syrian 

hamster Tau and hibernated and not rodents was carried out. It is well established that the hibernated animals 

show similarities with the AD modifications including the phosphorylation state of Tau protein whose changes 

are detected in CK1-dependent manner in hibernated rodents. 110 Interestingly, since the real mechanism by 

which CK1 acts on Tau alterations is not fully understood, the most recent evidence of the role of CK1 in the 

AD is provided by Roth and coworkers. 111 This study confirms CK1ŭ, in particular, as a challenging target. 

Investigating the phosphorylation of recombinant tau441, ten sites and, among them, five linked to AD, were 

recognized: many of these residues were reported by previously described work of Hanger et al. in 2007 while 

sites Ser-324 and Thr-427 were not detected before. The massive phosphorylation is displayed for residues 

243-441, many included in C-terminal region that is involved in the microtubule-binding (Fig.14). 105,111 

Site in Tau protein CK1 

S113 *  

S184 *  

S198 *  

S208 *  

S210 ½ 

T212 ½ 

S214 *  

S237 *  

S238 *  

S258 *  

S262 *  

S289 *  

S356 *  

S396 *  

S404 *  

S412 *  

S413 ½ 

T414 ½ 

S416 *  

S433 *  

S435 *  

Table 3: phosphorylation sites in Tau protein (abbreviations: S = serine, T = threonine). The asterisks indicate that residues are 

phosphorylated by CK1 identifying them in AD brain extracts. Symbol ½ indicates that the phosphorylation occurs at two closely-spacer 

amino-acids. Table adapted by Ref 104. 
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The presence of CK1ŭ and Tau protein was also explored in neuronal cell anatomy revealing a co-localization 

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 CK1ŭ in the formation of Tau aggregates leading to PHFs since the phosphorylation of Ser-441 is 

attributed to the propensity of Tau to aggregate. 111 Nevertheless, not only the isoform ŭ is involved in the AD 

initiating events and progression: in a study of 2006 examining the hippocampal regions of advanced-stage 

AD brains, CK1ŭ was localized prevalently in granulovacuolar degeneration bodies while the Ŭ one in 

neurofibrillary regions. 112 CK1Ů, as well, has been investigated in cell cultures displaying a massive 

hyperphosphorylation of Tau protein. 90 All these studies together suggest that CK1 appears as an important 

member in the development of AD pathology acting at various levels.  

 

 

 

 

 

 

 

 

1.5.2. Parkinsonôs disease 

Parkinsonôs disease (PD) is a neurodegenerative disorder characterized by insurgence of several and 

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

movements as well as in language. This pathological condition is accompanied by the formation of Lewyôs 

bodies (LBs) composed by the accumulation of abnormal Ŭ-Synuclein (Ŭ-Syn) (Fig. 16). 113,114,115 

 

Figure 14: phosphorylation sites in full-length Tau protein. 

Image is reported in a recent study of 2022 (ref. 105), and it is 

possible to appreciate residues S68 and T71 in N-terminal 

domain and T427 in C-terminal region not reported in ref 104 of 

2009. 

Figure 15: representation of all the CK1-

mediated phosphorylation sites in Tau 

protein. Image adapted by Ref. 109. 
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The aggregate causes disruption in the dopamine biosynthesis leading to the inhibition of tyrosine hydroxylase 

(TH), enzyme that determines in normal situations an increase in dopamine production. 116 In a physiological 

scenario, dopamine (DA) plays an 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 level. 117 With the progression of the disease, damages 

and loss of dopaminergic neurons can occur at the central compartment called substantia nigra. 118,119 90% of 

Ŭ-Syn aggregates reported the phosphorylation at Ser-129 and this modification was found related to 

modulation of dopamine uptake. 120 Nevertheless, also phosphorylation at tyrosine residues has been recovered 

but less studied. 120 Several kinases have been found to be able to phosphorylate in vitro and in vivo Ŭ-Syn and 

to be implied in generally in the PD development: Polo-like kinases (PLKs), G protein coupled receptor kinases 

(GRCs), leucine-rich repeat kinase 2 (LLRK2), PTEN-induced putative kinase 1 (PINK1), cyclin G-associated 

kinase (GAK), serine-threonine kinase 39 (STK39), c-Jun N-terminal kinase (JNK), extracellular signal-

regulated kinase (ERK), protein kinase B (PKB), glycogen synthase kinase 3ɓ (GSK3ɓ), mammalian target of 

rapamycin kinases (mTORKs) as well as casein kinase 1 and 2 (CK1/2). 121 According to the literature CK1 

and CK2 are able to induce in vitro the phosphorylation on Ser-129 and, as counterproof, the inhibition of the 

two kinases has displayed the decrease of Ŭ-Syn phosphorylation even if more studies need to demonstrate the 

role of CK1 in the development of PD. 121,122 Elsholz and co-workers, in a recent work, have confirmed the 

role of this kinase in the pathology; by overexpressing CK1 binding protein (CK1BP), that is able to inhibit 

CK1 activity, in HEK293T cells, the Ser-129 phosphorylation as well as the aggregation of Ŭ-Syn has been 

evaluated and results confirm the key role of CK1 in the development of AD. 123 Another implication of this 

Figure 16: Panel A) schematic representation of Ŭ-Syn. Panel B) in a pathological scenario, Ŭ-Syn appears hyperphosphorylated 

and in abnormal form resulting in the accumulation of fibrils and the formation of Lewy bodies (LBs) causing damages at the level 

of neurons. 115 
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kinase in the disease is related to the activation of cyclin-dependent kinase 5 (CDK5) CK1-mediated triggered 

by the activity of dopamine receptors (D3Rs). This action can induce the inhibition of P/Q-type Ca2+ channel 

determining the block of DA release at the synaptic level. 115 Even if symptoms appear different, the disorder 

shares the formation of NFTs with Alzheimerôs disease confirming itself as a tauopathy. 109 There are several 

connections between Tau protein and the development of Parkinsonism: Lewy was the first that described 

NFTs in the disease.84,109,124 In addition, the phosphorylation at Ser-396 of Tau protein is detected in PD-

affected brains and the co-localization of abnormal Tau and Ŭ-Syn in LBs determined the development of PD. 
109,125,126 All the collected evidence highlights the important role of CK1 in the PD and the 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 the injury, damage, 

and progressive loss of motor neurons. Mutations at the level of TDP-43 (Trans activation response DNA 

binding protein 43 kDa) provide the possibility of insurgence of the pathological condition. In a physiological 

situation, this factor can bind DNA and RNA at the nucleus level leading to mRNA modulation. Mutations of 

TDP-43 cause its localization in cytoplasm in a ubiquitylated and hyperphosphorylated 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 compartments and the occurrence of 

mutations and modifications can break this statement determining the mis-localization. 127 The progression of 

the disease determined by the loss of motor neurons is triggered by the aggregation of this factor in the 

abnormal aspect that contributes to create stress granulates (SGs), and the resulting oxidative stress determines 

the development of toxicity at neuronal level. TDP-43 is composed by an N-terminal domain that contains the 

nuclear localization signal (NLS) and two recognition motifs (RRM1 and RRM2) required for the activity at 

the level of RNA and DNA, and a C-terminal domain composed by a glycine-rich motif. 127,128 Instead, the real 

structure of aggregates of TDP-43 was unknown even if a recent work of Arseni and co-workers has reported 

the structure of these filaments using cryo-EM starting from samples of frontal and motor cortices of ALS-

affected patients. 129 Interestingly, TDP-43 with its abnormal aggregates is also recovered in Alzheimerôs 

disease and Parkinsonôs disorder confirming that possible candidates able to decrease its phosphorylated status 

can be very useful as tools and for the treatments of different neurodegenerative diseases. 129,130 The two 

posttranslational modifications hyperphosphorylation and hyperubiquitylation were detected in ALS patients, 

evidencing that the phosphorylation can be the primary event that triggers the other phenomenon even if the 

two modifications influence each other in the pathology. The ubiquitin system has an important role in a 

physiological condition determining the degradation of toxic complexes via proteasome while, in the 

pathological counterpart, defects and injuries at the level of autophagic system are detected. In ALS models, 

several phosphorylation sites are reported on TDP-43 including Ser-379, Ser-403, Ser-404, Ser-409, Ser-410 

even if lots of sites have been detected in its structure without enough data to support their real existence and 

role in the development of ALS (Fig. 17). 127,131,132,133 The presence of hyperphosphorylated and mis-localized 

TDP-43 has been found also in FTDL (Frontotemporal lobar degeneration) characterized by atrophy in frontal 

and temporal lobes. 134 



1. Introduction 

 
44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nonaka and colleagues have demonstrated the relationship between this hallmark and CK1ŭ in neuroblastoma 

cell lines (SH-SY5Y) reporting that the hyperactivated form of this kinase is able to determine the 

cytoplasmatic mis-localization as well as the hyperphosphorylation of TDP-43 and it is possible to see in cells 

the formation of aggregates triggering the neurodegenerative process. 135 The phosphorylation sites of TDP-

43 related to the activity of CK1ŭ have been identified: 29 total residues have been recognized and among 

them 18 are located in the C-terminal domain of TDP-43 in the glycine-rich zone demonstrating that this is the 

preferred domain in which the kinase works. 136 Some CK1ŭ inhibitors bearing benzo[d]thiazole scaffold, that 

will be discussed in the chapter 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. 137 The performed test using SH-SY5Y cell lines confirmed the role of CK1ŭ in the 

development of disease and the importance that new candidates could have in the study of ALS and in its 

treatment. For this reason, this is the approach that we have applied in this PhD project to investigate the role 

of the most promising compounds in ALS cell models. Moreover, also the isoform Ů has been found to prompt 

ALS symptoms by enhancing the TDP-43 proteinopathy in vivo. 138 Interestingly, CK1 is not only implicated 

in the development of the disease by phosphorylating TDP-43; mutations at the level of charged multivesicular 

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

of autophagic system and vesicle trafficking. Thus, the pathogenicity is given by disruption of autophagic and 

endolysosomal pathways determining the accumulation of proteins involved in physiological proteasome 

systems and this event can determine the aggregation of TDP-43. 139 CHBP2B is able to interfere with the 

phosphorylation of TDP-43 by regulating the turnover of CK1 mediated by ubiquitin-proteasome system, in 

Figure 17: TDP-43 phosphorylation sites. The panel A shows TDP-43 (441 residues) that is composed by NLS (nuclear localization 

signal) motif in N-terminal domain, two RNA recognition motifs (RRM1 and RRM2) and a glycine rich domain in C-terminal one. 64 

phosphorylation sites are detected in ALS/FTLD-TDP patients (reported above the diagram A), many residues were investigated 

using immunostaining (red residues) or linked to the regulation of TDP-43 splicing (light blue residues). Panel B reports mutations 

occurred on TDP-43, among them several are connected to mis localization, altered protein interactions, aggregation and longer 

half-like (reported in the appropriate color according to the box of color code. 127  
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fact the downregulation of CHBP2B has proved to determine the decrease in TDP-43 phosphorylation in 

Drosophila models as well as mammalian cells. 139 In order to demonstrate this CHBP2B activity mediated by 

the action of CK1, it has been demonstrated that the autophagy system does not interact with TDP-43 

phosphorylation and, moreover, the activity of this protein towards CK1. 139 Literature explored suggests that 

the research is still opened to investigate 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 been classified in five classes based on the position of molecule within 

the target.  

ü Type I: small molecules able to bind the ATP-binding site of the kinase in the active conformation 

(DFG-in). The standard exploration of this class of inhibitors provides a heterocyclic core that occupies 

the adenine binding region establishing from one to three hydrogen bonds with residues belonging to 

the ATP cleft. The main scaffold is substituted with different moieties that can exploit the hydrophobic 

sites of this pocket trying to improve selectivity and potency. 140,141 

 

The five subregions in which the ATP-binding site can be divided are reported in Fig. 18; ATP is 

represented with its interactions towards the active site of the kinase domain.  

 

¶ Adenine binding region: the zone occupied by adenine that is able to establish two hydrogen 

bonds with residues of the hinge region mediated by N1 and N6 nitrogen atoms. 142 

¶ Sugar pocket: is the hydrophilic region of the ATP-binding site exploited by the sugar ribose 

of the ATP. 142 

¶ Hydrophobic region I (HRI): it consists in a site that is not occupied by the ATP molecule; it 

can be exploited by developed compounds to gain more potency and selectivity trying to 

achieve the gatekeeper residue presented at the level of the hinge region. 142 

¶ Hydrophobic region II (HRII): this site is exposed to the solvent, and it can be useful to 

investigate in the development of more potent inhibitors. 142 

¶ Phosphate binding region: also this site appears to be exposed to the solvent; it can be explored 

to develop more selective inhibitors since residues in this region are not conserved among 

kinases. 142 
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Interestingly, Zuccotto and co-workers have identified a subset of type I 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 cavity giving interactions that are typical of type II inhibitors; for 

this reason, called type ½ inhibitors. 141 

 

ü Type II: small molecules that bind the same ATP pocket but with the kinase in the inactive 

conformation (DFG-out). Type II inhibitors can occupy the ATP binding site extending to the adjacent 

allosteric one determining a rearrangement of phenylalanine belonged to the DFG motif out of 

hydrophobic pocket towards the ATP region. This type of inhibitors present enhanced selectivity in 

comparison to the just discussed type I. Categories I and II are ATP-competitive inhibitors. 141   

ü Type III: allosteric inhibitors that can bind adjacent to the ATP-binding pocket between the two lobes 

where the catalytic site of the kinase is present. Their most representative feature is characterized by 

a high selectivity since this type of inhibitor can interact with the regulatory mechanisms of enzyme. 
143 

ü Type IV: allosteric inhibitors that bind outside of the catalytic cleft of the kinase. Also in this case, 

molecules are characterized by selectivity. 144 

ü Type V: this class is explored by bivalent inhibitors composed by two portions able to interact with 

different regions of the kinase. It is possible to design type V inhibitor choosing accurately both 

nucleus and substituent in order to achieve a potent and selective candidate. 145 

ü Type VI: is represented by covalent inhibitors that have several advantages including the long half-

life and the maximized effectiveness even if the toxicity due to the off-target effect is discussed. This 

type of inhibitor is characterized by a heterocyclic core substituted with an electrophile portion  (Fig. 

19) able to give interaction with a cysteine or lysin of target. 146,147,148 

Figure 18: ATP-binding site composed by five sites: adenine binding region, hydrophobic pockets (I and II), sugar pocket 

and phosphate binding region. 
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Figure 19: examples of electrophile moieties for the design of covalent inhibitors. 140,141 

 

1.6.2. CK1 inhibitors 

1.6.2.1. IC-261: indol-2-one derivative 

IC-261 (1) was synthesized in 2000 and displayed an interesting activity towards both the isoforms ŭ and Ů of 

CK1 due to the high homology of the structures. It showed an IC50 of 1.0 ɛM and selectivity against other 

kinases including PKA. As showed in Fig. 20, this candidate 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 

occupies the adenine region of the kinase domain while the trimethoxy phenyl moiety binds the phosphate 

binding region establishing hydrogen bonds. Interestingly, this compound has been tested in vitro in cell lines 

due to the implication of CK1ŭ/Ů in pancreatic tumors. 149,150 

 

 

 

 

 

 

1.6.2.2. Monocyclic system inhibitors: imidazole, pyrazole and isoxazole 

Compound D-4476 (2), bearing an imidazole scaffold (Fig. 21), was developed in the first years of the 2000s 

as inhibitor of activin receptor-like kinase 5 (ALK-5), enzyme involved in several types of cancer diseases that 

induce modulations in tumor grown factor ɓ (TGF ɓ). Later, in the screening on the kinome panel, it showed 

inhibitory activity on CK1ŭ reporting an IC50 of 0.3 ɛM. 151  

 

 

 

 

 

 

IC-261, 1                           

IC50 CK1ŭ/Ů = 1.0 ɛM 

 

Figure 20: structure of IC-261 (1) and its activity on CK1ŭ/Ů. 

D-4476, 2                           

IC50 CK1ŭ = 0.3 ɛM 

 

Figure 21: structure of D-4476 (2) and its activity on CK1ŭ. 
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Successively, the imidazole nucleus has been revaluated: originally this fashionable scaffold was used to the 

design of p38Ŭ inhibitors, then Peifer and co-workers discovered an activity towards CK1ŭ of compound 3 

and 4 (Fig 22) in the nanomolar range. 152 Compound 3 displayed an IC50 (CK1ŭ) of 5.0 nM but it inhibited 

also the isoform Ů (IC50 = 73 nM). The sulfoxide derivative (4), obtained from the precursor 3, instead, has 

proved to be more selective reporting an activity on CK1Ů of 40-fold related to the isoform ŭ. 152 

.  

 

 

In the year 2017 Halekotte et al. published an interesting series of 4,5-diarylimidazoles as potent CK1ŭ 

inhibitors by optimizing the series previously discussed. Due to the chemical instability of cinnamic acid as 

spacer between dimethoxy phenyl ring and pyridine moiety, other types of chains have been evaluated 

considering amino, amido, ureido and pyrrole-amido linkers as reported in Fig. 23. 25 

 

 

 

 

Compounds 7 and 8 have resulted the best of the series reporting IC50s (CK1ŭ) of 4.0 and 8.0 nM, respectively 

(Fig. 23). Derivative 8 displayed also a great selectivity related to the isoform Ů, comparable to that exhibited 

by parent compound 3. 25 

Interestingly, another potent imidazole inhibitor PF-670462 (9) (Fig. 24, Panel A) was developed reporting 

IC50s on isoforms ŭ and Ů of 14 nM and 7.7 nM, respectively. The crystal structure of this compounds reported 

in Fig. 24 (Panel B) reveals that it anchors the ATP-binding site of CK1ŭ establishing a double hydrogen bond 

3                                           

IC50 CK1ŭ = 5.0 nM     

IC50 CK1Ů = 73 nM 

 

4                                         

IC50 CK1ŭ = 11 nM           

IC50 CK1Ů = 447 nM 

 

7                                           

IC50 CK1ŭ = 4.0 nM     

IC50 CK1Ů = 25 nM 

 

8                                           

IC50 CK1ŭ = 8.0 nM     

IC50 CK1Ů = 81 nM 

 

Figure 22: structures of compounds 3 and 4 and their activities on CK1ŭ and CK1Ů. 

Figure 23: 4,5-diarylimidazole scaffold compounds (5-8) and their IC50s on CK1ŭ/Ů.. 

5                                           

IC50 CK1ŭ = 386 nM     

IC50 CK1Ů = 6731 nM 

 

6                                           

IC50 CK1ŭ = 20 nM     

IC50 CK1Ů = 129 nM 
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with Leu-85, residue belonged to the hinge region, through the amino-pyridine backbone. The fluorophenyl 

moiety engages strong hydrophobic interactions with Met-80 and Met-82 (gatekeeper residue) while the -NH 

of imidazole core can interact with the catalytic Lys-38 and Asp-149 of DFG motif through a water molecule. 

It is a promising inhibitor: it displayed a good selectivity profile showing binding affinity over few other 

kinases like PKAŬ, p38, EGFR, LCK,and MAP4K4. 21 

 

 

 

 

 

 

 

PF-670462 (9) was used as tool in vitro and in vivo studies involving the circadian rhythm disorders due to the 

implication of the isoform Ů. 153,154,155 Moreover, Janovska et al.  demonstrated a role of this inhibitor also in 

chronic lymphocytic leukemia (CLL) since CK1ŭ/Ů is resulted implying in the Wnt signaling pathway that 

appears disrupted in this pathologic condition. The study on mouse reveals that the inhibition of this kinase 

using PF-670462 leads to the decrease of the accumulation of leukemic cells in peripheral blood obtaining a 

longer survival with the administration of the drug. 156 

According to Mente and co-workers, an optimization of PF-670462 (9) has been carried out to develop 

pyrazole-substituted pyridine compounds able to permeate at the central level gaining a selectivity towards 

CK1ŭ. PF-670462 (9) binds both the isoform Ů as well as the five other kinases mentioned above. Thus, this 

compound can be optimized from the point of view of druglike properties and selectivity profile. 24 

 

 

 

 

 

 

Compounds 10 and 11 (Fig. 25) have displayed IC50s (CK1ŭ) of 48 nM and 14.2 nM, respectively, showing 

good BBB permeation properties and an excellent selectivity profile considering the kinases that PF-670462 

was able to bind. Moreover, these candidates have been tested in vivo on mice demonstrating the capability to 

modulate the circadian rhythm confirming their usefulness as tools for the study of circadian rhythm-related 

pathological condition. 24  

Starting from the co-crystalized complex of CK1ŭ and PF-670462 (9), a series of isoxazole molecules was 

developed. Compound 12, reported in Fig. 26, showed an IC50 of 33 nM on CK1ŭ and it is possible to 

appreciate the analogy of substituents with the 5,6-diarylimadozoles previously discussed. 4-fluorophenyl 

moiety can bind the hydrophobic pocket I, stabilizing the structure between sidechains of Lys-38, Met-80 and 

PF-670462, 9               

IC50 CK1ŭ = 14 nM           

IC50 CK1Ů = 7.7 nM 

 

10                                    

IC50 CK1ŭ = 48 nM           

 11                                   

IC50 CK1ŭ = 14.2 nM           

 

A 

 

B 

 

Figure 24: structure (Panel A) and predicted binding pose on CK1ŭ (B) of compound PF-670462 (9).  

Figure 25: compounds 10 and 11 and their activities on CK1ŭ. 
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the gatekeeper residue, while the amino pyridinyl moiety establishes a double hydrogen bond at the level of 

the hinge region. The main isoxazole core engages another hydrogen bond with a molecule of water; regards 

the cinnamic portion and the linked polimethoxy phenyl group, this part of the compound can place itself in 

the hydrophobic pocket II in the ATP-binding site (Panel B, Fig.26). 157  

 

 

 

 

 

 

 

 

 

To achieve additional interactions occupying the hydrophilic ribose pocket, a pyrrole ring has been inserted to 

the main scaffold to provide selectivity. Compound 13 (Fig. 27, Panel A) has reported IC50s of 37 nM on 

CK1ŭ and 100 nM on CK1Ů. Nevertheless, it displayed an excellent selectivity profile against 320 kinases as 

the dendrograms represented in the Panel B of Fig. 27. 157  

 

 

 

 

 

 

 

 

 

 

 

 

 

13                                        

IC50 CK1ŭ = 37 nM           

IC50 CK1Ů = 100 nM 

 

12                                    

IC50 CK1ŭ = 33 nM           

 

Figure 26: structure of compound 12 (Panel A) and predicted binding pose on CK1ŭ (Panel B). Computational image of Ref. 157. 

A 

 

B 

 

Figure 27: structure of compound 13 and the screening on 320 kinases, derivative tested at the concentration of 1 ɛM. 

The dendrograms is adapted from ref. 157. 

 

B 

 

A 
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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 

derivatives bearing this type of scaffold has been reported by Oumata et al. developing Roscovitine-like 

candidates. 158 (R)-roscovitine and its ñsecond generationò derivative (S)-CR8 (14, Fig. 28), inhibitors of 

cyclin-dependent kinases (CDKs) are found to be able to also inhibit several kinases, among them CK1ŭ/Ů. 159 

Thus, repurposing the same nucleus, several CK1ŭ inhibitors have been obtained. As reported in Fig. 29, 

compounds 15-17 have proved to be the best of the developed series displaying IC50s of 50 nM, 80 nM and 48 

nM, respectively. Interestingly, these derivatives displayed antiproliferative properties when tested in 

neuroblastoma cell lines (SH-SY5Y) and have proved to reduce the formation of ɓ40 peptide. 158 Compounds 

15-17 have been tested on CDK1, CDK5 and GSK3Ŭ/ɓ and, in particular, derivative 15 has displayed a good 

selectivity towards CK1ŭ considering the just mentioned kinases. 

 

 

 

 

 

 

 

 

Nevertheless, several series bearing this main bicyclic core have been developed. Compound 18, reported in 

Fig. 30, with the name of SR-653234 revealed an inhibitory activity on the isoform ŭ of 160 nM. Using it as a 

precursor, positions 2 and 3 of benzimidazole have been investigated. The introduction of a nitro group at the 

2-position led to compound 15, which showed an improved IC50 of 49 nM. The potency has been increased by 

substituting this position with methane sulfonic moiety (20) and studying the 3-position, trifluoromethyl, cyan, 

methoxy groups as well as the methane sulfonic one have been inserted achieving potent and promising 

derivatives (21-24). 160 

Figure 29: compounds 15-17 and activities on CK1ŭ. 

15                                        

IC50 CK1ŭ = 50 nM            

 

16                                        

IC50 CK1ŭ = 80 nM            

 

17                                        

IC50 CK1ŭ = 48 nM            

 

Figure 28: structure of (S)-CR8 (14). 
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More recently, Monastyrskji and co-workers optimized these purine scaffold compounds by substituting 

morpholine and thiophene moieties of derivatives 18-24 as reported in Fig. 31. 2 and 3-positions of 

benzoimidazole ring have been occupied by halogens while morpholine has been replaced by piperazine. 

Derivatives 25 and 26 have proved to be potent and promising towards CK1ŭ obtaining IC50s of 4 and 5 nM, 

respectively. 161  

 

 

 

 

 

 

 

 

 

 

1.6.2.4. Bicyclic inhibitors: benzo[d]imidazole and benzo[d]thiazole derivatives 

Bischof and co-workers developed by an in-house screening a series of benzo[d]imidazole compounds and 

among them, in particular, two molecules have proved to be promising tools. Compounds 27 and 28 displayed 

IC50s (CK1ŭ) of 40 nM and 42 nM, respectively. Moreover, derivative 27 has proved to be selective on a panel 

of 442 kinases even if an activity on the isoform Ů as well as other CK1 isoforms has been detected. The results 

of the selectivity screening testing compound at the concentration of 10 ɛM are reported in Fig. 32 (Panel B). 

The candidate showed an inhibition of proliferative effect in cancer cell lines. 23 

 18, IC50 CK1ŭ = 160 nM 

19, IC50 CK1ŭ = 49 nM 

20, IC50 CK1ŭ = 16 nM    

21, IC50 CK1ŭ = 13 nM    

22, IC50 CK1ŭ = 11 nM   

23, IC50 CK1ŭ = 17 nM 

24, IC50 CK1ŭ = 10 nM                                                    

            

          

 

25                                  

IC50 CK1ŭ = 4.0 nM  

            

          

 

26                                  

IC50 CK1ŭ = 5.0 nM  

            

          

 

Figure 30: SR-653234 (18) and its derivatives 19-24. Activities on CK1ŭ are reported. 

Figure 31: compounds 25 and 26 and activities on CK1ŭ. 
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These promising compounds are then modified to improve the selectivity towards the other isoforms of CK1, 

especially the Ů one. The benzo[d]imidazole scaffold has been functionalized with difluoro-dioxolo moiety 

and the developed derivatives have shown not only a good selectivity, but they revealed important efficacy in 

several tumor lines. 162  

Compounds 29-31 reported in Fig. 33 have displayed interesting activities on CK1ŭ of 20 nM, 140 nM and 

570 nM, respectively, and they reported a good selectivity towards CK1Ů. 

Bischof-5, 27                                  

IC50 CK1ŭ = 40 nM      

IC50 CK1Ů = 199 nM 

  

            

          

 

Bischof-6, 28                                  

IC50 CK1ŭ = 42 nM      

IC50 CK1Ů = 33 nM  

            

          

 

A 

            

          

 

B 

            

          

 

Figure 32: structures and activities of compounds 27 and 28 (Panel A) and selectivity profile of compound 27, ref. 23 (Panel B). The 

table reports the % binding on kinases in which an activity was detected testing compound 27 at the concentration of 10 ɛM.  
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Interestingly, the predicted binding pose reported in Fig. 34 suggests that compound 29 can bind the ATP-

binding site in the same manner of Bischof-5 (27); the imidazole main nucleus establishes a double hydrogen 

bond with Glu-83 and Leu-85 of the hinge region while additional hydrophobic interactions are reported with 

Ile-23, Leu-84, Leu-85 and Pro-87. 162 

 

Figure 34: predicted binding pose of compound 29. 162 

Moving to another type of bicyclic scaffold, benzo[d]thiazole nucleus was widely used for the development of 

CK1ŭ inhibitors. Salado and co-workers starting from a virtual screening of in-house compounds have 

synthesized potent and selective inhibitors applying structural modifications to achieve several lead 

derivatives, the best ones are reported in Fig. 35. 163 

31                                  

IC50 CK1ŭ = 570 nM       

IC50 CK1Ů = 999 nM 

            

          

 

29                                  

IC50 CK1ŭ = 20 nM       

IC50 CK1Ů = 210 nM 

            

          

 

30                                  

IC50 CK1ŭ = 140 nM       

IC50 CK1Ů = 520 nM 

            

          

 

Figure 33: structures of compounds 29-31 and activities on CK1ŭ/Ů. 
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Compounds 32 displayed excellent selectivity profiles: it has been screened in a panel of 456 kinases at the 

concentration of 10 ɛM denoting a marked difference in percentages of binding (Fig. 36). 163 

 

 

Figure 36: selectivity profile of compound 32 in a panel of 456 kinases. Data are shown in kinome tree; according to the legend, size 

of dots agrees with the % binding. The derivative was tested at the concentration of 10 ɛM. 163 

Moreover, compounds 32 and 33 have displayed druglike properties demonstrating to be able to cross BBB in 

vitro by conducting the BBB-PAMPA (BBB-Parallel Artificial Membrane Permeability Assay). Moreover, 

they test of compounds on HEK293 cell lines showed an increase in the prevention of TDP-43 phosphorylation 

and, to support the in vitro experiment, these two molecules have proved to be neuroprotective in transgenic 

Drosophila models of TDP-43 proteinopathies. 163 

Interestingly, the same research group of Martinez has published in 2021 the biological investigations on IGS-

2.7 (32) as CK1ŭ inhibitor assaying it in human neuroblastoma cells and in transgenic mice. A decrease in 

pTDP-43 was detected in both in vitro and in vivo systems showing neuroprotective effects confirming IGS-

2.7 (32) as a promising candidate for the study of ALS. 164 

IGS-2.7, 32                                  

IC50 CK1ŭ = 23 nM  

            

          

 

33                                  

IC50 CK1ŭ = 10 nM  

            

          

 

Figure 35: compounds 32 and 33 and their activities. 
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1.6.3. Development of compounds with CNS-druglike properties 

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

Permeability Assay (PAMPA) 

The development of CK1ŭ inhibitors for the potential treatment of neurodegenerative diseases implies the 

possibility to exploit their function at the central level. The blood brain barrier (BBB) separates brain from the 

rest of organism, and it is composed by endothelial cells and tight junctions. Transport mechanisms to 

overcome BBB comprise paracellular diffusion of water-soluble agents, transcellular diffusion that allows the 

passage through phospholipid barrier in favor of lipid soluble small molecules and carrier-mediated transport 

of molecules (active influx and active efflux carriers) applying suitable gradient concentration to support 

transporters. 165,166,167 BBB allows the preservation of the integrity of physiological conditions 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 damages of the BBB integrity and concomitant increase of CNS permeability. The result implies 

the exposition of BBB to pro-inflammatory cytokines contributing to determine neuroinflammation. To predict 

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

be performed: this test consists in an in vitro technique that simulates BBB using porcine lipids brain containing 

phosphatidylcholine and phosphatidylserine solved in inert organic solvent. The experiment is performed using 

a bicompartmental system and data are validated testing in the same plate 10 known commercial drugs whose 

results allow also to establish the cut-off values to categorize BBB permeable and BBB not permeable 

compounds. The solution of desired 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 compounds (Fig. 37).168,169,170,171  

 

  

 

 

 

 

 

 

 

 

1.6.3.2. Druglike properties of compounds  

Most of small molecules can enter at the level of CNS via passive diffusion across BBB. To allow brain uptake, 

the designed compounds must respect some parameters including molecular weight, lipophilicity, hydrogen 

bonding, polar surface area and charge and molecular flexibility. 166 

- Molecular weight: the passive diffusion is allowed at considerable small size molecules. Molecular 

mass could be settled in the range of 400-500 Da. 166 

- Lipophilicity: to across the BBB, small molecules must have lipophilic behavior. LogP, partition 

coefficient between n-octanol and water at 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 -

Figure 37: schematic representation of PAMPA assay; compound inserted in the donor compartment permeates at the level of the 

acceptor one where buffer is present. The amount of compound is detected after the incubation time using absorbance mode. Image is 

made using BioRender. 
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0.05 and 6.0, consequently optimal values of logP to estimate lipophilicity stand between 1.5 and 2.7. 
166,172 

- 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 H-bond acceptor. 166 

- 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 60-90 Å. The charge of the candidate also results important an 

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 improves the 

BBB-permeation. 166 

- 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 bonds not connected 

to the main scaffold or to a non-terminal heavy atom. 166 

All the above discussed requirements provide an important framework for the design of druglike compounds 

from the point of view of solubility and absorption. The 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 excretion and CNS permeation as attractive feature. 173,174 LogP or LogD are the parameters 

that express the property of lipophilicity: clogP or logD are the mostly used. ClogP is a calculated (c) and 

predicted value evaluating properties of the molecules while logD is the measured parameter by partitioning 

compound in n-octanol and water at pH of 7.4. Arnott and co-workers have been resumed (Table 4) 

relationships between lipophilicity and ADME properties 175:  

Table 4: relationships between lipophilicity (ClogP and logD parameters) and ADME properties. 175 The highlighted values 

represent the CNS penetration property; - = not reported. 

 

 

 

 

 

 

It is possible to correlate potency and lipophilicity using lipophilic ligand efficiency (LipE) as a parameter to 

estimate the druglikeness of a candidate: 

ὒὭὴὉ  ὰέὫ ὑ έὶ Ὅὅ   ὰέὫὈ έὶ ὧὰέὫὖ 

where K i or IC50 are expressed in molar units. 

This parameter can be taken in account in the early phase of drug discovery trying to focus on the design potent 

and druglike compounds but also in the optimization phase searching for the lead derivative. It is clear that 

maintaining ideal values of clogP or logD of 1-3, LipE is increased for most potent compounds: the overview 

that provides an higher LipE represents the optimal situation for the druglike features of a candidate 173

ADME properties ClogP values logD values 

Solubility <3 - 

Permeability -1-5.9 <better 

Bioavailability 0-3 1-3 

Distribution >better - 

CNS penetration >better  1-3 

>clearance 3-5 - 

Toxicity >3 - 

CYP inhibition <better . 
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2. Aim of the work 
The previous chapters have highlighted the key role of CK1ŭ in several pathological conditions and, in 

particular, in neurodegenerative diseases such as Alzheimerôs and Parkinsonôs disorders and Amyotrophic 

Lateral Sclerosis. Over the course of years only a few candidates have succeeded in reaching clinical phases 

and for this reason the development of potent and druglike CK1ŭ inhibitors take on crucial importance to study 

deeply the target and to obtain steps forward in the design of potential candidates for the treatment of these 

pathologies. According to the literature, kinase domain appears to be conserved in kinome, therefore the 

current challenge is represented by the achievement of selective inhibitors; however, the ATP-binding site 

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

This PhD research project is focused on the design of ATP-competitive CK1ŭ small molecules based both on 

new and known scaffolds to study a possible implication in the treatment of neurodegenerative diseases. Series 

of heteroaromatic derivatives has been developed exploiting three main strategies: metabolic-based design, 

simplification-based and new scaffold development.  

1) Metabolism-based. The first series with benzo[d]thiazole (BT) as main nucleus has been achieved 

starting from riluzole (34), approved drug for ALS. Riluzole, whose complete mechanism of action is 

still unknown, has demonstrated to be active on CK1ŭ reporting an IC50 of 16.1 ɛM. Since this 

candidate is subjected to a strong hepatic metabolism, the first purpose is the achievement of its N-

hydroxylamine metabolite: the activity towards the target can establish an additional link between 34 

and CK1ŭ corroborating the hypothesis linked to a possible mechanism of action of the candidate 34. 

Another interesting precursor is the hydrazine derivative that, according to the computational studies, 

seems to be able to maintain the capability of binding the kinase. Therefore, a series of functionalized 

hydroxylamines has been developed to modify phase II metabolism given by the glucuronoconjugation 

of the riluzoleôs main metabolite. To outline a structure-activity relationship profile, also the 

corresponding hydrazine derivatives have been obtained (series I , Panel A of Fig. 38). Synthesis and 

characterization of benzo[d]thiazole derivatives: a metabolism-based strategy, reported in 

chapter 3. 

 

 

2) New scaffold-based. A screening of in-house pyrazine compounds developed for completely different 

purposes has been conducted allowing to explore this new scaffold for the achievement of ATP-

competitive CK1ŭ inhibitors. The versatility of the pyrazine scaffold allows to explore different 

substituents at the four positions of the nucleus (II , Panel B of Fig. 38), Development of tri - and 

tetra-substituted pyrazines: new scaffold-based strategy, reported in chapter 4. 

 

 

3) Simplification-based. Applying a molecular simplification strategy, starting from [1,2,4]triazolo[1,5-

a]triazine compound 35 (discussed in the Appendix of this thesis), a series of 1,3,5 triazine has been 

developed and the SAR profile has been outlined exploring different types of substituents (series III , 

Panel C of Fig. 38). The applied approach allows to simplify the synthetic pathway to obtain a quick 

achievement of SAR. 1,3,5-triazines as CK1ŭ inhibitors: a simplification strategy, reported in 

chapter 5. 

All compounds have 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 level and neuroprotection assay using SH-SY5Y as cell line. 
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Figure 38: heteroaromatic nuclei discussed in related chapters of this thesis: benzo[d]thiazole (I , Panel A), pyrazine (II , Panel B) 

and 1,3,5-triazine 2,4,6-trisubstituted (III , Panel C), respectively. 

A 
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3. Synthesis and characterization of benzo[d]thiazole derivatives: a 

metabolism-based strategy 

 

3.1. Introduction 
Riluzole (Fig. 39, compound 34), approved by FDA in 1995 for ALS treatment, demonstrated to be able to 

reduce the excitotoxic effects of glutamate in brain, mitigating the disease progression given by depolarization 

and cell death. 176,177,178 Curiously, even if a lot of in vitro and in vivo studies were performed to fully explore 

how this drug works, the exact mechanism of action results still unclear. 176,179 Bissaro et al. in collaboration 

with our research group postulated using computational tools (predicted binding pose is reported in Fig. 40) 

and experimentally demonstrated a riluzoleôs activity on CK1ŭ finding an IC50 value of 16.1 ɛM and, thus 

opening the possibility of elucidating the therapeutic profile of this hit compound. 180,181 Riluzole was found to 

interfere with the glutamatergic transmission by antagonizing the acetylcholine-induced release by N-methyl-

D-aspartate (NMDA) in vitro even if it is not an antagonist of NMDA receptor. Moreover, it is able to block 

inactivated Na+-channel inhibiting the glutamate release and the candidate has shown an in vivo improvement 

in ALS progression and the decrease of motoneuron loss. Nevertheless, the experimentally validated effects 

do not provide the trigger point, therefore the demonstration of its activity on CK1ŭ allows not only to deepen 

the mechanism of action but also to highlight the role of the kinase in ALS. 

   

 

 

 

 

Riluzole (34) underwent strong liver and extrahepatic 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 benzo[d]thiazole leading to compounds 36-38 and N-hydroxylation of nucleus at 

achieving metabolite RPR 112512 (39) that is subjected to quick glucuronoconjugation (41) by UDPG-T 

(Uridine 5'-diphospho-glucuronosyltransferase) (Fig. 41). Other phase I reactions can occur to a lesser extent 

resulting in the formation of oxidized dealkylated compound (40), ureido metabolite and cleavage product not 

reported in the figure but also unidentified metabolites are suspected. 177,179,182,183,184 Nowadays steps forward 

in understanding riluzoleôs mechanism of action would represent a big challenge since it is confirmed as a 

turning point in the ALS treatment.  

Riluzole, 34                                  

IC50 CK1ŭ = 16.1 ɛM  

            

          

 

Figure 39: structure of riluzole (34) and its activity on CK1ŭ (concentration/activity curve on the right). 
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Figure 40: the panel A shows the predicted binding pose of riluzole (34) on CK1ŭ (PDB Code: 5OKT). Panel B displays the interaction 

energy fingerprint in which the electrostatic as well as hydrophobic contributions for each residue in the binding site of the kinase are 

reported. 180 

 

Figure 41: main phase I reactions underwent by riluzole (34) at the hepatic and extrahepatic levels leading to hydroxylated metabolites 

(36-38), N-hydroxylated one (39) and dealkylated metabolite (40). 
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3.2. Aim of the work 
 

The first goal is represented by the achievement of 2-hydroxylamino-benzo[d]thiazole (39), the main 

metabolite of riluzole, that from computational studies performed by University of Padua seems to conserve 

the capability of binding CK1ŭ (Fig. 42) and the validation of this hypothesis can establish an additional link 

between riluzole (34) and the kinase contributing to explain the mechanism of action of candidate 34 

hypothesizing a CK1ŭ-mediated effect on SLA of candidate 34 and its metabolite 39.  

 

 

 

 

 

 

 

 

 

 

 

In addition, a series of functionalized derivatives has been developed to modify the phase II metabolism of 

compound 39; several evidences, in fact, were reported concerning the O-glucuronidation of this metabolite 

(Scheme 2) determining a quick elimination. 182 Thus, a series of 6-(trifluoromethoxy)benzo[d]thiazoles 

substituted at the 2-position with alkyloxylamino moiety has been developed with alkyl or arylalkyl groups 

with different size with the idea to modify the phase II metabolism and to obtain new potent candidates on 

CK1ŭ. Another focus involves the 2-hydrazineyl-6-(trifluoromethoxy)benzo[d]thiazole (42), the hydrazine 

derivative of riluzole, which is synthesized since, in accordance with the computational prediction, seems to 

maintain the capability of binding CK1ŭ (Fig. 43). 

 

Several functionalized derivatives have been developed by substituting benzo[d]thiazole nucleus with different 

types of groups. Firstly, some substitutions to functionalize hydrazine, hydroxylamine or amino groups have 

been conducted to observe the activity of methyl-derivatives when the possibility of establishing hydrogen 

bonds is excluded (left side of Fig. 44). Then, different types of alkyl chains including linear and branched 

moieties and arylalkyl moieties have been inserted on main scaffold to functionalize 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 of Fig. 44). Some riluzole-like derivatives developed for this series have been reported in literature 

to obtain an òanti-glutamateò activity; in this work they have been investigated on CK1ŭ. 185 Therefore, a 

structure activity relationship profile has been outlined for functionalized derivatives. All the developed 

compounds have been tested on CK1ŭ and a biochemical and biological characterization has been carried out. 

The biological investigation has been conducted in CSIC of Madrid in Prof. Martinez group to establish a 

possible neuroprotective behavior of developed inhibitors and the detection of decreasing p-TDP-43 that is the 

main hallmark of the ALS in neuroblastoma cells (SH-SY5Y).   

Figure 42: predicted binding pose of hydroxylamine metabolite (39) 

of riluzole (34). The main nucleus seems to be able to establish 

interactions with Leu-84 and Lys-38 while the -NH establishes a 

hydrogen bond with Leu-85. PDB Code: 4HNF. 
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Scheme 2: O-glucuronidation of N-hydroxylamine metabolite (39) of riluzole (34). 

 

 

 

 

 

 

 

 

Figure 43: predicted binding pose of 2-hydrazineyl-6-

(trifluoromethoxy)benzo[d]thiazole (42). Same interaction of 

the predicted binding pose of 39 are reported. PDB Code: 

4HNF. 
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Figure 44: overview of substitutions conducted on benzo[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 products 39, 42, 44-47. To explore different types of substituents, 

not commercial hydroxylamine chains were synthesized by a Gabriel reaction followed by hydrazinolysis (53-

58).  Regards the hydrazine moieties, the desired alkyl chain was inserted at di-tert-butyl hydrazine-1,2-

dicarboxylate (78) leading to compounds 79-86. The Boc-protected hydroxylamine and hydrazine alkyl chains 

were then reacted with 2-chloro-6-(trifluoromethoxy)benzo[d]thiazole (43) in a Buchwald-Hartwig Pd-

catalyzed reaction (65-70, 87-94). For compound 47 bearing an aryl hydrazine substituent, a nucleophilic 

substitution is conducted. 

3.3.1.1. Synthesis of N-substituted-6-(trifluoromethoxy)benzo[d]thiazol-2-amine derivatives 

(39, 42, 44-47).  

The synthesis of N-substituted-6-(trifluoromethoxy)benzo[d]thiazol-2-amine derivatives 39, 42, 44-47 was 

performed according to Scheme 3. 186,187,188 

 

Scheme 3: synthesis of N-substituted-(6-(trifluoromethoxy)benzo[d]thiazol-2-amine derivatives 39, 42, 44-47. Reagents and 

conditions. a: NH2OH·HCl, K2CO3, MeOH, 65°C, 4h, Ar; b: NH2NH2·H2O, MeOH, rfx, 2h; c: NH(CH3)OCH3·HCl, Et3N, BuOH, rfx, 

24h; d: NH2OCH3·HCl, Et3N, BuOH, MW, 150°C, 1h; e: CH3NHNH2, EtOH, rfx, 24h; f: NH2NH2Ph, BuOH, rfx, 3h; y = yield.  

 

Compounds 39, 42, 44-47 were obtained through a nucleophilic substitution between 2-chloro-6-

(trifluoromethoxy)benzo[d]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 compound N-

(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine (39) appeared difficult since this derivative 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-substituted-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-

yl)hydroxylamine hydrochloride derivatives (71-76) 

O-alkylhydroxylamine derivatives were obtained starting from the Gabriel reaction between alkylhalides and 

N-hydroxyphthalimide (48), commercially available, in the presence of potassium carbonate as a base in dry 

DMF (N,N-dimethylformamide) to achieve 2-alkyloxyisoindoline-1,3-dione derivatives (49-52) that 

underwent hydrazinolysis via Ing-Manske procedure in THF (tetrahydrofuran) (53-58). 189 Given the volatility 

of alkylhydroxylamines, hydrochloride acid in 1,4-dioxane was then used to provide hydrochloride salts of 

previous mentioned compounds. To avoid the possibility of the formation of O-alkyl-N,N-bis(6-

(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylaminederivatives, the amino moiety of alkylhydroxylamines 

was protected with tert-butyloxycarbonyl group in acetonitrile using di-tert-butyl carbonate and triethylamine 

affording compounds 59-64. 190 Coupling between tert-butyl alkyloxycarbamates (59-64) and 2-chloro-6-

(trifluoromethoxy)benzo[d]thiazole (43), commercially available, was performed through a Buchwald-

Hartwig amination using Pd2(dba)3 (bis(dibenzylideneacetone)palladium(0)) and DPPF 

(1,1ô(bis(diphenylphosphino)ferrocene) as ligand in dry acetonitrile using cesium carbonate as base (65-70). 
191,192 Tert-butyl alkyloxy(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)carbamate derivatives were than 

deprotected via the development of in situ hydrochloride acid from acetyl chloride and methanol or using 

hydrochloride acid in 1,4-dioxane to provide the hydrochloride salts of final compounds 71-76 (Scheme 4) to 

try different conditions for the Boc-deprotection. 

 

Scheme 4: synthesis of O-substituted-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine hydrochloride derivatives 71-76. 

Reagents and conditions. a: RBr, K2CO3, dry DMF, Ar, rt, 72 h; b: NH2NH2·H2O, THF, rt, 12 h; HCl in 1,4-dioxane, rt, 5 min; c: Et3N, 

CH3CN, rt, 90 min; Boc2O, Et3N, CH3CN, rt, 12 h; d: 2-chloro-6-(trifluoromethoxy)benzo[d]thiazole (43), Pd2(dba)3, DPPF, Cs2CO3, 

dry CH3CN, 40°C, 12h; e: AcCl, MeOH, EtOAc, 0°C to rt, 12h (compounds 71, 73-76) or HCl in 1,4-dioxane, rt, 1h (compound 72); 

y = yield. 

 

3.3.1.3. Synthesis of 2-(2-alkylhydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole 

hydrochloride derivatives (95-102) 

Di-tert-butyl hydrazine-1,2-dicarboxylate (78) was obtained from the protection of tert-Butyl carbazate (77) 

using di-tert-butyl carbonate. The Ŭ-branching di-substituted hydrazines were then performed through a 



3. Synthesis and characterization of benzo[d]thiazole derivatives: a metabolism-based strategy 

 

 
67 

nucleophilic reaction from alkyl halide in the presence of cesium carbonate as a base in dry DMF affording 

compounds 79-86. 193 To introduce alkyl hydrazine moiety in 6-(trifluoromethoxy)benzo[d]thiazole nucleus 

(43) a Palladium-catalyzed Buchwald-Hartwig was conducted using Pd2(dba)3 and DPPF as ligand with 

toluene increasing the temperature (87-94). 192 The 2-(2-alkylhydrazineyl)-6-

(trifluoromethoxy)benzo[d]thiazole hydrochloride derivatives 95-102 were obtained using the same conditions 

described above via HCl-mediated removal of tert-butoxy carbonyl group (Scheme 5). 

 

Scheme 5: Synthesis of 2-(2-alkylhydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole hydrochloride derivatives 95-102. Reagents and 

conditions. a: Boc2O, neat, rt, 10 min; b: R1X, Cs2CO3, dry DMF, rt, 12 h, Ar; c: 2-chloro-6-(trifluoromethoxy)benzo[d] thiazole (43), 

Pd2(dba)3, DPPF, Cs2CO3, dry CH3Ph, 110°C, 12 h, Ar; d: 2-chloro-6-(trifluoromethoxy)benzo[d]thiazole (43), Pd2(dba)3, DPPF, 

Cs2CO3, dry CH3Ph, 60°C, 12 h, Ar; e: AcCl, MeOH, EtOAc, 0°C to rt, 12 h  or HCl in Et2O, rt, 1 h; y = yield. 

 

3.3.2. Structure-activity 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 graphical representation 

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 structure-activity cliffs and each edge connects 

molecules with chemical similarity represented 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 reported below 194:  

ὛὃὒὍȟ   ȿὃὭ  ὃὮȿ Ⱦ ρ  ίὭάȟ 

where A indicates the activities of molecules i-j and sim the Tanimoto coefficient of similarity between the 

compounds. The Tanimoto coefficient (Tc) is calculated as follows: Tc = 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 common) -1 (all bits are common). 194 

https://www.lawinsider.com/dictionary/tc
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It is possible to appreciate in Figure 45 the change in IC50 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 upper left side 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 compounds 98-99 are displayed 

and, moreover pentyl derivatives 73 and 97 as well as propyl hydrazine compound 96 and phenyl and arylalkyl 

candidates 47, 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 main group of the representation and the Boc-protected 

derivatives (69, 91) in the upper right side of the graph depicted with smaller edges, therefore with negative 

LipE, thus with non-druglike properties, and lower potency.  

 

Figure 45: SALI representation of active compounds of the series. Colors of edges agree with IC50 values of derivatives while the size 

of dots changes according to LiPE values. Image created using DataWarrior 3.5.0. 

  

Synthesized compounds have been firstly tested on truncated CK1ŭ (aa 1-294) at fixed concentration of 40 ɛM 

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 displayed an activity percentage 

less than 50% at the concentration of 40 ɛM, IC50s have been performed. Thus, alkyl chains, linear and 

branched, as well as arylalkyl and phenyl moieties have been inserted at the main scaffold to develop 

functionalized derivatives. As reported in the Table 4, the N-hydroxy metabolite 39 has showed an IC50 value 

of 35.1 ɛM: this inhibitory activity in the micromolar range agrees with the reported one for riluzole (34) (IC50 

= 16.1 ɛM). 180 According to the computational studies, the 2-hydrazineyl-6-

(trifluoromethoxy)benzo[d]thiazole derivative (42) maintains the capability to inhibit CK1ŭ, surprisingly it 
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exhibited a higher inhibitory potency compared to compound 39, showing an IC50 of 3.64 ɛM. The substitution 

of the hydroxy group of compound 39 with a methyl moiety (compound 45) has resulted in non-active 

derivative towards CK1ŭ at the concentration of 40 ɛM. The substitution of both -NH and -OH in 

hydroxylamino series with alkyl moieties like in N,O-dimethyl compound 44 or like N,N-dimethyl hydrazino 

compound 46 has determined inactive derivatives.      

 

 

 

 

Table 4: IC50s of compounds 39, 42, 44-46.   

Cmpd R1 R2 IC 50 ɛMa (% activity at 40 ɛM)b 

39 -H -OH 35.1 ± 4.0 

42 -H -NH2 3.64 ± 0.58 

44 -CH3 -OCH3 n.d. (102% ± 9) 

45 -H -CH3 n.d. (52.3% ± 0.9) 

46 -CH3 -NCHCH3 n.d. (68.2% ± 4.4) 
 

a Data represent the mean ± SD of three independent experiments performed in technical duplicate.  b   Data represent the % of activity 

at 40 ɛM concentration expressed as a mean Ñ SD of two independent experiments performed in technical duplicate; n.d.: not 

determined. 

As showed in Tables 5 and 6, maintaining free amino groups, linear chains such as methyl or propyl inserted 

at the hydroxylamino moiety led to inactive compounds (71-72) while the same substitutions at the hydrazine 

group determined IC50s in the micromolar range, IC50 = 6.77 ɛM (95) and 9.89 ɛM (96), respectively. 

Increasing the number of carbon atoms with pentyl chain, both hydroxylamine and hydrazine derivatives 

resulted active: compound 73 displayed an IC50 of 4.40 ɛM and compound 97 a similar activity of 5.81 ɛM. 

Changing the size of substituent, a branched alkyl chain was inserted; ethylhexyl moiety proved to be too bulky 

revealing inactive derivatives (76, 100) as well as with tert-butyloxycarbonyl moiety as R1 substituent in 

precursors 70 and 92. On the contrary, the introduction of isopentyl chain on hydrazine group gave the best 

potent compound of the series with an IC50 in the submicromolar range of 0.92 ɛM (98), while the same 

substitution for hydroxylamino series in compound 74 led again to an inactive compound. To asses if arylalkyl 

group affected a possible result in terms of potency, benzyl was introduced in 6-

(trifluoromethoxy)benzo[d]thiazol nucleus and again it is possible to observe a low micromolar activity of 

1.62 ɛM for hydrazine derivative (99), while substitution at hydroxylamine compound with the same arylalkyl 

chain (75) revealed an IC50 of 22.6 ɛM. Surprisingly, intermediates of compounds 75 and 99, containing one 

or two tert-butyloxycarbonyl protecting group on nitrogen atoms, derivatives 69 and 91, respectively,  

preserved inhibitory activity against kinase, even if potency was low, about 22 ɛM.     

 

 

 

 

 

39, 42, 44-47 
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Table 5: inhibitory activities of compounds 69-76 on CK1ŭ. 

Cmpd R1 R2 

IC 50 ɛM a 

(% activity at 40 

ɛM)b 

71 -H -CH3 n.d. (52.6% ± 2.8) 

72 -H -propyl n.d. (95.9% ± 9.5) 

73 -H -pentyl 4.40 ± 0.21 

74 -H -isopentyl n.d. (96.9% ± 3.2) 

75 -H -Bn 22.6 ± 12.4 

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) 

 

 a Data represent the mean ± SD of three independent experiments performed in technical duplicate. b   Data represent the % of activity 

at 40 ɛM concentration expressed as a mean Ñ SD of two independent experiments performed in technical duplicate; n.d.: not 

determined. 

Table 6: inhibitory activities of compounds 91-92, 95-102 on CK1ŭ. 

Cmpd R1 R2 R3 

IC 50 ɛM a 

(% activity at 40 

ɛM)b 

95 -H -H -CH3 6.77 ± 1.21 

96 -H -H -propyl 9.89 ± 2.83 

97 -H -H -pentyl 5.81 ± 0.74 

98 -H -H -isopentyl 0.92 ± 0.09 

99 -H -H -Bn 1.62 ± 0.29 

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) 

 

 a Data represent the mean ± SD of three independent experiments performed in technical duplicate. b   Data represent the % of activity 

at 40 ɛM concentration expressed as a mean Ñ SD of two independent experiments performed in technical duplicate; n.d.: not 

determined. 

 

Concentration-inhibition curves of most promising compounds (98-99) are reported in Fig.46 (Panel A and B, 

respectively).  
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Giving the promising activity of compound 99 that reported IC50 of 1.62 ɛM, the investigation of the optimal 

distance of the spacer between phenyl ring and hydrazine moiety has been established developing the 

phenylethyl (101) as well as phenylpropyl (102) and the direct substitution with the simple phenyl giving 

compound 47. As reported in Table 7, compounds 47, 101-102 displayed comparable IC50s in the range of 2 

ɛM, for comparison, also the already reported compound 99 has been inserted in this table, suggesting that the 

optimal distance between main nucleus and phenyl ring was reached with compound 99 that provided 1C-

spacer showing the activity of 1.62 ɛM even if the reported IC50s for derivatives 47, 101-102 are comparable.  

 

Table 7: inhibitory activities of compounds 47, 101-102 on CK1ŭ. 

Cmpd R1 IC 50 ɛM a 

47 -Ph 2.67 ± 1.10 

99 -(CH2)Ph 1.62 ± 0.29 

101 -(CH2)2Ph 2.52 ± 0.59 

102 -(CH2)3Ph 2.30 ± 0.32 
 

a Data represent the mean ± SD of three independent experiments. 
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Figure 46: concentration-inhibition curves of compounds 98 (Panel A) and 99 (Panel B). 
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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 reported in Fig. 47 enclosed all the active compounds of the 

series with benzo[d]thiazole nucleus. In x and y axis, Clog P and pIC50 are indicated, respectively while in z 

axis LipE values are given, and the labeled dots are colored agreeing with the activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47: LiPE plot made using DataWarrior 3.5.0; in x and y axis ClogP and pIC50 are reported while in z axis LiPE values of 

compounds are given. According to IC50s 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 graph compounds with best activity and higher LipE (z axis of the graph, reported 

in the Panel A of Fig. 48) are located; among them, hydrazine precursor 42 and isopentyl derivative 98 appear 

as well as compounds 47, 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 range 1-3 to obtain desired druglike features. 175 Observing the Panel 

B of Fig. 48, all of the mentioned derivatives report a high value of ClogP but, considering their potency, they 

achieve good LipE values. Interestingly, the light blue highlighted derivatives 39 and 95, the hydroxylamine 

metabolite of riluzole (39) and the methylhydrazine compound, respectively, that report a poor potency 

towards CK1ŭ, display great ClogP, thus great LipEs providing promising druglike properties. On the contrary, 

the opposite part of the graph is characterized by Boc-protected derivatives with negative LipE values given 

by a too high ClogP and low potency.  
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Figure 48: LiPE values of active compounds are reported in panel A. Histogram made with GraphPad Prism 8.0. Panel B shows ClogP 

values, calculated with ChemDraw Professional of compounds 40, 42, 47, 69, 73, 75, 95-102. 

 

3.3.4. Stability tests 

Compounds 39 and 98, in the view of performing a biological characterization, were investigated about their 

stability in solution since, mainly hydroxylamine candidate 39 has proved to be very unstable. Runs in HPLC-

MS of derivatives 39 and 98 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. The first run carried out displayed a purity of 

95.70% and 100.00% for compounds 39 and 98, respectively, as reported in Fig. 49 and 50. 
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During the time, compound 39 is subjected to changes in the color; curiously not appreciated by the UV 

spectrum of the sample registered at the initial time (T0) and final time (Tf) (Fig. 51, Panels A and B).  

Figure 49: HPLC-MS chromatogram of compound 39 at t = 0. Purity reported of 95.70%. Below the chromatograms, masses of 

the two peaks observed are given (overview B reports the mass of the candidate 39). Specific conditions of the experiment are 

given in the experimental chapter. 

Figure 50: HPLC-MS chromatogram of compound 98 at t = 0. Purity reported of 100.00%. Below the chromatogram, the mass of 

peak observed is given and agrees with the molecular weight of the candidate. 

A B 
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Compounds underwent degradation during the month of investigation. In fact, in Fig. 52 and 53, which report 

the final runs registered after a month in solution, the hydroxylamine candidate (39) has 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, compound 98 has 

proved to be more stable, its purity decreased to 93.77% after one months under the same conditions. 
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Figure 51: UV-spectra of compound 39 over the time: T0 = initial time (Panel A) and Tf = final time, 28 days (Panel B) 
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3.3.5. Biochemical and biological characterization 

3.3.5.1. In vitro evaluation of BBB-permeability 

Developed compounds must cross the BBB to explicate their function at the central level. To predict a possible 

passive transport, the BBB-Parallel Artificial Membrane Permeability Assay (BBB-PAMPA) technique has 

been performed assaying derivatives that have reported best IC50 values. A general view of the technique is 

reported in the introductive chapter. A correlation between experimental and bibliographic permeabilities (Pe) 

of ten well-known drugs is required to obtain cut-off values of permeable and non-permeable 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 limits 168,169,170 (Fig. 54, A and B). 
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Figure 54: calibration lines given by the correlation between experimental and bibliographic permeabilities (Pe) of ten known drugs 

to obtain cut-off values. A and B represent the two batches, respectively. 

A B 

Figure 52: HPLC-MS chromatogram of compound 39 at t = 28 days. Purity reported of 81.67%. Below the chromatogram, masses of 

the three peaks observed are given (overview C reports the mass of compound 39 in agreeing with its molecular weight). 

 

Figure 53: HPLC-MS chromatogram of compound 98 at t = 28 days. Purity reported of 93.77%. Below the chromatogram, masses of 

the two peaks observed are given (overview A reports the mass of compound 98 in agreeing with its molecular weight). 

A B 
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The experimentally permeability values for ten commercially available drugs and the active compounds of the 

series are described in the following Table 8 (Sections A and B) and summarized in Fig. 55 (A and B). 

Obtained Pe have been filtered according to the literature: the BBB permeability in humans is predicted as 

positive if it is higher than 4·10-6 cm/s and negative if it is lower than 2·10-6 cm/s.  Therefore, applying these 

limits to the equation of calibration line it is possible to establish cut-off values: in this case compounds with 

Pe higher than 1.1·10-6 cm/s and 2.1·10-6 cm/s, experiment 1 and 2 respectively, are classified as CNS+ while 

Pe permeations below 0.6·10-6 cm/s and 1.4·10-6 cm/s represent CNS- derivatives. Giving the range of distant 

values, some compounds can obtain a borderline Pe and they are categorized as CNS+/-. 

As represented in Table 8 (panels A and B), most of the developed compounds are able, according to the 

prediction, to across BBB. In the experiment also the riluzole (34) was included even though is it well 

established its role as a substrate of P-glycoprotein, therefore subjected to the activity of efflux transporters at 

the level of BBB. 195 The permeability of the two precursors of hydroxylamine (39) and hydrazine (42) series 

results crucial to demonstrate the hypothesis of a possible activity of metabolite 39 on CK1ŭ to better 

understand the mechanism of action of the riluzole (34) and, as reported in Table 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 compound 73 have provided CNS+ derivatives. 

  

 

 

 

 

 

Table 8: experimental Pe of compounds 34, 42, 69, 73, 95, 98-98 in section A and Pe of compounds 39, 47, 101-102 in section B. 

B 

Figure 55: histograms reporting Pe values of compounds obtained from the two BBB-PAMPA experiments (A and B represent the 

two batches). 

 

34 99 73 98 42 95 69

0

2

4

6

8

BBB permeability evaluation

Compounds

P
e
 (

1
0
-6

 c
m

 s
-1

)

39 47 101 102

0

2

4

6

8

10

BBB permeability evaluation

Compounds

P
e
 (

1
0
-6

 c
m

 s
-1

)

A 



3. Synthesis and characterization of benzo[d]thiazole derivatives: a metabolism-based strategy 

 

 
78 

 

 

 

 

3.3.5.2. ATP-competition 

To demonstrate the ATP-competitive behavior of this series of CK1ŭ inhibitors, the experiment has been 

conducted for compound 98 that has proved to be the best of the series, the kinetic ATP-competition assay has 

been performed by reporting the reciprocal consumed ATP in x axis and the reciprocal of consumed ATP 

divided for total volume of the reaction (40 ɛL) in y axis. Enzymatic activity has been determined using the 

same luciferase-based assay (Kinase Glo®) used to determine potency of compounds. The elaboration has 

been carried out by assaying compound 98 at the concentrations of 1.0 ɛM and 2.0 ɛM, corresponding to about 

1x and 2x the IC50 value of compound on CK1ŭ (IC50 = 0.92 ɛM), using increasing ATP concentrations (1 ɛM, 

2 ɛM, 10 ɛM, 50 ɛM). In Fig. 56 the Lineweaver-Burk graph is reported: it is possible to appreciate the span 

between the line of control and lines of the two concentrations of derivative 98. The CK1ŭ inhibitor 98 has 

been confirmed as ATP-competitive since the intercept (e.g. 1/Vmax) is common between the three lines 

reported as it is possible to see looking the zoom reported in the right part of the Fig. 56, so Vmax was constant. 

The y-intercept values are reported in Table 9.  

Table 9: y-intercept values of the Lineweaver-Burk plot reported in Fig.54 for compound 98. 

Cmpd y-intercept 

[98] 1.0 ɛM 0.07 

[98] 2.0 ɛM 0.07 

Control 0.07 

 

Cmpd Bibl.  Pe (10-6 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 0.1 ± 0.2  

Hydrocortisone 2.4 0.4 ± 0.1  

Ofloxacine 0.8 0.2 ± 0.3  

Piroxicam 2.5 6.8 ± 1.4  

Promazine 8.8 0.5 ± 0.1  

Testosterone 17 4.7 ± 2.2  

Verapamil 16 3.3 ± 3.0  

Riluzole (34)  4.9 ± 2.2 CNS+ 

42  1.6 ± 0.4 CNS+ 

98  1.4 ± 0.9 CNS+ 

99  4.3 ± 1.7 CNS+ 

73  2.4 ± 0.4 CNS+ 

95  1.7 ± 0.4 CNS+ 

69  3.4 ± 0.6 CNS+ 

Cmpd Bibl.  Pe (10-6 cm/s)  Prediction 

Atenolol 0.8 0.1 ± 1.2  

Caffein 1.3 0.8 ± 0.9  

Desipramine 12 2.7 ± 3.2  

Enoxacin 1.6 1.3 ± 0.4  

Hydrocortisone 2.4 1.3 ± 0.3  

Ofloxacine 0.8 2.1 ± 0.7  

Piroxicam 2.5 1.7 ± 0.3  

Promazine 8.8 13.8 ± 10.2  

Testosterone 17 6.8 ± 2.1  

Verapamil 16 8.9 ± 2.8  

39  5.6 ± 0.8 CNS+ 

47  3.3 ± 0.1 CNS+ 

101  4.6 ± 0.4 CNS+ 

102  7.0 ± 0.7 CNS+ 

B A 
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3.3.5.3. Thermal Shift Assay (TSA) 

Thermal shift assay (TSA) is a qualitative technique used to detect the binding of a ligand-protein complex by 

measuring the thermal stability of the protein. 196  Protein stability in vitro is a fundamental parameter in protein 

biochemistry. Historically, Differential Scanning Calorimetry (DSC) has been the method of choice for 

characterizing the thermal stability in vitro. Although, due to its low throughput and expensive instrumentation 

that is dedicated to this study, a fluorescence-based thermal shift assay has been replacing DSC. 197 The usage 

of a hydrophobic 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, the protein 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 dissociates from the protein giving a 

decrease of fluorescence signal (Fig. 57). 198 The high-throughput and small-scale nature of the TSA makes 

them an excellent platform for screening of small ligand, such as organic compounds.  

 

 

 

 

 

 

 

 

Figure 56: Double-reciprocal Lineweaver graph of compound 98 assaying at concentrations of 1 and 2 ɛM. The zoom of the intercept 

is reported on the right. 

Figure 57: schematic representation of protein state 

in TSA experiment. Temperature is reported in x axis 

and fluorescence in y axis. 
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The protein stability is related to Gibbs free Energy (DGu), which 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 DGu which may be observed with an increase of the Tm. 198 The 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. 

Therefore, to qualitative appreciate 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 series (98). As reported in Fig. 58, a positive shift of the melting point curve 

is registered increasing the concentrations of compound 98 (Table 10).  

 

 

 

 

Table 10: table of shift values for TSA performed for compound 98. The ñconditionò reports concentrations of compound (multiples 

of protein concentration), the ñaverageò column indicates the mean of temperature of technical triplicate accompanied by the standard 

deviation (ñSDò) while the ñDTÁCò (difference of temperature) column reports the temperature shift. 

  

 

 

 

 

 

 

 

 

Condition Tm DT°C 
SD 

triplicates 

CK1d 51.0  0 

DMSO 2,5% 51.0 (0) 0 

93 0.5x 51.0 0 0 

93 1x 51.0 0 0 

93 3x 51.7 +0.7 0.6 

93 5x 52.0 +1 0 

93 10x 52.7 +1.7 0.6 

93 15x 53.0 +2 0 

Colour code: red protein; orange 

DMSO; cyan 0.5x; green 1x; pink 3x; 

blue 5x; purple 10x; brown 15x 

Figure 58: melting curves of compound 98. The first graph (melt curve) reports the temperature (C°) in x axis and RFU (relative 

fluorescence unit) in y axis. The second graph (dissociation curve) reports the temperature in x axis and the negative derivate of RLU 

in the y one. 



3. Synthesis and characterization of benzo[d]thiazole derivatives: a metabolism-based strategy 

 

 
81 

The TSA data of most promising compounds were performed by Eleonora Cescon, in collaboration with Paola 

Storiciôs group at BioLab of Elettra Sincrotrone of Trieste. 

 

3.3.5.4. Screening on GSK3ɓ  

For the most promising compounds of the series the screening on GSK3ɓ has been conducted during the 

Erasmus+ program in the Prof. Martinezô group (CSIC-Madrid-ES) to obtain useful information about the 

selectivity of developed derivatives. Glycogen Synthase Kinase 3 (GSK3), in fact, is another kinase involved 

in several physiological and pathological processes including cancer and neurodegenerative diseases. 48 

Compounds have been tested on full-length GSK3ɓ (1 ng/ɛL) taking advantage from luminescence reaction 

by using GS-2 as substrate (0.2 ɛg/ɛL) and ATP at the final concentration of 1 ɛM. Firstly, compounds 39, 

98-99 have been tested 10 ɛM as inhibitor concentration and for derivatives that display an activity percentage 

less than 50% at the concentration, IC50s are performed. Activity percentages and IC50s are reported in Table 

11. Compound 39 has displayed an IC50 on GSK3ɓ of 23.1 ɛM suggesting that the hydroxylamine metabolite 

of riluzole appears not selective towards CK1ŭ. Regards derivatives 98-99, the most promising of the series, 

compound 98 functionalized with isopentyl chain has proved to be inactive while benzyl-derivative 99 has 

reported IC50 of 16.4 ɛM highlighting an acceptable span considering the IC50 value of 1.62 ɛM on CK1ŭ. 

Thus, the selectivity for best derivatives, taking into consideration only GSK3ɓ, has been reached. IC50s 

concentration-inhibition curve of compounds 39 and 99 are reported below (Fig. 59). 

Table 11: IC50s of compounds 39, 98-99 and activity percentages.  

Cmpd 
IC 50 ɛM a 

(% activity at 40 ɛM)b 

39 
23.1 ± 1.0 

(45.7 % ± 2.6) 

98 n.d. (100% ± 0) 

99 
16.4 ± 1.1 

(29.4 % ± 5.8) 

. 

 

 

 

 

 

 

 

 

 

Figure 59: IC50 concentration-inhibition curves of compounds 39 and 98 on GSK3ɓ, respectively. 
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a Data represent the mean ± SD of three independent experiments performed in technical duplicate. b Data represent the % of activity at 

10 ɛM concentration expressed as a mean Ñ SD of two independent experiments performed in technical duplicate; n.d.: not determined. 
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3.3.5.5. Biological characterization in vitro of riluzole and most promising derivatives in 

neuroblastoma cell lines 

Riluzole (34), N-hydroxylamine metabolite (39) and most promising derivatives 98 and 99 have been tested 

in vitro in neuroblastoma cell lines (SH-SY5Y) during the Erasmus+ program in Prof. Martinezô group (CSIC-

Madrid-ES) to evaluate the capability of candidates to mediate neuroprotection and to decrease the 

phosphorylated TDP-43. Firstly, compounds have been assayed at the concentrations of 5 ɛM and 10 ɛM on 

SH-SY5Y cells to evaluate the toxicity of derivatives. As reported in Fig. 60, firstly, cells have 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 another 24 h of incubation, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

has been inserted and plate has been red using the absorbance mode (detailed procedures are reported in the 

experimental chapter). MTT assay is widely used to determine cell viability and the cytotoxic effect of the 

drugs; living mitochondrial cells are able 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 formazan. 199 

 

 

 

 

 

 

 

 

 

 

 

 

As displayed in histogram reported in Fig. 61, riluzole (34) and compounds 98-99 have shown to be harmless 

for cells while N-hydroxylamine metabolite (39) has demonstrated a percentage of cell availability of 61.0% 

after 24 h, denoting its toxicity at the concentration of 5 ɛM. The same derivatives have been assayed also at 

the concentration of 10 ɛM (Fig. 62) and it is possible to observe a worsening in the behavior of compound 39 

achieving the 47% of cell viability and a toxicity for compound 98 reporting a value of 77.3%. Regards 

derivative 98 that has displayed an IC50 on CK1ŭ of 0.92 ɛM, the reported toxicity at 10 ɛM results an important 

information but not relevant for the neuroprotection assay in which the chosen concentration to test this 

compound is 5 ɛM. 

 

Trypsin and Medium 

treatment 

SH-SY5Y cell lines 

Incubation Incubation 

MTT 

ǘǊŜŀǘƳŜƴǘ 

Absorbance 

reading 
Collection of 

cells 

Figure 60: steps in MTT assay: trypsin and medium treatment to collect pellet, the disposition of 80000 cells/well in the plate, incubation 

of 24 h, adding of compounds, MTT treatment after 24h of incubation and absorbance reading of the plate. Image created using 

BioRender. 

https://en.wikipedia.org/wiki/Numeral_prefix
https://en.wikipedia.org/wiki/Methyl_group
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl_group
https://en.wikipedia.org/wiki/Bromide
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Figure 61: MTT assay of compounds 34, 39, 98-99 at the concentration of 5 ɛM. In y axis the cell viability percentage is reported. The 

elaboration performed with GraphPad Prism 8.0 in ñAnovaò mode is the result of three independent experiments and each experiment 

is conducted using the mean of six wells per compound Results are expressed as the mean of three data ± standard error (error 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. 

 

 

Figure 62: MTT assay of compounds 34, 39, 98-99 at the concentration of 10 ɛM. In y axis the cell viability percentage is reported. 

The elaboration performed with GraphPad Prism 8.0 in ñAnovaò mode is the result of three independent experiments and each 

experiment is conducted using the mean of six wells per compound. Results are expressed as the mean of three data ± standard error 

(error 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. 
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Compounds that have been resulted harmless for cells have been tested in the neuroprotection assay to assess 

if the administration of derivative increases the cell viability percentage in comparison to the negative control 

using ethacrynic acid (EA) as neurotoxic agent to simulate neuronal death increasing oxidative stress and the 

glutathione depletion. 200 The protocol 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 attempts have been carried out using this toxic 

agent at 40 ɛM, 45 ɛM, 50 ɛM and 60 ɛM. The highest concentrations have denoted a more toxic affect with 

the administration of compounds, thus the use of EA at 45 ɛM has been resulted the best condition plating 

60000 cells/well. Regards the concentrations of inhibitors, riluzole (34) has been assayed at 10 ɛM considering 

its IC50 on CK1ŭ while other compounds (98-99) at 5 ɛM. As Fig. 63 displays, the neuroprotection assay has 

revealed non-significant data for compounds 98-99 while an important neuroprotective effect, as expected, has 

been detected for riluzole (34).   
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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 ñAnovaò mode with the mean of eight wells per compounds for each plate and then 

final data have been obtained with ñT testò mode to compare the three experiments. EA has been used at 45 ɛM while chosen 

concentrations for compounds 34, 98 and 99 are 10 ɛM, 5 ɛM and 5 ɛM, respectively. Results are expressed as the mean of three data 

± standard error (error 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 displayed neuroprotective properties has been then investigated using Western Blot to 

detect the effect p-TDP-43 levels (phospho TDP-43). To conduct the experiment 2000000 of cells/well are 

plated and, after the 24 h of incubation, the introduction of compounds and ethacrynic 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 than lysis one, 

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 increasing concentrations of albumin is required registering the absorbance at different 

concentrations. (Fig. 64).    
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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 lineôs equation to find the conditions for performing the 

electrophoresis separation. Once the runs have been conducted as well as the transfer of gel on methanol-

activated membrane, incubated with primary antibody anti TDP-43 phosphorylated at Ser-409/Ser-410 

(phospho TDP-43 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 (anti-mouse). As a 

conclusion, the reaction has been detected in luminescence mode. The schematic procedure has been 

represented in Fig. 65. 
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Figure 65: schematic representation of cell collection, protein extraction and immunoblotting. Image created using BioRender. 

Figure 64: calibration line of albumin. In x axis eight increasing 

concentrations are reported, in y axis the absorbance values are 

given (each value has been subtracted previously for the negative 

control). The linear correlation is ensured by the R2. 
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In order to obtain also a quantitative result, it is important to know the precise amount of total TDP-43 in each 

condition; thus, after several washes to remove antibodies primary and secondary pospho TDP-43, membrane 

has been incubated with another primary antibody (TDP-43 rabbit) and the staining reaction has been carried 

out with secondary antibody labeled with Alexa Fluor 488 (anti rabbit). This second incubation has been 

accompanied by another luminescence detection. In this way, it is possible to elaborate data in a normalization 

mode by plotting pTDP-43 data in relation to TDP-43. Moreover, membrane has also been incubated with 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 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 showed in Fig. 66 and 67 below. Phosphorylated TDP-43 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 fragmentationôs spots is available. In the histogram reported in the Panel B of Fig. 66 the 

normalization of phospho TDP-43 against total TDP-43 ha been displayed; considering riluzole (34), the 

percentage of intensity is the same of the control (absence of ethacrynic acid). Nevertheless, the difference 

between control and ethacrynic acid is minimal, therefore it is difficult to establish it the results for riluzole 

are significative or not. 

  

 

 

 

 

 

 

 

 

 

 

Interestingly, pTDP-43 (25 kDa fragment) has been detected also in the insoluble fraction as reported in Fig. 

67. It is evident, in this case, a stronger qualitative difference between control and treatment with ethacrynic 

acid even if there is not a homogeneous amount of total TDP-43 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 66: Panel A) Western Blot results of the first experiments: the three windows report the pTDP43 (25 KDa) overview, TDP-43 

and GAPDH, respectively. Panel B) the histogram displays quantitative results of Immunoblotting. There is not a decrease in pTDP-

43 administrating riluzole at the concentration of 10 ɛM. Quantitative results of Western Blot analysis are elaborated using ImageLab 

as program. 
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In the second experiment represented in Fig. 68 a marked difference between control and ethacrynic acid has 

been detected in the first overview. In this situation, the 37 kDa fragment of pTDP-43 has been recovered. 

Nevertheless, riluzole (34) has proved to be not efficient in the decrease of pTDP-43 as showed in the Panel 

B of Fig. 68 in which histogram of quantitative results can be appreciated. 

 

 

 

 

 

 

 

 

 

  

 

 

From these preliminary results it is clear that at least a third experiment is needed in order to validate if riluzole 

has or not an effect in decreasing of TDP-43 phosphorylation even if it has displayed a neuroprotective effect 

on neuroblastoma cell lines. Considering its IC50 on CK1ŭ in the high micromolar range, it is evident that 

pTDP43_25KDa 

TDP43 

GAPDH 

Figure 67: Western Blot result of the first experiment for the insoluble 

fraction. In the three windows, pTDP-43 (25 kDa fragment), TDP-43 and 

GAPDH are reported, respectively. 
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Figure 68: Panel A) Western Blot results of the second experiment: the two windows report the pTDP43 (37 KDa) overview and TDP-

43, respectively. Panel B) the histogram displays quantitative results of Immunoblotting. There is not a decrease in pTDP-43 

administrating riluzole at the concentration of 10 ɛM. Quantitative results of Western Blot analysis are elaborated using ImageLab as 

program. 
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several pathways and mechanisms of action cooperate in the neuroprotective behavior of riluzole. The activity 

of 16.1 ɛM on CK1ŭ has been demonstrated for this candidate, nevertheless hypothesis including the 

glutamatergic one has been reported. Further studies will be conducted to better understand real mechanism of 

action. 

3.3.5.6. Assays of riluzole on Drosophila overexpressed TDP-43 

To confirm the hypothesis that one of the possible mechanisms of riluzole (34) can be connected to its activity 

on CK1ŭ, this candidate has been tested in vivo on Drosophila specie that overexpress TDP-43 in glial cells 

considered ñastrocyte-likeò in collaboration with Prof. Marco Bisaglia of University of Padua. From 

preliminary results the compound administrating at the concentration of 1 mM shows, as reported in Fig. 69, 

the increase of lifespan of Drosophila achieving 37 days in comparison to control (31 days). 

Nevertheless, overexpressing TDP-43 selectively in specific cell populations, some experiments have been 

conducted in D42-Gal4 and Repo-Gal4 transgenic Drosophila. D42-Gal4 results (Fig. 70) overexpressing 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 TDP-43 in motoneurons do not allow to observe changes in 

comparison to the control. The same experiment has been conducted by overexpressing Gal4 in glial cells 

(Repo-Gal4, Fig.71) and no significant increase in survival percentage has been detected. Thus, further 

experiments are required to confirm the activity of riluzole in Drosophila prolongation of lifespan when TDP-

43 is overexpressed. 

Figure 69: survival percentage (Panel A) and survival proportions (Panel B) on Drosophila testing riluzole (34) at the concentration 

of 1 mM. 
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Figure 70: from the left to the right, the survival percentage on Drosophila assaying riluzole (34) at the concentration of 5 mM is 

reported when TDP-43 is overexpressed on motoneurons. 
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Figure 71: from the left to the right, the survival percentage on Drosophila assaying riluzole (34) at the concentration of 5 mM is 

reported when TDP-43 is overexpressed on glial cells. 
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3.4. Conclusions and future perspectives 
In this chapter the N-hydroxylamine metabolite (39) of riluzole (34) has been synthesized to support the 

validated hypothesis of the activity of riluzole on CK1ŭ displaying an IC50 of 16.1 ɛM. This represents an 

important achievement since the real mechanism of action of candidate 34 is still obscure. Compound 39 has 

revealed an IC50 on CK1ŭ of 35.1 ɛM, in the high micromolar range, nevertheless this activity agrees with the 

reported one for riluzole. Candidate 39 has been functionalized developing a series of alkyl derivatives to 

modify phase I metabolism strongly featured for riluzole. Moreover, the hydrazine precursor (42) has been 

developed; from the computational studies conducted by the University of Padua (group of Prof. Stefano 

Moro), the predicted binding pose of compound 42 appears the same as the reported one for hydroxylamine 

metabolite 39. Surprisingly, hydrazino derivative 42 has revealed an IC50 of 3.64 ɛM opening the possibility 

of obtaining functionalized derivatives to outline a structure activity relationship profile. Several compounds 

have been developed with different types of linear and branched chains, as well as arylalkyl and aromatic 

moieties. Most of hydroxylamine derivatives has proved to be inactive on CK1ŭ except for compound 73 that 

bears a pentyl chain. The situation changes with the hydrazino derivatives: all the synthesized compounds have 

resulted active excepting the ethylhexyl one denoting a too bulky substituent (100). Benzyl and isopentyl 

hydrazino compounds, instead, have proved to be the best derivatives reporting IC50s of 1.62 ɛM and 0.92 ɛM, 

respectively (99, 98). The predicted passive transport through the BBB has been explored using BBB-PAMPA: 

results have highlighted that all the derivatives are able to cross BBB to arrive at the central level. Nevertheless, 

since riluzole (34) is a well-known substrate of P-glycoprotein, all the functionalized derivatives will be 

evaluated from this point of view. Moreover, the ATP-competition behavior has been assessed for the best 

derivative of the series (98) with Lineweaver-Burk plot; Vmax has proved to be constant, thus the compound 

has demonstrated to be ATP-competitive, and the same feature can be applied for the other analogues. To 

obtain some information about the selectivity, the screening on GSK3ɓ, another kinase involved in 

neurodegeneration, has been conducted for derivatives 39, 98 and 99. Metabolite 39 has reported an activity 

of 23.1 ɛM while 98 and 99 have displayed good selectivity considering GSK3ɓ. Finally, the most promising 

derivatives 98 and 98 as well as compounds 34 and 39 have been further investigated. N-hydroxylamine 

candidate (39) has displayed a strong toxicity on neuroblastoma (SH-SY5Y) 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 riluzole (34) has demonstrated itself as 

neuroprotective candidate allowing the investigation via 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 preliminary test on a pTDP-43 Drosophila model showed a protective effect of riluzole (34) 

denoting an increased in lifespan of flies, even if assaying 34 with the selectively overexpression of TDP-43 

in motoneurons and glial cells on transgenic Drosophila models (D42-Gal4 and Repo-Gal4, respectively) no 

significant results have been reported, therefore further investigation will be conducted. Despite these non-

positive achievements, considering riluzole (34) it is possible to observe that it can act in a non-direct way in 

the decrease of TDP phosphorylation determining an improvement in ALS pathologyôs symptoms. Several 

mechanisms can cooperate in the neuroprotective action and further investigations can contribute to better 

explain and deepen the therapeutic profile of riluzole.  Regards functionalized derivatives, they have reported 

promising activities on CK1ŭ, nevertheless the structure-activity relationship profile has been deeply explored, 

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 (Macherey-Nagel, 60FUV254). Final compounds and 

intermediates were purified by flash chromatography using as stationary phases silica gel (Macherey-Nagel, 

silica 60, 240-400 mesh) or preparative TLC (stationary phase silica gel, Mechery-Nagel, silica 60, 240-400 

mesh, 0.25 mm). When used, light petroleum ether refers to the fractions boiling at 40-60°C. Melting points 

were determined with a Stuart SMP10 melting point apparatus, and they were not corrected. The 1H NMR, 13C 

NMR and gHSQCAD bidimensional spectra were determined in CDCl3 or DMSO-d6 and recorded on Varian 

400 MHz or Varian 500 MHz spectrometers; chemical shifts (ŭ scale) are reported in parts per million (ppm) 

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) and bs (broad signal). Coupling constants 

(J) are given in Hz. MS-ESI analysis was performed using ESI Bruker 4000 Esquire spectrometer or 

microTOF-Q ï Bruker, used also for the recording of accurate mass. Compound purities were determined by 

HPLC using the instrument SHIMADZU CBM-20A, column GeminiÈ 5 ɛm NX-C18 (Phenomenex®). 

Elution gradient was performed for 30 min at the flow of 1 ml/min from water-methanol 55:45 to 15:85. The 

detector was set at 254 nm. Stability tests were conducted by HPLC-MS using the instrument Bruker 

micrOTOF-Q coupled with HPLC Agilent (procedures are described in dedicated following section).   

3.5.2. Synthesis of N-substituted-6-(trifluoromethoxy)benzo[d]thiazol-2-amine derivatives 

(39, 42, 44-47).  

3.5.2.1. Synthesis of N-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine 

hydrochloride (39) 

A solution of 84.9 mg (1.22 mmol) of hydroxylamine hydrochloride, commercially available, and 70.8 mg 

(0.512 mmol) of K2CO3 was refluxed under argon atmosphere for 30 min. Once completed, 50.0 mg (0.197 

mmol) of 2-chloro-6-(trifluoromethoxy)benzo[d]thiazole (43), commercially available, were added and the 

mixture was stirred at 65°C for 3 h. The mixture was then filtered to eliminate the base and the solvent was 

removed under reduced pressure. The crude product was purified with preparative TLC (light petroleum 60% 

- EtOAc 40%), washed with EtOAc 90% - MeOH 10% and stirred with hydrogen chloride in 1,4-dioxane for 

30 min. The solvent was removed under reduced pressure and the crude was filtered with EtOAc to give 22.0 

mg of white solid. Yield 39%; mp 176°C d. 1H NMR (499 MHz, DMSO-d6) ŭ 10.72 (s, 1H), 9.89 (d, J = 28.2 

Hz, 1H), 7.71 (s, 1H), 7.26 ï 7.07 (m, 1H), 6.95 (d, J = 7.2 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.86 

(d, J = 4.2 Hz), 158.42, 154.42 (d, J = 1.4 Hz), 137.02, 135.89, 120.28 (s, J = 42.4, 33.0 Hz), 116.13, 109.56 

(d, J = 1.7 Hz). ES-MS (methanol) m/z: 250.9 [M+H] +, 249.2 [M-H]+. HRMS (ESI-TOF) m/z: C8H6ClF3N2O2S 

(hydrochloride compound), C8H5F3N2O2S experimental 251.0095 [M+H]+ , theoretical 251.0097 [M+H]+, ȹ = 

0.0002. Purity HPLC: 99.2%. 

3.5.2.2. Synthesis of 2-hydrazineyl-6-(trifluoromethoxy)benzo[d]thiazole (42) 

To a solution of 0.500 mL (10.0 mmol) of monohydrate hydrazine in 3.00 mL of methanol, 100 mg (0.394 

mmol) of 2-chloro-6-(trifluoromethoxy)benzo[d]thiazole (43), commercially available, were added. The 

mixture was refluxed for 2h. The solvent was then removed under reduced pressure and the residue was 

purified with flash chromatography (light petroleum 70% ï EtOAc 30%) to give 42.0 mg of white solid. Yield 

42%; mp 202°C. 1H NMR (400 MHz, DMSO-d6) ŭ 9.20 (s, 1H), 7.78 (d, J = 2.4 Hz, 1H), 7.34 (d, J = 8.7 Hz, 

1H), 7.27-7.09 (m, 1H), 5.11 (s, 2H). 13C NMR (101 MHz, DMSO-d6) ŭ 175.15, 152.72, 141.61 (q, J = 1.8 

Hz), 131.43, 120.30 (q, J = 255.1 Hz), 118.83 (CH), 118.10 (CH), 114.46 (CH). ES-MS (methanol) m/z: 250.0 
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[M+H] +. HRMS (ESI-TOF) m/z: C8H6F3N3OS experimental 250.0258 [M+H]+, theoretical 250.0256 [M+H]+, 

ȹ = 0.0002. Purity HPLC: 98.4%. 

3.5.2.3. Synthesis of N,O-dimethyl-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-

yl)hydroxylamine (44) 

To a solution of 100 mg (0.394 mmol) of 2-chloro-6-(trifluoromethoxy)benzo[d]thiazole (43), commercially 

available, in 10 mL of buthanol, 154 mg (1.58 mmol) of N-methyl 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 flash chromatography (light petroleum 95% ï EtOAc 5%) to give 

63.0 mg of white solid. Yield 58%; mp 53°C. 1H NMR (400 MHz, DMSO-d6) ŭ 8.02 (dd, J = 2.3, 0.8 Hz, 1H), 

7.68 (d, J = 8.8 Hz, 1H), 7.39 ï7.27 (m, 1H), 3.82 (s, 3H), 3.35 (s, 4H). 13C NMR (101 MHz, DMSO-d6) ŭ 

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

(CH), 61.54 (CH3), 39.01 (CH3). ES-MS (methanol) m/z: 279.0 [M+H]+. HRMS (ESI-TOF) m/z:  

C10H9F3N2O2S experimental 279.0410 [M+H]+, theoretical 279.0410 [M+H]+, ȹ = 0.0000. Purity HPLC: 

99.9%. 

3.5.2.4. Synthesis of N-methyl-6-(trifluoromethoxy)benzo[d]thiazol-2-amine (45) 

In a microwave test-tube 100 mg (0.394 mmol) of 2-chloro-6-(trifluoromethoxy)benzo[d]thiazole (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 microwave reactor at 

150°C for 1 h. Once completed the solvent was removed under reduced pressure and the residue was purified 

with flash chromatography (Light petroleum 60% ï EtOAc 40%). The product was then filtered with EtOEt 

collecting 32.0 mg of white solid. Yield 33%; mp 112°C. 1H NMR (400 MHz, DMSO-d6) ŭ 8.09 (d, J = 4.7 

Hz, 1H), 7.78 (d, J = 2.0 Hz, 1H), 7.42 (d, J = 8.7 Hz, 1H), 7.19 (dd, J = 8.7, 2.0 Hz, 1H), 2.94 (d, J = 4.7 Hz, 

3H). 13C NMR (101 MHz, DMSO-d6) ŭ 167.96, 151.85, 142.08, 131.41, 120.27 (q, J = 255.2 Hz), 119.06 

(CH), 118.19 (CH), 114.50 (CH), 30.52 (CH3). ES-MS (methanol) m/z: 249.0 [M+H]+. HRMS (ESI-TOF) m/z: 

C9H7F3N2OS experimental 249.0305 [M+H]+, theoretical 249.0304 [M+H]+, ȹ = 0.0001. Purity HPLC: 99.3%. 

3.5.2.5. Synthesis of 2-(1,2-dimethylhydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole (46) 

To a solution of 100 mg (0.364 mmol) of 2-chloro-6-(trifluoromethoxy)benzo[d]thiazole (43), commercially 

available, in 10 mL of ethanol 42.0 ɛL (1.19 mmol) of methylhydrazine were added. La reaction was refluxed 

overnight and once completed, the crude was purified with flash chromatography (light petroleum 60% ï 

EtOAc 40%) to give 5.00 mg of white compound. Yield 4%; mp 152°C. 1H NMR (400 MHz, CDCl3) ŭ 7.57 

(d, J = 8.8 Hz, 1H), 7.50 (dd, J = 5.5, 5.0 Hz, 1H), 7.21 ï 7.13 (m, 1H), 7.09 (q, J = 5.3 Hz, 1H), 3.57 (s, 3H), 

2.11 (d, J = 5.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) ŭ 170.02, 150.70, 143.93 (q, J = 1.8 Hz), 137.83 (CH), 

132.83, 120.63 (q, J = 256.4 Hz, CH), 120.01, 119.34, 113.94 (CH), 31.99 (CH3), 18.74 (CH3). ES-MS 

(methanol) m/z: 290.1 [M+Na]+. HRMS (ESI-TOF) m/z:  C10H10F3N3OS experimental 290.0567 [M+Na]+, 

theoretical 290.0569 [M+Na]+, ȹ = 0.0002. Purity HPLC: 89.2%. 

3.5.2.6. Synthesis of 2-(2-phenylhydrazineyl)-5-(trifluoromethoxy)benzo[d]thiazole 

hydrochloride (47) 

To a solution of 150 mg (0.590 mmol) of 2-chloro-6-(trifluoromethoxy)benzo[d]thiazole (43), commercially 

available, in 7.5 mL of butanol, 145 ɛL of phenylhydrazine were added. The reaction was refluxed under argon 

atmosphere for 3 h; once completed the solvent was removed under reduced pressure and the crude product 

was purified with flash chromatography (light petroleum 90% - EtOAc 10%). Hydrochloride salt of the 

compound was then formed by adding hydrochloride acid in 1,4-dioxane at room temperature for 30 minutes. 

Solvent was then eliminated under vacuum and the crude was then filtered using EtOAc to provide 21.0 mg of 

white compound. Yield 10%; mp 134°C. 1H NMR (400 MHz, DMSO-d6) ŭ 9.78 (s, 1H), 7.83 (d, J = 1.3 Hz, 

1H), 7.81 ï 7.75 (m, 1H), 7.45 (dd, J = 5.1, 2.1 Hz, 1H), 7.21 ï 7.11 (m, 5H), 3.99 (s, 1H). 13C NMR (101 
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MHz, DMSO-d6) ŭ 186.13, 169.80, 158.27, 143.26, 128.84, 128.72 (d, J = 1.5 Hz), 126.56, 126.41, 119.41, 

118.78, 111.40, 110.00 (d, J = 1.3 Hz), 102.66. ES-MS (methanol) m/z: 326.0 [M+H] +. HRMS (ESI-TOF) m/z:  

C14H11ClF3N3OS (hydrochloride compound) experimental 326.0568 [M+H] +, theoretical 365.0569 [M+H]+, ȹ 

= 0.0001. Purity HPLC: 93.5%. 

3.5.3. Synthesis of O-substituted-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-

yl)hydroxylamine hydrochloride derivatives (71-76). 

3.5.3.1. General procedure for the synthesis of 2-(alkyloxy)isoindoline-1,3-dione (42-52) 

To a solution of 4.00 g (29.4 mmol) of N-hydroxy phthalimide (48), commercially available, and 1.5 

equivalents of the desired 1-bromoalcane in 106 mL of anhydrous DMF, 8.10 g (58.8 mmol) of K2CO3 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 60.0 mL of saturated solution of Na2CO3 and the mixture was 

extracted with DCM (90.0 mL x 3). The organic layer was then washed with 90.0 mL of NaHCO3, 90.0 mL of 

H2O and 90.0 mL of brine and finally dried over anhydrous sodium sulfate.  

3.5.3.1.1. 2-propoxyisoindoline-1,3-dione (49) 

Yield 60% (3.00 g). White solid; mp 76°C. 1H NMR (499 MHz, DMSO-d6) ŭ 7.86 (s, 4H), 4.09 (t, J = 6.6 Hz, 

2H), 1.74 ï 1.63 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H). ESI-MS (methanol) m/z C11H11NO3: 206.0 [M+H]+, 228.0 

[M+Na]+. 

3.5.3.1.2. 2-(pentyloxy)isoindoline-1,3-dione (50) 

Yield 94% (2.70 g from 2.00 g of starting material). White solid; mp 40°C. 1H NMR (400 MHz, CDCl3) ŭ 7.83 

(td, J = 5.2, 2.0 Hz, 2H), 7.75 (td, J = 5.2, 2.0 Hz, 2H), 4.20 (t, J = 6.8 Hz, 2H), 1.90 ï 1.71 (m, 2H), 1.52 ï 

1.30 (m, 4H), 0.93 (t, J = 7.2 Hz, 3H). 

3.5.3.1.3. 2-(isopentyloxy)isoindoline-1,3-dione (51) 

Yield 74% (4.00 g). White solid; mp 47°C. 1H NMR (400 MHz, DMSO-d6) ŭ 7.85 (s, 4H), 4.16 (t, J = 6.6 Hz, 

2H), 1.81 (dt, J = 13.5, 6.7 Hz, 1H), 1.57 (q, J = 6.7 Hz, 2H), 0.92 (d, J = 6.7 Hz, 6H). ESI-MS (methanol) m/z 

C13H15NO3: 334.0 [M+H]+. 

3.5.3.1.4. 2-((2-ethylhexyl)oxy)isoindoline-1,3-dione (52) 

Yield 70% (1.93 g). Transparent liquid. 1H NMR (400 MHz, DMSO-d6) ŭ 7.85 (s, 4H), 4.04 (d, J = 5.6 Hz, 

2H), 3.55 (dd, J = 4.7, 1.4 Hz, 2H), 1.70 ï 1.59 (m, 1H), 1.54 ï 1.39 (m, 4H), 0.89 (dt, J = 10.0, 5.3 Hz, 8H). 

3.5.3.2. General procedure for the synthesis of O-alkylhydrazine hydrochloride (54-56, 58) 

1 equivalent (10.0 mmol) of 2-(alkyloxy)isoindoline-1,3-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 overnight. Once 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 25.0 mL of HCl in 1,4-

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 compounds 54-56, 58. 

3.5.3.2.1. O-propylhydroxylamine hydrochloride (54) 

Yield 66% (1.05 g). White solid; mp 127°C. 1H NMR (400 MHz, DMSO-d6) ŭ 11.03 (s, 3H), 3.96 (t, J = 6.5 

Hz, 2H), 1.66 ï 1.52 (m, 2H), 0.88 (t, J = 7.4 Hz, 3H). ESI-MS (methanol) m/z C3H10ClNO (hydrochloride 

compound): 76.1 [M+H] +, 113.9 [M+K]+. 
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3.5.3.2.2. O-pentylhydroxylamine hydrochloride (55) 

Yield 46% (741 mg). White solid; mp 139°C. 1H NMR (400 MHz, DMSO-d6) ŭ 11.08 (bs, 2H), 4.00 (t, J = 

6.5 Hz, 2H), 1.72 ï 1.47 (m, 2H), 1.37 ï 1.23 (m, 4H), 0.86 (t, J = 6.9 Hz, 3H). 

3.5.3.2.3. O-isopentylhydroxylamine hydrochloride (56) 

Yield 67% (1.63 g). White solid; mp 121°C. 1H NMR (400 MHz, DMSO-d6) ŭ 10.82 (s, 3H), 4.00 (t, J = 6.6 

Hz, 2H), 1.64 (dt, J = 13.5, 6.7 Hz, 1H), 1.45 (q, J = 6.7 Hz, 2H), 0.88 (d, J = 6.6 Hz, 6H). ESI-MS (methanol) 

m/z C5H14ClNO (hydrochloride compound): 104.0 [M+H] +. 

3.5.3.2.4. O-(2-ethylhexyl)hydroxylamine hydrochloride (58) 

Yield 67% (740 mg). White solid; mp 138°C. 1H NMR (400 MHz, DMSO-d6) ŭ 10.97 (s, 3H), 3.92 (d, J = 5.7 

Hz, 2H), 1.37 ï 1.17 (m, 9H), 0.92 ï 0.79 (m, 6H). ESI-MS (methanol) m/z C8H20ClNO (hydrochloride 

compound: 146.0 [M+H] +. 

3.5.3.3. General procedure for the synthesis of tert-butyl alkyloxycarbamate (59-64) 

1 equivalent of synthesized O-alkylhydrazine hydrochloride (54-56, 58) or commercially available 53, 57 was 

solved in CH3CN (0.75 mL/mmol) and 1.1 equivalents of Et3N was added to the mixture that was stirred at 

room temperature for 1.30 h. Once completed, the reaction was filtered and washed with CH3CN and the 

resulting solution was cooled at 0°C. To this mixture a solution of 2 equivalents of Boc2O in CH3CN (3 

mL/mmol) was added dropwise at 0°C. The reaction was then stirred overnight at 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 vacuum to collect white solid. 

3.5.3.3.1. Tert-butyl methoxycarbamate (59) 

Yield 51% (1.80 g). White solid; mp 63°C. 1H NMR (400 MHz, CDCl3) ŭ 7.18 (s, 1H), 3.71 (s, 3H), 1.48 (s, 

9H). 

3.5.3.3.2. Tert-butyl propoxycarbamate (60) 

Yield 96% (1.50 mg). White solid; mp 49°C. 1H NMR (400 MHz, DMSO-d6) ŭ 9.89 (s, 1H), 3.63 (t, J = 6.6 

Hz, 2H), 1.51 (dd, J = 14.2, 6.8 Hz, 2H), 1.40 (s, 9H), 0.88 (t, J = 7.4 Hz, 3H). ESI-MS (methanol) m/z 

C8H17NO3: 197.9 [M+H]+. 

3.5.3.3.3. Tert-butyl (pentyloxy)carbamate (61) 

Yield 58% (612 mg). White solid; mp 56°C. 1H NMR (400 MHz, CDCl3) ŭ 7.12 (s, 1H), 3.83 (t, J = 6.7 Hz, 

2H), 1.66 ï 1.53 (m, 2H), 1.47 (s, 9H), 1.41 ï 1.28 (m, 4H), 0.98 ï 0.81 (m, 3H). 

3.5.3.3.4. Tert-butyl (isopentyloxy)carbamate (62) 

Yield 95% (1.40 g). White solid; mp 67°C. 1H NMR (499 MHz, DMSO-d6) ŭ 9.88 (s, 1H), 3.70 (t, J = 6.6 Hz, 

2H), 1.67 (dt, J = 13.4, 6.7 Hz, 1H), 1.47 (s, 11H), 0.87 (d, J = 6.7 Hz, 6H). ESI-MS (methanol) m/z C10H21NO3: 

226.0 [M+Na]+. 

3.5.3.3.5. Tert-butyl (benzyloxy)carbamate (63) 

Yield 34% (788 mg). White solid; mp 48°C. 1H NMR (400 MHz, CDCl3) ŭ 7.42-7.32 (m, 5H), 7.07 (s, 1H), 

4.86 (s, 2H), 1.48 (s, 9H).  

3.5.3.3.6. Tert-butyl ((2-ethylhexyl)oxy)carbamate (64) 

Yield 82% (821 mg). White solid; mp 74°C. 1H NMR (400 MHz, DMSO-d6) ŭ 9.85 (s, 1H), 3.56 (d, J = 5.8 

Hz, 2H), 1.46 (s, 2H), 1.45 (s, 9H), 1.28 (ddd, J = 27.8, 16.1, 6.0 Hz, 7H), 0.88 ï 0.80 (m, 6H). ESI-MS 

(methanol) m/z C13H27NO3: 268.1 [M+Na]+, 284.1 [M+K]+. 
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3.5.3.4. General procedure for synthesis of tert-butyl alkyloxy(6-

(trifluoromethoxy)benzo[d]thiazol-2-yl)carbamate (65-70) 

Under argon atmosphere 0.15 equivalents of Pd2(dba)3 and 0.20 equivalents of dppf were added to 15 mL of 

anhydrous CH3CN. The mixture was heated at 40°C. Then, 2.0 equivalents of tert-butyl alkyloxycarbamate 

(59-64) were added to the reaction. After 10 minutes 1.0 equivalent of 2-chloro-6-

(trifluoromethoxy)benzo[d]thiazole, commercially available, and 1.6 equivalents of Cs2CO3 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 removed under reduced pressure and the crude was purified with flash 

chromatography (light petroleum 95% ï EtOAc 5%) to obtain pale yellow solid.  

3.5.3.4.1. Tert-butyl methoxy(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)carbamate (65) 

Yield 23% (98.3 mg). Pale yellow solid; mp 56°C.  1H NMR (400 MHz, CDCl3) ŭ 7.87 (d, J = 8.9 Hz, 1H), 

7.61 (d, J = 1.5 Hz, 1H), 7.30 ï 7.26 (m, 1H), 4.04 (s, 3H), 1.65 (s, 9H).  

3.5.3.4.2. O-propyl-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine (66) 

Preparative TLC was performed after the flash chromatography (light petroleum ï EtOAc 95:5). Yield 4% 

(15.0 mg). HRMS (ESI-TOF) m/z:  C11H11F3N2O2S experimental 293.0560 [M+H]+, theoretical 293.0566 

[M+H] +, ȹ = 0.0006. The compound was treated with HCl in situ without 1H and 13C characterization because 

of its instability. 

3.5.3.4.3. Tert-butyl (pentyloxy)(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)carbamate (67) 

Yield 19% (122 mg). Pale yellow solid; mp 77°C. 1H NMR (400 MHz, CDCl3) ŭ 7.85 (d, J = 8.6 Hz, 1H), 7.61 

(d, J = 1.3 Hz, 1H), 7.27 (d, J = 6.8 Hz, 1H), 4.21 (d, J = 3.6 Hz, 2H), 1.80 (d, J = 7.7 Hz, 2H), 1.64 (s, 9H), 

1.54 ï 1.46 (m, 2H), 1.46 ï 1.31 (m, 2H), 0.94 (t, J = 7.2 Hz, 3H). ESI-MS (metanolo) m/z C18H23F3N2O4S: 

443.0 [M+Na]+, 459.0 [M+K]+. 

3.5.3.4.4. Tert-butyl (isopentyloxy)(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)carbamate (68) 

Yield 3% (17.0 mg). Pale yellow solid; mp 68°C. 1H NMR (499 MHz, DMSO-d6) ŭ 8.43 (d, J = 1.3 Hz, 1H), 

8.33 (d, J = 8.9 Hz, 1H), 7.65 (dd, J = 8.6, 2.1 Hz, 1H), 3.86 (t, J = 6.4 Hz, 2H), 1.71 (dt, J = 13.4, 6.7 Hz, 

1H), 1.46 (s, 9H), 1.44 ï 1.40 (m, 2H), 0.89 (d, J = 6.7 Hz, 6H). ESI-MS (methanol) m/z C18H23F3N2O4S: 443.2 

[M+Na]+. 

3.5.3.4.5. Tert-butyl (benzyloxy)(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)carbamate (69) 

Yield 40% (300 mg). Pale yellow solid; mp 64°C. 1H NMR (400 MHz, CDCl3) ŭ 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), 7.45 ï 7.37 (m, 3H), 7.30 (d, J = 7.5 Hz, 1H), 5.23 (s, 2H), 

1.55 (s, 9H). ESI-MS (methanol) m/z C20H19F3N2O4S: 463.0 [M+Na]+. 

3.5.3.4.6. Tert-butyl ((2-ethylhexyl)oxy)(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)carbamate (70) 

Yield 22% (142 mg). Pale yellow solid; mp 82°C. 1H NMR (499 MHz, DMSO-d6) ŭ 8.27 (d, J = 1.9 Hz, 1H), 

8.08 (d, J = 8.9 Hz, 1H), 7.57 (dd, J = 10.0, 2.1 Hz, 1H), 4.09 (s, 2H), 1.68 ï 1.38 (m, 18H), 0.97 (t, J = 7.4 

Hz, 3H), 0.90 (t, J = 7.1 Hz, 3H). ESI-MS (methanol) m/z: 486.1 [M+Na]+. HRMS (ESI-TOF) m/z: 

C21H29F3N2O4S experimental 485.1693 [M+Na]+, theoretical 485.1692 [M+Na]+, ȹ = 0.0001. Purity HPLC: 

99.2%. 

3.5.3.5. General procedure for the synthesis of O-alkyl-N-(6-

(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine (71-76)  

Method A: 2.5 mmol of acetyl chloride was added dropwise at 0°C to 11 mL of MeOH. Once completed, a 

solution of 0.5 mmol of 65, 67-70 in 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 removed under reduced pressure and the 

crude was filtered using EtOAc to collect white solid.  

Method B: 4 mL of HCl in 1,4-dioxane were added to 1 mmol of compound 66. The mixture was stirred at 

room temperature overnight. Once completed, the solvent was removed under reduced pressure and the crude 

was filtered using EtOAc to collect white solid of final products 72. 

3.5.3.5.1. O-methyl-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine hydrochloride 

(71) 

Method A. Yield 34% (26.0 mg). White solid; mp 135°C. 1H NMR (400 MHz, DMSO-d6) ŭ 7.65 (d, J = 1.7 

Hz, 1H), 7.16 (dd, J = 8.7, 1.6 Hz, 1H), 7.03 (d, J = 8.7 Hz, 1H), 3.72 (s, 3H).13C NMR (101 MHz, DMSO-

d6) ŭ 142.15, 125.20, 124.44, 121.90, 120.21 (CH), 119.35, 116.31 (CH), 111.78 (CH), 62.25 (CH3). ESI-MS 

(methanol) m/z: 264.9 [M+H]+. HRMS (ESI-TOF) m/z: C9H8ClF3N2O2S (hydrochloride compound) 

experimental 265.0256 [M+H]+, theoretical 265.0253 [M+H]+, ȹ = 0.0003. Purity HPLC: 96.9%. 

3.5.3.5.2. O-propyl-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine hydrochloride 

(72) 

Method B. Yield 67% (10.0 mg). White solid; mp 157°C. 1H NMR (400 MHz, DMSO-d6) ŭ 7.89 (s, 1H), 7.69 

(dd, J = 12.1, 2.9 Hz, 1H), 7.19 (s, 1H), 1.61 (dd, J = 14.2, 6.6 Hz, 4H), 0.95 ï 0.89 (m, 3H). HRMS (ESI-

TOF) m/z: C11H12ClF3N2O2S (hydrochloride compound) experimental 293.0560 [M+H]+, theoretical 293.0566 

[M+H] +, ȹ = 0.0006. Purity HPLC: 93.8%. 

3.5.3.5.3. O-pentyl-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine hydrochloride 

(73) 

Method A. Yield 90% (72.0 mg). White solid; mp 139°C. 1H NMR (400 MHz, DMSO-d6) ŭ 7.65 (s, 1H), 7.16 

(d, J = 8.1 Hz, 1H), 7.04 (d, J = 8.6 Hz, 1H), 6.55 (bs, NH salt), 3.89 (t, J = 6.4 Hz, 2H), 1.72 ï 1.52 (m, 2H), 

1.40 ï 1.24 (m, 4H), 0.87 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 158.72, 141.75, 141.22, 

125.12, 120.23 (q, J = 255.4 Hz), 119.78 (CH), 115.86 (CH), 111.65 (CH), 73.75 (CH2), 28.11 (CH2), 

27.75 (CH2), 22.00 (CH2), 13.97 (CH3). ESI-MS (methanol) m/z: 321.0 [M+H]+, 353.3 [M+Na]+. HRMS 

(ESI-TOF) m/z: C13H16ClF3N2O2S (hydrochloride compound) experimental 321.0880 [M+H]+, theoretical 

321.0879 [M+H]+, ȹ = 0.0001. Purity HPLC: 99.6%. 

3.5.3.5.4. O-isopentyl-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine hydrochloride 

(74) 

Method A. Yield 60% (14.5 mg). White solid; mp 141°C. 1H NMR (400 MHz, DMSO-d6) ŭ 8.43 (s, 1H), 8.33 

(d, J = 8.8 Hz, 1H), 7.66 (dd, J = 8.3, 2.3 Hz, 1H), 1.57 ï 1.44 (m, 1H), 1.34 ï 1.27 (m, 2H), 1.16 (d, J = 7.3 

Hz, 2H), 0.89 ï 0.83 (m, 6H). 13C NMR (101 MHz, DMSO-d6) ŭ 160.85 (d, J = 5.7 Hz), 153.43 (d, J = 3.4 

Hz), 149.45 ï 144.56 (m), 134.85 (d, J = 5.1 Hz), 122.69 (CH), 120.38 (CH), 115.27 (d, J = 3.5 Hz, CH), 

109.99, 81.50 (d, J = 100.8 Hz), 48.45 (CH2), 29.46 ï 27.35 (CH2), 22.32 (d, J = 10.9 Hz, CH), 14.28 (CH3). 

ESI-MS (methanol) m/z: 321.2263 [M+H] +, 344.0860 [M+Na]+. HRMS (ESI-TOF) m/z: C13H16ClF3N2O2S 

(hydrochloride compound) experimental 320.0890 [M+H]+, theoretical 320.0801 [M+H]+, ȹ = 0.0089. Purity 

HPLC: 96.1%. 

3.5.3.5.5. O-benzyl-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine hydrochloride 

(75) 

Method A. Yield 86% (206 mg). White solid; mp 195°C. 1H NMR (400 MHz, DMSO-d6) ŭ 7.62 (s, 1H), 7.40 

ï 7.28 (m, 5H), 7.15 (d, J = 8.7 Hz, 1H), 7.00 (d, J = 8.7 Hz, 1H), 4.95 (s, 2H). 13C NMR (101 MHz, DMSO-

d6) ŭ 158.48, 141.76, 140.57, 137.88, 128.30 (CH), 128.07 (CH), 127.80 (CH), 124.71, 119.86 (CH), 

115.93 (CH), 111.26 (CH), 75.54 (CH2). ESI-MS (methanol) m/z: 341.0 [M+H]+. HRMS (ESI-TOF) m/z: 
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C15H12ClF3N2O2S (hydrochloride compound) experimental 341.0565 [M+H]+, theoretical 341.0566 [M+H]+, 

ȹ = 0.0001. Purity HPLC: 98.0%. 

3.5.3.5.6. O-(2-ethylhexyl)-N-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydroxylamine 

hydrochloride (76) 

Method A. Yield 48% (10.0 mg). White solid; mp 154°C. 1H NMR (499 MHz, DMSO-d6) ŭ 12.10 (s, 1H), 

7.87 (d, J = 8.8 Hz, 1H), 7.49 (d, J = 8.9 Hz, 1H), 7.18 (d, J = 8.7 Hz, 1H), 1.66 ï 1.31 (m, 8H), 1.03 (t, J = 

7.4 Hz, 1H), 0.90 (dt, J = 35.0, 7.0 Hz, 8H). 13C NMR (101 MHz, DMSO-d6) ŭ 170.30 (d, J = 11.4 Hz), 161.38 

, 149.21 (d, J = 34.7 Hz), 134.38 (d, J = 257.6 Hz), 124.43 (d, J = 97.8 Hz, CH), 119.96 (d, J = 15.9 Hz), 

117.01 ï 114.74 (CH), 112.51 (CH), 76.57 (CH2), 38.83 ï 38.18 (CH), 29.96 (d, J = 6.8 Hz, CH2), 28.60 (d, J 

= 6.8 Hz, CH2), 22.62 (CH2), 22.55 (CH2), 14.12 (d, J = 9.4 Hz, CH3), 11.15 (d, J = 17.5 Hz, CH3). ESI-MS 

(methanol) m/z C16H24ClF3N2O2S (hydrochloride compound): 363.13 [M+H]+. Purity HPLC: 74.1%. 

3.5.4. Synthesis of 2-(2-alkylhydrazineyl)-6-

(trifluoromethoxy)benzo[d]thiazole hydrochloride derivatives (95-102) 

3.5.4.1. Synthesis of di-tert-butyl hydrazine-1,2-dicarboxylate (78) 

A mixture of 3.63 g (16.6 mmol) of di-tert-butyl dicarbonate, commercially available (77), and 2.00 g (15.0 

mmol) of di-tert-butyl carbazate was allowed to react at room temperature for 20 min. Once completed, the 

porous solid was crystallized using chloroform ï light petroleum 1:4 and filtered collecting 3.06 g of white 

solid. Yield 88%; mp 120-122°C. 1H NMR (400 MHz, DMSO-d6) ŭ 8.56 (s, 2H), 1.37 (s, 18H).  

3.5.4.2. General procedure for the synthesis of di-tert-butyl 1-alkylhydrazine-1,2-

dicarboxylate (79-86) 

A mixture of 1.00 g (4.30 mmol) of di-tert-butyl decarbonate (78) and 2.80g (8.60 mmol) of cesium carbonate 

in 20 mL of anhydrous DMF was allowed to react at room temperature for 1 h. Then, 4.73 mmol of the desired 

alkyl bromide were added. The reaction was stirred at room temperature for 12 h. The mixture was diluted 

with water and extracted with EtOAc (3 x 20 mL). The organic 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-methylhydrazine-1,2-dicarboxylate (79) 

Flash chromatography eluent: light petroleum 93%ï EtOAc 7%. Yield 50% (666 mg). White solid; mp 53-

58°C. 1H NMR (400 MHz, CDCl3) ŭ 6.40 (s, 1H), 3.11 (s, 3H), 1.47 (d, J = 5.9 Hz, 18H). 

3.5.4.2.2. Di-tert-butyl 1-propylhydrazine-1,2-dicarboxylate (80) 

Flash chromatography eluent: light petroleum 93%ï EtOAc 7%. Yield 64% (1.67 g). White solid; mp 55°C. 
1H NMR (400 MHz, DMSO-d6) ŭ 9.01 (s, 1H), 3.23 (s, 2H), 1.38 (d, J = 15.7 Hz, 20H), 0.81 (t, J = 7.1 Hz, 

3H). ES-MS (methanol) m/z C13H26N2O4: 297.1 [M+Na]+, 313.1 [M+K]+. 

3.5.4.2.3. Di-tert-butyl 1-pentylhydrazine-1,2-dicarboxylate (81) 

Flash chromatography eluent: light petroleum 93%ï EtOAc 7%. Yield 88% (1.37 g). White solid; mp 54-

55°C. 1H NMR (400 MHz, DMSO-d6) ŭ 9.01 (s, 1H), 3.31 (s,23H), 1.38 (d, J = 16.3 Hz, 20H), 1.26 (dd, J = 

13.5, 6.9 Hz, 4H), 0.85 (t, J = 6.8 Hz, 3H). ES-MS (methanol) m/z C15H30N2O4: 325.1 [M+Na]+, 341.1 [M+K]+. 

3.5.4.2.4. Di-tert-butyl 1-isopentylhydrazine-1,2-dicarboxylate (82) 

Flash chromatography eluent: light petroleum 90%ï EtOAc 10%. Yield 62% (1.22 g). White solid; mp 70-

74°C. 1H NMR (400 MHz, CDCl3) ŭ 6.43 ï 5.91 (m, 1H), 3.44 (s, 2H), 1.60 ï 1.35 (m, 21H), 0.90 (d, J = 6.6 

Hz, 6H). 
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3.5.4.2.5. Di-tert-butyl 1-benzylhydrazine-1,2-dicarboxylate (83) 

Flash chromatography eluent: light petroleum 90%ï EtOAc 1%. Yield 62% (1.30 g). White solid; mp 108°C. 
1H NMR (400 MHz, CDCl3) ŭ 7.43 ï7.17 (m, 5H), 6.20 (s, 1H), 4.63 (s, 2H), 1.46 (s, 18H). 

3.5.4.2.6. Di-tert-butyl 1-(2-ethylhexyl)hydrazine-1,2-dicarboxylate (84) 

Flash chromatography eluent: light petroleum 90% ï EtOAc 10%. Yield 39% (1.15 g). Transparent liquid. 1H 

NMR (400 MHz, DMSO-d6) ŭ 9.04 (s, 1H), 3.10 (d, J = 66.5 Hz, 2H), 1.58 ï 1.10 (m, 27H), 0.82 (dt, J = 14.4, 

6.8 Hz, 6H). ES-MS (methanol) m/z C18H36N2O4: 367.2 [M+Na]+. 

3.5.4.2.7. Di-tert-butyl 1-phenethylhydrazine-1,2-dicarboxylate (85) 

Flash chromatography eluent: light petroleum 93% ï EtOAc 7%. Yield 22% (760 mg). 1H NMR (400 MHz, 

DMSO-d6) ŭ 9.16 (s, 1H), 7.32 ï 7.15 (m, 5H), 3.49 (s, 2H), 2.80 ï 2.68 (m, 2H), 1.53 ï 1.13 (m, 18H). ES-

MS (methanol) m/z C18H28N2O4: 359.1 [M+Na]+. 

3.5.4.2.8. Di-tert-butyl 1-(3-phenylpropyl)hydrazine-1,2-dicarboxylate (86) 

Flash chromatography eluent: light petroleum 93% ï EtOAc 7%. Yield 31% (590 mg). 1H NMR (400 MHz, 

DMSO-d6) ŭ 9.08 (s, 1H), 7.26 (t, J = 7.4 Hz, 2H), 7.17 (dd, J = 18.1, 7.1 Hz, 3H), 3.25 (d, J = 38.4 Hz, 2H), 

2.56 (t, J = 7.0 Hz, 2H), 1.71 (d, J = 5.7 Hz, 2H), 1.39 (d, J = 16.1 Hz, 18H). ES-MS (methanol) m/z 

C19H30N2O4: 373.1 [M+Na]+. 

3.5.4.3. General procedure for the synthesis of 2-di-tert-butyl 1-alkyl-2-(6-

(trifluoromethoxy)benzo[d]thiazol-2-yl)hydrazine-1,2-dicarboxylate (87-94) 

To a solution of 1.00 equivalent (2.00 mmol) of 2-chloro-6-(trifluoromethoxy)benzo[d]thiazole (43) in 5 mL 

of toluene, 3.00 equivalents (6.00 mmol) of di-tert-butyl 1-alkylhydrazine-1,2-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 Pd2(dba)3 were added to the 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 sulfate. The solvent was removed under 

reduced pressure and the crude was purified with flash chromatography (light petroleum 95% ï EtOAc 5%). 

3.5.4.3.1. Di-tert-butyl 1-methyl-2-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydrazine-1,2-

dicarboxylate (87) 

Yield 65% (154 mg). White solid; mp 101°C. 1H NMR (400 MHz, CDCl3) ŭ 7.82 (t, J = 9.5 Hz, 1H), 7.61 (dd, 

J = 8.7, 1.4 Hz, 1H), 7.29 (dd, J = 2.1, 1.2 Hz, 1H), 1.60 (d, J = 4.9 Hz, 9H), 1.53 (s, 3H), 1.34 (s, 9H). ESI-

MS (methanol) m/z C19H24F3N3O5S: 486.1 [M+Na]+. 

3.5.4.3.2. Di-tert-butyl 1-propyl-2-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydrazine-1,2-

dicarboxylate (88) 

Yield 19% (110 mg). Pale yellow solid; mp 193°C. 1H NMR (400 MHz, DMSO-d6) ŭ 8.11 (s, 1H), 7.90 ï 7.83 

(m, 1H), 7.40 (d, J = 8.8 Hz, 1H), 3.81 ï 3.34 (m, 2H), 1.82 ï 1.33 (m, 20H), 0.90 (q, J = 7.5 Hz, 3H). ESI-

MS (methanol) m/z C21H28F3N3O5S: 514.2 [M+Na]+, 530.1 [M+K]+, 392.1 [(M-Boc)+H]+, 314.0 [(M-

Boc)+Na]+, 292.0 [(M-2Boc)+H]+. 

3.5.4.3.3. Di-tert-butyl 1-pentyl-2-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydrazine-1,2-

dicarboxylate (89) 

Yield 8% (47.0 mg). White solid; mp 239°C. 1H NMR (499 MHz, DMSO-d6) ŭ 8.15 ï 8.10 (m, 1H), 7.86 (dd, 

J = 13.6, 8.8 Hz, 1H), 7.41 (d, J = 8.2 Hz, 1H), 3.87 ï 3.67 (m, 2H), 1.42 ï 1.37 (m, 22H), 1.30 (d, J = 6.8 Hz, 

4H), 0.87 (t, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 165.63 (s), 155.32 (d, J = 33.0 Hz), 154.63 (s), 144.96 

(s), 134.82 (s), 132.03 (d, J = 4.8 Hz), 121.87 (s, J = 38.6 Hz), 121.48 (s), 109.99 (s), 80.16 (s), 49.20 (s), 28.98 

(d, J = 2.9 Hz), 28.76 ï 27.70 (m), 27.31 (d, J = 5.3 Hz), 22.61 ï 22.11 (m), 14.28 (d, J = 1.2 Hz). ESI-MS 
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(methanol) m/z: 520.21 [M+H] +, 542.19 [M+Na]+, 558.17 [M+K]+, 420.16 [(M-Boc)+H]+, 442.14 [(M-

Boc)+Na]+, 458.11 [(M-Boc)+K]+, 320.10 [(M-2Boc)+H]+. HRMS (ESI-TOF) m/z:  C23H32F3N3O5S 

experimental 542.1910 [M+Na]+, theoretical 542.1907 [M+Na]+, ȹ = 0.0003. Purity HPLC: 99.7%. 

3.5.4.3.4. Di-tert-butyl 1-isopentyl-2-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydrazine-1,2-

dicarboxylate (90) 

Yield 15% (161 mg). Yellow oil. 1H NMR (400 MHz, DMSO-d6) ŭ 8.13 (s, 1H), 7.87 (dd, J = 11.5, 8.9 Hz, 

1H), 7.44 ï 7.39 (m, 1H), 3.90 ï 3.38 (m, 2H), 1.66 (dt, J = 19.9, 6.6 Hz, 1H), 1.54 (d, J = 13.4 Hz, 9H), 1.45 

ï 1.37 (m, 2H), 1.24 (s, 9H), 0.88 (td, J = 6.6, 3.2 Hz, 6H). 13C NMR (101 MHz, DMSO-d6) ŭ 171.31, 167.27 

(d, J = 1.1 Hz), 153.39, 144.70, 136.19, 122.72 (CH), 120.40 (CH), 115.29 (d, J = 1.3 Hz, CH), 109.99, 81.04, 

46.77 (d, J = 1.6 Hz, CH2), 36.30 (CH2), 28.05 (dd, J = 22.7, 13.7 Hz, CH3), 25.44 (d, J = 16.6 Hz, CH), 23.07 

ï 22.37 (CH3). ESI-MS (methanol) m/z C23H32F3N3O5S: 542.2 [M+Na]+, 442.1 [(M-Boc)+Na]+, 558.1 [M+K]+. 

3.5.4.3.5. Di-tert-butyl 1-benzyl-2-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydrazine-1,2-

dicarboxylate (91) 

Yield 36% (118 mg). Yellow oil. 1H NMR (400 MHz, DMSO-d6) ŭ 8.14 (d, J = 1.5 Hz, 1H), 7.93 (dd, J = 

10.2, 8.9 Hz, 1H), 7.49 ï 7.18 (m, 6H), 4.79 (ddd, J = 58.7, 42.6, 14.4 Hz, 2H), 1.43 ï 1.15 (m, 18H). ESI-MS 

(methanol) m/z C25H28F3N3O5S: 562.0 [M+Na]+, 462.0 [(M-Boc)+Na]+. 

3.5.4.3.6. Di-tert-butyl 1-(2-ethylhexyl)-2-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydrazine-

1,2-dicarboxylate (92) 

Yield 3% (25.0 mg). White solid; mp 211°C. 1H NMR (400 MHz, DMSO-d6) ŭ 8.11 (d, J = 13.2 Hz, 1H), 7.90 

ï 7.81 (m, 1H), 7.41 (d, J = 8.9 Hz, 1H), 3.75 ï 3.61 (m, 2H), 3.37 (ddd, J = 22.3, 15.2, 7.5 Hz, 2H), 1.60 ï 

1.05 (m, 25H), 0.80 (dt, J = 16.1, 6.9 Hz, 6H). HRMS (ESI-TOF, methanol) m/z C26H38F3N3O5S: 562.2519 

[M+H] +, 584.2341 [M+Na]+, 600.2072 [M+K]+, 462.1981 [(M-Boc)+H]+.  

3.5.4.3.7. Di-tert-butyl 2-phenethyl-1-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydrazine-1-

carboxylate (93) 

Obtained the mono-Boc product. Yield 8% (50.0 mg). White solid; mp 215°C. ESI-MS (methanol) m/z 

C25H30F3N3O5S: 454.1 [M+H]+, 476.1 [M+Na]+, 354.9 [(M-Boc)+H]+, 376.8 [(M-Boc)+Na]+. 

3.5.4.3.8. Di-tert-butyl 1-(3-phenylpropyl)-2-(6-(trifluoromethoxy)benzo[d]thiazol-2-yl)hydrazine-

1,2-dicarboxylate (94) 

Yield 6% (31.0 mg). White solid; mp 231°C. ESI-MS (methanol) m/z C27H32F3N3O5S: 490.2 [M+Na]+, 468.5 

[(M-Boc)+H]+, 490.4 [(M-Boc)+Na]+. 

3.5.4.4. General procedure for the synthesis of 2-(2-alkyl hydrazineyl)-6-

(trifluoromethoxy)benzo[d]thiazole hydrochloride (95-105) 

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 of 87-89, 92 in 3 mL of EtOAc was added dropwise to the first solution. The reaction 

was stirred at room temperature overnight. Then, the solvent was removed under reduced pressure and the 

crude was filtered using EtOAc to collect white solid.  

Method B: 4 mL of HCl in diethyl ether were added to 1 mmol of compounds 90-91, 93-94. The mixture was 

stirred at room temperature overnight. Once completed, the reaction was filtered using diethyl ether and DCM 

to collect white solid of final products 98-99, 101-102. 

3.5.4.4.1. 2-(2-methylhydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole hydrochloride (95) 

Method A. Yield 36% (14.0 mg). White solid; mp 138°C. 1H NMR (400 MHz, DMSO-d6) ŭ 7.96 (bs, 1H), 

7.55 (d, J = 8.6 Hz, 1H), 7.33 (dd, J = 8.7, 1.7 Hz, 1H), 2.75 (s, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 143.61, 

121.89, 120.35 (d, J = 3.4 Hz, CH), 119.35 (CH), 115.99 (CH), 112.89, 109.99, 37.13 (CH3). ESI-MS 
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(methanol) m/z: 264.0 [M+H]+. HRMS (ESI-TOF) m/z:  C9H9ClF3N3OS (hydrochloride compound) 

experimental 264.0417 [M+H]+, theoretical 264.0413 [M+H]+, ȹ = 0.0004. Purity HPLC: 96.3%. 

3.5.4.4.2. 2-(2-propylhydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole hydrochloride (96) 

Method A. Yield 5% (42.4 mg). White solid; mp 180°C. 1H NMR (400 MHz, DMSO-d6) ŭ 10.66 (s, 1H), 7.92 

(s, 1H), 7.49 (d, J = 8.6 Hz, 1H), 7.30 (d, J = 7.8 Hz, 1H), 3.79 (s, 2H), 2.91 (d, J = 6.0 Hz, 2H), 1.53 (d, J = 

7.1 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 177.11, 160.57, 143.32 (CH), 121.88 

(CH), 120.29 (CH), 115.81 (CH2), 52.59 (CH2), 11.83 (CH3). ESI-MS (methanol) m/z: 292.0 [M+H]+. HRMS 

(ESI-TOF) m/z:  C11H13ClF3N3OS (hydrochloride compound) experimental 242.0726 [M+H]+, theoretical 

242.0726 [M+H]+, ȹ = 0.0000. Purity HPLC: 95.4%. 

3.5.4.4.3. 2-(2-pentylhydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole hydrochloride (97) 

Method A. Yield 72% (9.00 mg). Pale yellow solid; mp 174°C. 1H NMR (400 MHz, DMSO-d6) ŭ 10.23 (s, 

1H), 7.90 (s, 1H), 7.48 (d, J = 8.7 Hz, 1H), 7.29 (dd, J = 8.8, 1.4 Hz, 1H), 3.05 (qd, J = 7.3, 4.8 Hz, 2H), 1.39 

ï 1.25 (m, 4H), 1.20 (t, J = 7.3 Hz, 2H), 0.87 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 179.80, 

176.58, 157.76, 153.08, 120.08 (CH), 119.38 (CH), 115.72 (CH), 109.99, 45.80 (CH2), 29.02 (CH2), 22.36 

(CH2), 14.32 (CH2), 8.89 (CH3). ESI-MS (methanol) HRMS (ESI-TOF) m/z:  C13H17ClF3N3OS (hydrochloride 

compound) experimental 320.1033 [M+H]+, theoretical 320.1039 [M+H]+, ȹ = 0.0006. Purity HPLC: 96.6%. 

3.5.4.4.4. 2-(2-isopentylhydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole hydrochloride (98) 

Method B. Yield 65% (72.0 mg). White solid; mp 166°C. 1H NMR (400 MHz, DMSO-d6) ŭ 7.96 (s, J = 1.7 

Hz, 1H), 7.54 (d, J = 8.7 Hz, 1H), 7.34 (dd, J = 8.7, 1.7 Hz, 1H), 3.02 (t, J = 6.8 Hz, 2H), 1.67 (m, 1H), 1.45 

(dd, J = 14.6, 6.8 Hz, 2H), 0.88 (d, J = 6.6 Hz, 6H). 13C NMR (101 MHz, DMSO-d6) ŭ 143.80, 124.41, 121.86, 

120.61 (CH), 119.91, 119.32 (CH), 116.77, 116.23 (CH), 48.72 (CH2), 34.94 (CH2), 25.74 (CH), 22.81 (CH3). 

ESI-MS (methanol) m/z: 320.0 [M+H]+. HRMS (ESI-TOF) m/z:  C13H17ClF3N3OS (hydrochloride compound) 

experimental 320.1036 [M+H]+, theoretical 320.1039 [M+H]+, ȹ = 0.0003. Purity HPLC: 98.4%. 

3.5.4.4.5. 2-(2-benzylhydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole hydrochloride (99) 

Method B. Yield 67% (42.0 mg). White solid; mp 184°C. 1H NMR (400 MHz, DMSO-d6) ŭ 7.92 (s, 1H), 7.63 

ï 7.12 (m, 7H), 4.07 (s, 2H).13C NMR (101 MHz, DMSO-d6) ŭ 143.42, 137.11, 129.51, 128.99 (CH), 128.68 

(CH), 127.99 (CH), 124.41, 121.87, 120.42, 119.32 (CH), 117.48 (CH), 116.02 (d, J = 2.0 Hz, CH), 54.77 

(CH2). ESI-MS (methanol) m/z: 340.0 [M+H]+. HRMS (ESI-TOF) m/z:  C15H13ClF3N3OS (hydrochloride 

compound) experimental 340.0727 [M+H]+, theoretical 340.0726 [M+H]+, ȹ = 0.0001. Purity HPLC: 99.5%. 

3.5.4.4.6. 2-(2-(2-ethylhexyl)hydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole hydrochloride 

(100) 

Method A. Yield 3% (7.00 mg). Yellow solid; mp 216°C. 1H NMR (400 MHz, DMSO-d6) ŭ 7.24 (s, 1H), 7.11 

(s, 1H), 6.98 (s, 1H), 4.16 (dd, J = 4.7, 3.2 Hz, 2H), 2.70 ï 2.63 (m, 6H), 1.15 (dd, J = 15.0, 7.7 Hz, 4H), 0.85 

(dt, J = 12.5, 6.7 Hz, 6H). ESI-MS (methanol) m/z: 362.1304 [M+H] +. HRMS (ESI-TOF) m/z:  

C15H13ClF3N3OS (hydrochloride compound) experimental 362.1509 [M+H] +, theoretical 362.1508 [M+H] +, ȹ 

= 0.0001. Purity HPLC: 99.6%. 

3.5.4.4.7. 2-(2-phenethylhydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole hydrochloride (101) 

Method B. Yield 98%. Yellow solid; mp 236°C. 1H NMR (400 MHz, DMSO-d6) ŭ 10.45 (s, 1H), 7.90 (s, 1H), 

7.48 (d, J = 8.8 Hz, 1H), 7.36 ï 7.15 (m, 6H), 4.82 (s, 2H), 3.23 ï 3.07 (m, 2H), 2.90 ï 2.75 (m, 2H). 13C NMR 

(101 MHz, DMSO-d6) ŭ 176.57, 170.90, 155.55, 143.02, 139.64, 130.19, 129.00 (2CH), 128.80 (2CH2), 126.55 

(CH), 120.06 (CH), 118.06 (CH), 115.62 (CH), 52.68 (CH2), 33.92 (CH2). ESI-MS (methanol) m/z: 354.0 

[M+H] +, 376.0 [M+Na]+. HRMS (ESI-TOF) m/z:  C16H15ClF3N3OS (hydrochloride compound) experimental 

354.0822 [M+H]+, theoretical 354.0822 [M+H]+, ȹ = 0.0000. Purity HPLC: 98.4%. 
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3.5.4.4.8. 2-(2-(3-phenylpropyl)hydrazineyl)-6-(trifluoromethoxy)benzo[d]thiazole hydrochloride 

(102) 

Method B. Yield 47%. Yellow solid; mp 242°C. 1H NMR (400 MHz, DMSO-d6) ŭ 10.40 (s, 1H), 7.90 (s, 1H), 

7.83 ï 7.77 (m, 1H), 7.51 ï 7.44 (m, 1H), 7.32 ï 7.14 (m, 5H), 2.97 ï 2.86 (m, 2H), 2.73 ï 2.57 (m, 2H), 1.89 

ï 1.72 (m, 2H). 13C NMR (101 MHz, DMSO-d6) ŭ 180.79, 167.05, 160.36, 153.00, 142.14, 138.03, 129.44 

(CH), 128.99 (CH), 128.83 (CH), 128.72 (d, 3.0 Hz, 2CH), 128.78-128.72 (m, 2CH), 126.22 (CH), 109.99 

(CH), 47.71 (CH2), 32.54 (CH2), 29.41 (CH2). HRMS (ESI-TOF) m/z:  C17H17ClF3N3OS (hydrochloride 

compound) experimental 368.1037 [M+H] +, theoretical 368.1039 [M+H] +, ȹ = 0.0002. Purity HPLC: 95.2%. 

3.5.5. Stability tests 

Stability tests have been conducted with micrOTOF (Bruker) instrument coupled with HPLC (Agilent 

Technologies 1260 Infinity II) using column InfinityLab Poroshell 120 EC-C18 (4.6 x 100 mm, 2.8 ɛm). 

Samples have been prepared starting from a stock solution in DMSO at the concentration of 10 mM diluted 

with CH3CH for the injection. Runs have been performed with al elution gradient of 70% CH3CN/ 30% H2O 

to 90% CH3CN/ 10% H2O returning to the initial condition in 20 minutes with a flow of 0.2 ml/min. 

Chromatograms have been elaborated using OtofControl (Bruker software).  

3.5.6. Computational procedures 

3.5.6.1. Docking studies  

Docking studies were performed by the group of Prof. Stefano Moro (University of Padua, Molecular 

Modelling Section. Three-dimensional structures of the ligands were built by the MOE-builder tool. Ionization 

states were predicted using the MOEprotonate 3D tool and structures were minimized by the MMFF94x until 

the root mean square (RMS) gradient fell below 0.1 kcal mol_1Å_1. PLANTS docking protocol was selected 

as a conformational search program and ChemPLP as a scoring function. For each compound investigated, 20 

docking simulation runs were performed, searching on a sphere of 10 Å radius, build around the coordinates 

of ligand 16W center of mass (PDB ID:4HNF). 

 

3.5.6.2. LiPE plot 

Smiles of compoundsô structures as well as Clog P (calculated by ChemDraw Professional), pIC50 (M) and 

LiPE values obtained according to the formula reported in the chapter x were inserted in a Database converted 

into ñ.txtò format. The file was loaded in Osiris DataWarrior Software 3.5.0. to achieve a 3D representation. 

pIC50s were used in y axis, Clog P in x axis and LiPE value in z ones. 

3.5.6.3. SALI plot 

Structure-activity Landscape Index (SALI) was calculated, as described in chapter x, to evaluate the similarity 

between molecules observing the change of IC50 values. The dataset used in the previous procedure was loaded 

in Osiris DataWarrior Software 3.5.0. SALI 3D representation was prepared by settling the software the 

ñfingerprintò descriptor; fingerprints of molecules were processed to obtain the correlation between 

compounds related to their structure similarity.  

 

3.5.7. Biochemistry 

3.5.7.1. CK1ŭ activity assays 

Assays with truncated (1-294 aa) CK1ŭ. Compounds were tested on commercially available CK1ŭ (Merck 

Millipore, recombinant human, amino acids 1e294, GST-tagged N-terminal) with KinaseGlo® luminescence 

kit (Promega). Experiments were performed in 96-well 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 (IC50 CK1ŭ 0.014 ɛM) was used as a positive control at the concentration of 40 ɛM while a solution 

of DMSO/buffer as negative control. Firstly, 10 ɛL of inhibitor solution was inserted in the well (10 mM stock 

solution in DMSO was diluted with buffer) followed by 10 ɛL of enzyme (16 ng of CK1ŭ) and 20 ɛL of casein 

substrate 0.1% and 2 ɛM ATP (final concentration) (to perform ATP-competition increasing concentrations 

were chosen: 1, 2, 10, 50 ɛM). The final DMSO concentration in the mixture did not exceed 1-2%. After 60 

minutes of incubation at 30°C, the enzymatic reaction was stopped with 40 ɛL of KinaseGlo reagent 

(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 inhibitor). As 

preliminary screening, each compound was assayed at the concentration of 40 ɛM, consequently, for derivative 

that reported an activity percentage less than 50% at the concentration, IC50s were performed in triplicate and 

reported as mean ± standard error. 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 line to obtain the slope. The two chosen inhibitorôs concentrations agree with the IC50 of the 

compound (the concentration at its IC50 and the double) and the experiment was conducted at the presence of 

increasing ATP concentrations: 1, 2, 10, 50 ɛM. The mean of the RLU value was divided for the slope of the 

calibration line and the mean of negative controls were subtracted by the ATP consumed; the reciprocal 

characterizes the x axis of the Lineweaver-Burk plot. The ATP consumed divided for volume of reaction (40 

ɛL) provides the y value. Results were elaborated using Excel and GraphPad Prism 8.0.  

3.5.7.2. GSK3ɓ activity assays 

GSK3ɓ of most promising compounds was developed during the Erasmus program in the research group of 

Prof. Ana Martinez (CSIC-Madrid-ES). Compounds were tested on commercially available full-length GSK3ɓ 

(Thermo-Scientific) with KinaseGlo® luminescence kit (Promega). Experiments were performed in 96-well 

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 ɛM DTT. As a positive control, the reaction mixture without enzyme was used 

while the solution with enzyme, ATP and substrate as negative control. Firstly, 10 ɛL of inhibitor solution was 

inserted in the well (10 mM stock solution in DMSO has been diluted with buffer) followed by 10 ɛL of GS-

2 as substrate (0.2 ɛg/ɛL), 10 ɛL of ATP (starting from a stock solution at 8 mM, it was diluted with buffer to 

achieve an initial concentration of 4 ɛM) and 10 ɛL of enzyme (1 ng/ɛL). The final DMSO concentration in 

the mixture did not exceed 1-2%. After 60 minutes of incubation at 25°C, the enzymatic reaction was stopped 

with 40 ɛL of KinaseGlo reagent (Promega). Luminescence signal (RLU) was recorded after 10 minutes at 

25°C using Tecan Promega. The inhibitory activities were calculated in relation to the maximal activity 

(absence of inhibitor). As preliminary screening, each compound was assayed at the concentration of 10 ɛM, 

consequently, for derivative that reported an activity percentage less than 50% at the concentration, IC50s were 

performed in triplicate and reported as mean ± standard error. Results were elaborated with Excel and 

GraphPad Prism 8.0.  

3.5.7.3. CNS permeation prediction: BBB-PAMPA 

CNS prediction of most promising derivatives was evaluated using Parallel Artificial Membrane Permeability 

Assay (PAMPA). Ten commercial drugs with known permeability were included in the experiment to obtain 

cut-off values (2-6 mg of Caffeine, Enoxacine, Hydrocortisone, Desipramine, Ofloxacine, Piroxicam, 

Testosterone and 12-15 mg of Promazine, Verapamil and 23 mg of Atenolol dissolved in 1000 ɛL of ethanol, 

then diluted with buffer 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 the UV-VIS light spectrum. 5 mL 

of solutions were filtered with PVDF memnrane filters (diameter 30 mm, pore size 0.45 mm). The acceptor 

96-well plate (MultiScreen 96-well Culture Tray clear, Merck Millipore) was filled with 180 ɛL of buffer 

(70/30). In the donor 96-well plate ((Multiscreen® IP Sterile Plate PDVF membrane, pore size is 0.45 mM, 

Merck Millipore) 4 ɛL/well of porcine lipid brain (Merck Millipore) in dodecane (20 mg/ml) were added and, 
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after 5 minutes, 180 ɛL of inhibitor solutions were inserted. Once completed, the donor plate was carefully 

located on the acceptor one to make a ñsandwichò and, after 2.5h of incubation at 25ÁC, the dolor plate was 

removed. The absorbance values at dedicated wavelengths were red using Tecan Infinite M1000. Experiment 

was conducted in duplicate. The permeability coefficient (Pe) of each compound was established in centimeter 

per second.  

 
Where Vd and Vr are volumes of donor and acceptor solution (0.18 cm3), S is the membrane area (0.266 cm2), 

time of incubation (2.5 h ¼ 9000 s), Ar is the absorbance of the receptor plate after the experiment and Ad0 is 

the absorbance in the donor compartment before incubation. Results are given as the mean and the average of 

the two runs ± standard deviation (SD) is reported. Obtained results for quality control drugs were then 

correlated to permeability data found in the literature. The linear correlation between experimental and 

literature permeability values was used for the classification of compounds in those able to cross the BBB by 

passive permeation (CNS+ which correlate with a bibliographic Pe > 4) and those not (CNS- which correlate 

with a bibliographic Pe < 2). Compounds correlating with reported Pe values from 2 to 4·10-6 cm s-1 are 

classified as CNS+/-.  

 

3.5.7.4. Thermal Shift Assay 

Thermal Shift Assays for the best compound was performed by Elelonora Cescon in the group of Prof. Paola 

Storici (BioLab-Elettra Sincrotrone-Trieste). 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 from preliminary TSA in order to 

establish the most advantageous set up. Samples were prepared in white 96-multiwell 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 both 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 buffer containing 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 temperature for 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 measurement was started. 

Measures were performed in a real-time PCR machine (CFX96, Biorad®), registering emission of the dye at 

560-580 nm every 30 sec, with a temperature gradient of 2°C/min. Each analysis was executed in comparison 

to a negative control represented by the only 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 (SH-SY5Y) 

Biological investigation of most promising derivatives was conducted during the Erasmus program in the 

group of Prof. Ana Martinez (CSIC-Madrid-ES).  

3.5.8.1. MTT assays 

The human neuroblastoma SH-SY5Y cell line was propagated in Dulbeccoôs Modified Eagle Medium 

(DMEM) containing L-glutamine (2mM), 1% non-essential amino acids, 1% penicillin/streptomycin and 10% 
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fetal bovine serum (FBS) under humidified 5% CO2. Once semiconfluence was achieved, cells were countered 

using TC10Ê Automated Cell Counter Bio-Rad Laboratories (CSIC-Madrid) and 80000 cells/well were plated 

in 96-well plate. After 24h of incubation, compounds were inserted at the concentrations of 5 and 10 ɛM (the 

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 (3-[4,5- Dimethylthiazol-2-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 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 SH-SY5Y cell line was propagated in Dulbeccoôs Modified Eagle Medium 

(DMEM) containing L-glutamine (2mM), 1% non-essential amino acids, 1% penicillin/streptomycin and 10% 

fetal bovine serum (FBS) under humidified 5% CO2. Once semiconfluence was achieved, cells were countered 

using TC10Ê Automated Cell Counter Bio-Rad Laboratories (CSIC-Madrid) and 60000 cells/well were plated 

in 96-well plate. After 24h of incubation, compounds were inserted at the concentrations of 5 and 10 ɛM (the 

stock solution in DMSO was diluted with DMEM to obtain the right final concentration) and, after 1h 

ethacrynic acid (45 ɛM starting from stock solution of 100 mM diluted in DMEM) was added. As negative 

control, a solution of DMSO 1% in DMEM was used while as positive control ethacrynic acid without 

compound. After 24h of incubation, DMEM was removed and MTT reactive (3-[4,5- Dimethylthiazol-2-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 the mean of relative absorbance of six wells/compound. Three 

independent experiments were conducted, and statistical analysis of data was conducted using GraphPad Prism 

8.0 one-way ANOVA for each plate and T-TEST to compare the three experiments. 

 

3.5.8.3. Immunoblotting analysis 

In a 6-well plate, 2000000 of cells were plated per well and, after 24h of incubation, compounds were inserted 

at the chosen concentration (starting from stock solution in DMSO diluted with DMEM). Ethacrynic acid was 

added at the concentration of 45 ɛM after 1h of incubation. To prepare the cell extraction, cells were harvested 

and washed with PBS and then they were lysed in ice-cold lysis buffer. The number of proteins in the extract 

was detected by the Pierce BCA Protein Assay kit (Thermo Scientific). 20-50 ɛg of protein of protein were 

fractionated on SDS poly-acrylamide gel and transferred to poly-vinylidene fluoride (PVDF) membranes 

(Millipore, Billerica, MA, USA). Membranes were blocked with 5% bovine serum albumin (BSA) (Sigma) 

for 1h and then they were incubated overnight at 4°C with primary antibodies (pTDP-43 mouse, BioRad) 

diluting 3ɛL in 3 mL of BCA. Signal from the primary antibody was amplified using species-specific 

secondary antibody (pTDP-43 anti-mouse, BioRad) to obtain the ñsandwichò detected with a 

chemiluminescent substrate detection system ECL. Protein band densities were quantified using ChemiDoc 

station with Quantity One 1D analysis software (Bio-Rad Laboratories, Madrid, Spain). 

 

3.5.9. In vivo experiments on Drosophila  

Riluzole was tested on Drosophila that overexpresses TDP-43 at the concentration of 1 mM. Experiments were 

conducted overexpressing selectively TDP-45 in glial cells and motoneurons testing riluzole at the 

concentration of 5 mM. In vivo assays were performed by Prof. Marco Bisaglia (University of Padua).  
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4. Synthesis and characterization of tri- and tetra-substituted pyrazines: 

new scaffold-based strategy   

 

4.1. Aim of the work 

A routinely screening of in-house molecules towards CK1ŭ identified pyrazines 103-105, reported in Fig. 72, 

as hit compounds for the target. Pyrazine represents a versatile scaffold widely used in medicinal chemistry 

but, according to the literature, not still reported for the development of CK1ŭ inhibitors. Activities were in 

the high micromolar range. Thus, they provided a promising starting point for the development of a new series 

of CK1ŭ derivatives.  

 

 

 

 

Compounds 103-105 share the main 2-amino-pyrazine nucleus substituted by a 2-fluoro-6-methylpyridine at 

the 5 position and a 4-fluorophenyl moiety at the 6-location. 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 tetra-substitution represented a challenge since the reactivity of the halogens inserted to perform desired 

reactions resulted decreased after each substitution, especially when an ester or amino moieties are inserted at 

the 3-position of the ring. Tetra substitution can be performed in several ways, according to the review of Ong 

et al. 201 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 on the reactivity of the substituents. 202 

Aim of this project was the development of series of 2,3,5,6-tetrasubstituted and 2,5,6-trisubstituted pyrazines 

to investigate the SAR profile of this nucleus. In particular, as reported in Fig. 73, different types of substituents 

were investigated for the study of the 3-position (R1) including butyl chain, ethyl ester and saturated cycles 

like morpholine and functionalized and not piperazine. Several aryl moieties were explored to substitute 5-

position (R2): simple phenyl ring, substituted and not pyridine as well as 4-functionalized phenyl groups with 

fluorine, methoxy and hydroxy moieties were inserted. Finally, some attempts to insert 4-fluorophenyl group 

and piperazine were carried out to substitute the 6-position of the main scaffold (R3). 

 

 

 

 

103, IC50 = 21.9 ɛM Ñ 8.8 104, IC50 = 12.5 ɛM Ñ 4.8 105, IC50 = 7.20 ɛM Ñ 3.37 

Figure 72: pyrazine-scaffold compounds (103-105) designed for different purpose and their activity on CK1ŭ. 
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Figure 73: pyrazine nucleus and substituents inserted at positions 3 (R1), 5 (R2) and 6 (R3). 
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4.2. Discussion 

 

4.2.1. Chemistry 

In order to develop 3-alkyl derivatives, a series of bromination and catalyzed reactions occurred. Starting from 

6-chloro-2-amino pyrazine (106), commercially available, firstly the chlorine atom at 6-position was 

substituted with 4-fluorophenyl ring via Suzuki-Miyaura followed by the bromination of the 3-position. 

Obviously the two regio-isomers were obtained, and the synthetic strategy takes into account the order of 

substitutions determined by the main bromo-derivative achieved. A modified Kumada coupling was 

conducted, after the di-Boc protection of the amino group at the 2-location, to insert the alkyl moiety at the 3-

position. Finally, the last bromination and Suzuki-Miyaura were carried out to functionalize the 6-position. 

The bromination performed at the last position of the scaffold trisubstituted appears challenging; in 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 insert at the 3-

position, considering ester moieties, the starting molecule 3-aminopyrazine-2-carboxylic acid (121) was 

esterificated, then brominated at the 5-position to insert via Suzuki-Miyaura the desired aromatic group. As 

previously mentioned, the last bromination appears impracticable. Regards the 3-amino compounds, two 

different synthetic pathways were considering; one strategy involved the nucleophilic substitution at the 

brominated compound 109 to obtain trisubstituted pyrazines, the other is characterized by synthesizing 3,5-

dibromo-6-chloropyrazin-2-amine (131) to firstly proceed with the nucleophilic substitution at the 3-position 

followed by Suzuki reaction to functionalize -5 and -6 positions. Also, derivatives without substituents at the 

3-location were developed; in this case, taking advantage from the 3-bromo derivative obtained in the first 

mentioned synthetic pathway, compound 108 was reacted with desired boronic acid or ester leading to final 

derivatives 137-141.   

4.2.1.1. Synthesis of 3-alkyl-5-substituted-6-(4-fluorophenyl)pyrazin-2-amino derivatives 

(103-105, 120) 

Compound 120 has been synthesized as reported in Scheme 6, according to procedures reported in literature 
202,203,204Also the already tested compounds 103-105 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 of 

6-chloro-2-amino pyrazine (106), commercially available, with 4-fluoro phenyl boronic acid via Suzuki 

reaction.  

This reaction has been tried using different types of palladium catalysts 0 or II with PPh3 to obtain the best 

conditions. 205 Both Pd(PPh3)4 and PdCl2(PPh3)2 have provided semi-quantitative yields in the reaction. 

Derivative 107 has been then brominated using N-bromo succinimide (NBS) obtaining the two regio-isomers, 

3-bromo (109) and 5-bromo (108) derivatives, in a ratio of 4/1, respectively. The two isomers have been 

characterized using 1H-1H NOESY (Nuclear Over-Hauser Effect Spectroscopy) NMR bidimensional technique 

allowing to identify cross-peaks of vicinal protons that are not directly linked in the space. In Fig. 74 it is 

possible to appreciate cross-peaks related to singlet of proton at the 5-position at 8.12 ppm and 4-fluorophenyl 

moiety at 8.03 ppm confirming the achievement of 3-bromo derivative (109). 
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Scheme 6: synthetic pathway for the development of 3-alkyl-5-substituted-6-(4-fluorophenyl)pyrazin-2-amino derivatives (103-105, 

120). Reagents and conditions. a: (4-fluorophenyl)boronic acid, Pd(PPh3)4, Na2CO3, PhMe, EtOH, 110°C, 4h, Ar; b: NBS, DCM, r.t., 

1h, Ar; c: Boc2O, DMAP, THF, rfx, 2h; d: R1Br, Mg, THF, 60°C, 3-4h, Ar/ R1MgBr, Fe(acac)3, THF, NMP, 0°C-r.t., 4h, Ar; e: 1,4-

dioxane, r.t., overnight; f: NBS, DCM, r.t., 1h, Ar; g: 2-fluoro-6-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine, 

PdCl2(PPh3)2, Na2CO3, PhMe, EtOH, H2O, 130°C, MW, 1h; y = yield. 

 

 

 

 

 

  

 

 

 

Figure 74: 1H-1H NOESY NMR (DMSO-d6) of compound 109. The zoom representing the cross-peaks between free proton at the 5-

position and the 4-fluorophenyl moiety is reported. 
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To have the certainty to have obtained compound 109, the other regio-isomer (108) has been characterized 

with the same NMR technique. In Fig. 75 is possible to appreciate the cross-peak 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). 

 

 

 

 

 

 

 

 

 

 

The protection of the amino group at the 2-position (110) of the scaffold results mandatory for the success in 

the next reaction that is provided by a Fürstner-modified Kumada coupling reaction, starting from the synthesis 

of the Grignard reagent of the appropriate alkylhalide in dry THF using a catalytic amount of iodine. Kumada 

has been performed in THF and (N-methyl-2-pyrrolidone) NMP 10/1 in the presence of Fe(acac)3 (iron acetyl 

acetonate) affording compounds 111-113; this catalyst is easy to synthesize applying green procedure starting 

from FeCl3 and acetylacetonate in H2O and KOH. The Fürstner variant has been developed in order to bypass 

the limitations given by the Ni-complexes, this Fe(III)-catalyst has the advantages of being economic, efficient 

and not toxic. 206,207 The Fürstner hypothesized mechanism of this reaction, schematically represented in 

Scheme 7, assumed the formation of a kind of ñInorganic Grignard reagentò [Fe(MgX)2] obtained by the 

reaction of FeCl3 and 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 re-obtainment of Fe(II) specie of the initial state. 206  

  

 

Scheme 7: Fürstner hypothesized mechanism of the modified Kumada coupling. 

Figure 75: 1H-1H NOESY NMR (DMSO-d6) of compound 108. The zoom representing the cross-peaks between free proton at the 3-

position and the amino group at the 2-position is reported. 
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The following reaction involved the deprotection of Boc-amino group using hydrochloric acid in organic 

solvent (114-116), the bromination of the last free position of the scaffold (117-119) and then the Suzuki 

reaction with the boronic ester commercially available of the 2-fluoro-6-methylpyridine or with the boronic 

acid of 4-fluorophenyl ring, represent the last steps of the reaction pathway to obtain final desired compounds 

(103-105, 120) 

4.2.1.2. Synthesis of 3-ester-5-substituted-6-(4-fluorophenyl)pyrazin-2-amino derivatives 

(124-125) 

The first attempt in the development of 3-ester derivatives has been conducted by substituting the 5-position 

with 2-fluoro-6-methylpyridine; since an activity in the high micromolar range has been recorded, the 

correspondent compound with 4-fluorophenyl group has been developed. The commercially available starting 

material 3-aminopyrazine-2-carboxylic acid (121) has been allowed to react, according to the Scheme 8, with 

ethanol to obtain the ethyl ester derivative (122). Then a bromination is required at the 5-position of the scaffold 

affording compound 123. In this case, the reaction provided a selectivity for the introduction of bromide atom 

since the 6-location is less reactive and difficult to substitute. As a final reaction, 4-fluorophenyl moiety as 

well as 2-fluoro-6-methylpyridine were introduced via Suzuki to obtain compounds 124-125.  

 

Scheme 8: synthetic pathway for the development of 3-ester-5-substituted-6-(4-fluorophenyl)pyrazin-2-amine derivatives (124-125). 

Reagents and conditions. a: EtOH, SOCl2, rfx, overnight; b: NBS, DCM, 0°C to r.t., 1h, Ar; c: 2-fluoro-6-methyl-4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)pyridine or (4-fluorophenyl)boronic acid, PdCl2(PPh3)2, Na2CO3, PhMe, EtOH, H2O, 130°C, MW, 1h; y = 

yield. 

 

4.2.1.3. Synthesis of 6-aminopyrazin-2-piperazine derivative (127) 

The commercially available starting material 6-chloro-2-aminopyrazine (106) has been reacted with N-BOC 

piperazine, previously synthesized using tert-buthyloxycarbonate and piperazine, via nucleophilic substitution, 

to achieve compound 126 followed by the BOC removal using hydrochloric acid in 1,4-dioxane obtaining 

derivative 127 (Scheme 9).  
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4.2.1.4. Synthesis of 3-amino-6-substituted 2-aminopyrazine derivatives (128-130, 136) 

 According to the Scheme 10, two strategies have been used to obtain trisubstituted derivatives (strategy A) 

and tetrasubstituted pyrazines (strategy B). Following the first synthetic strategy, starting material 6-chloro-

2-amino pyrazine (106) has been subjected to Suzuki reaction to insert 4-fluorophenyl moiety at the position 

6 of the ring followed by the bromination of compound 107 using NBS leading to 3-bromo derivative (109). 

At this point the desired amine has been inserted applying a nucleophilic substitution in butanol (BuOH) to 

achieve final derivatives 128-130 (strategy A). Proceeding in the Scheme 10 with the strategy B, the direct 

bromination of 106 with an excess of NBS has led to the obtainment of 3,5-dibromo compound (131), 3-bromo 

and 5-bromo derivatives (132-133). The bis-bromo derivative (131) has been allowed to react with N-BOC 

piperazine to obtain compound 134 that has been reacted with two equivalents of 4-fluorophenyl boronic acid 

to achieve compound 135 with the double fluorophenyl group at 5 and 6-positions. The last reaction involved 

the deprotection of N-BOC piperazine derivative obtaining compound 136. 

 

Scheme 10: synthetic pathways to obtain 3-amino-6-substituted-2-aminopyrazines 128-130, 136. Reagents and conditions. a: (4-

fluorophenyl)boronic acid, Pd(PPh3)4, Na2CO3, PhMe, EtOH, 110°C, 4h, Ar;  b: NBS, DCM, 0°C to r.t., 1h, Ar; c: R1, BuOH, 130°C, 

MW, 6h; d: NBS, DCM, 0°C to r.t., 1h, Ar; e: piperazine, Boc2O, DIEA, DCM, r.t., overnight/ 131, Boc-piperazine, BuOH, rfx, 

overnight; f: (4-fluorophenyl)boronic acid, Pd(PPh3)4, Na2CO3, PhMe, EtOH, 110°C, 4h, Ar; g: HCl in 1,4-dioxane, r.t.; 1h. y = yield. 

 

Scheme 9: synthetic pathway for the development of 6-aminopyrazin-2-piperazine (127). Reagents and conditions. a: piperazine, 

Boc2O, DIEA, DCM, r.t., overnight/6-chloro-2-amino pyrazine (106), Boc-piperazine, BuOH, rfx, overnight; b: HCl in 1,4-dioxane, 

r.t., 30 min; y = yield, q.y. = quantitative yield. 
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The bromination showed as reaction d in the synthetic Scheme 10 has led to the formation of 3 products: the 

3,5-dibromo (131), 3-bromo (132) and 5-bromo (133) derivatives. The characterization has been conducted 

with 1H-NMR and 1H-1H NOESY NMR.  

 

Figure 76: superimposition of 1H-NMR of compounds 132 (red), 131 (green), 133 (blue). 

The superimposition of 1H-NMR spectra (Fig. 76) of compounds 131-133 does not allow to establish the right 

assignment of isomers according to the chemical shift of protons in the 3- or 5-locations and amino group at 

the 2-position. Bis-bromo derivative (131) reports a unique signal in 1H-NMR spectrum assigned to amino 

group and does not register cross-peaks in 1H-1H NOESY NMR (Fig. 77). In order to assign the other two 

regio-isomers, 1H-NMR spectra and the NOESY bidimensional one are given in Fig. 77; from the top to the 

bottom, 1H NMR of the two mono-bromo derivatives have been recorded displaying the presence of the singlet 

related to the free proton, 132 and 133, respectively. To assess the location of the proton, NOESY NMR of 

compound 133 has been registered: cross peaks between amino group (7.08 ppm) and proton at the 3-position 

(7.63 ppm) have been identified (right side of the Fig. 78) confirming the obtainment of the 5-bromo isomer 

(133) allowing to confirm its identity, thus, for exclusion, structure of compound 132 could be also confirmed.  
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Figure 77: 1H-NMR (DMSO-d6) and NOESY NMR spectra of compound 131 (3,5-bis bromo derivative). 

 

Figure 78: from the top to the bottom, 1H-NMR (DMSO-d6) of isomers 132 and 133 are reported. In the right side the NOESY NMR of 

derivative 133 is recorded. 

 

Following the strategy B of the Scheme 10, 3-piperazine derivative with double fluorophenyl moiety at 5- 

and 6-positions has been developed. In order to establish the right structure of compound 136, the position of 

piperazine inserted has been investigated. The 1H-NMR (Fig. 79) has displayed all the signals of derivatives: 

singlets of the NH·HCl of piperazine and 2-amino 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 the four -CH2 related to piperazine at 

3.45-3.20 ppm closed to the signal of the residue water in the sample.  

 

Figure 79: 1H-NMR (DMSO-d6) of compound 136. 

 

 

 

 

Figure 80: NOESY NMR (DMSO-d6) of compound 136. In the right part zooms related to cross peaks of fluorophenyl ring and between 

methylenes of piperazine and its amino group, respectively, are given. 

 
















































































































































































