
 

Doctorate in Chemical and Pharmaceutical Sciences 

Cycle XXXVI (2020-2023) 

 

Explor ing the selective inhibition of post-translational 

lysine modifier enzymes: toward new therapeutic 

approaches for rare disorders 

 

Coordinator: Prof. Maurizio Taddei 

Department of Biotechnology, Chemistry and Pharmacy  

 

Tutor:               PhD Candidate: 

Prof. Giuseppe Campiani           Dr. Anna Fontana



м 
 

Index 

м [ȅǎƛƴŜ ǇƻǎǘπǘǊŀƴǎƭŀǝƻƴŀƭ ƳƻŘƛŬŎŀǝƻƴǎ όt¢aǎύ ƻƴ ǇǊƻǘŜƛƴǎ ................................................. с 

мΦм wƻƭŜ ƻŦ t¢aǎ ƛƴ ŜǇƛƎŜƴŜǝŎǎ ......................................................................................... у 

н ό5ŜύƳŜǘƘȅƭŀǝƻƴ .................................................................................................................... ф 

нΦм ²ǊƛǘŜǊ ŜƴȊȅƳŜǎ ............................................................................................................ ф 

нΦн wŜŀŘŜǊ ǇǊƻǘŜƛƴǎ ......................................................................................................... мл 

нΦо 9ǊŀǎŜǊ ŜƴȊȅƳŜǎ .......................................................................................................... мл 

нΦоΦм [{5мΥ ōƛƻƭƻƎƛŎŀƭ ǊƻƭŜǎ ŀƴŘ ǘƘŜǊŀǇŜǳǝŎ ǘŀǊƎŜǝƴƎ ................................................... мм 

о ό5ŜύŀŎŜǘȅƭŀǝƻƴ .................................................................................................................... мп 

оΦм [ȅǎƛƴŜ ŀŎŜǘȅƭŀǝƻƴ ǿǊƛǘŜǊǎ .......................................................................................... мп 

оΦн [ȅǎƛƴŜ ŀŎŜǘȅƭŀǝƻƴ ǊŜŀŘŜǊǎ ......................................................................................... мр 

оΦо [ȅǎƛƴŜ ŀŎŜǘȅƭŀǝƻƴ ŜǊŀǎŜǊǎ .......................................................................................... мс 

оΦоΦм I5!/ ƛƴƘƛōƛǘƻǊǎΥ ŦǊƻƳ ǘƘŜ ōŜƴŎƘ ǘƻ ǘƘŜ ōŜŘǎƛŘŜ .................................................. му 

оΦоΦн I5!/мΥ ōƛƻƭƻƎƛŎŀƭ ǊƻƭŜǎ ŀƴŘ ǘƘŜǊŀǇŜǳǝŎ ǘŀǊƎŜǝƴƎ ............................................... нм 

оΦоΦо I5!/сΥ ōƛƻƭƻƎƛŎŀƭ ǊƻƭŜǎ ŀƴŘ ǘƘŜǊŀǇŜǳǝŎ ǘŀǊƎŜǝƴƎ ............................................... но 

оΦоΦп I5!/уΥ ōƛƻƭƻƎƛŎŀƭ ǊƻƭŜǎ ŀƴŘ ǘƘŜǊŀǇŜǳǝŎ ǘŀǊƎŜǝƴƎ ............................................... нт 

п hǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ǘƘŜǎƛǎ ǿƻǊƪ ............................................................................................... ом 

пΦм 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ ǎŜƭŜŎǝǾŜ I5!/сƛǎ ŦƻǊ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ LtC ............................ он 

пΦмΦм bCнотсπōŀǎŜŘ ŀƴŀƭƻƎǳŜǎ ...................................................................................... он 

пΦмΦн ¢ILvǎπōŀǎŜŘ ŘŜǊƛǾŀǝǾŜǎ ........................................................................................ он 

пΦмΦо {ǇƛǊƻπ¢ILvǎπōŀǎŜŘ ŘŜǊƛǾŀǝǾŜǎ .............................................................................. оо 

пΦн 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ ǎŜƭŜŎǝǾŜ I5!/ƛǎ ŦƻǊ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ wt ............................... оп 

пΦнΦм ¢ŜǘǊŀƘȅŘǊƻπɹ  πŎŀǊōƻƭƛƴŜπōŀǎŜŘ I5!/сƛǎ ................................................................ оп 

пΦнΦн I5!/мκ[{5м ƘȅōǊƛŘǎ ............................................................................................. оп 

пΦнΦо 5ǳŀƭπŀŎǝƴƎ I5!/мκC!!I ƛƴƘƛōƛǘƻǊ ....................................................................... ор 

пΦо 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ ǎŜƭŜŎǝǾŜ I5!/сƛǎ ŦƻǊ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ ƛƴƅŀƳƳŀǘƻǊȅ 

ŎƻƴŘƛǝƻƴǎ ................................................................................................................................ ос 

пΦоΦм LƴŘƻƭƛȊƛƴŜπōŀǎŜŘ I5!/сƛǎ ...................................................................................... ос 

пΦп 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ ǎŜƭŜŎǝǾŜ I5!/сƛǎ ŦƻǊ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ ŎŀƴŎŜǊ ....................... от 

пΦпΦм !Ǌȅƭ ǇƛǇŜǊŀȊƛƴŜπōŀǎŜŘ I5!/сƛǎ ............................................................................. от 

пΦпΦн ƻπ!ƳƛƴƻŀƴƛƭƛŘŜπōŀǎŜŘ I5!/мƛǎ ............................................................................. оу 

пΦпΦо !ȊŜǝŘƛƴπнπƻƴŜπōŀǎŜŘ πōŀǎŜŘ I5!/сκуƛǎ .............................................................. оу 

р 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ I5!/сƛǎ ŦƻǊ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ LtC ..................................................... пл 

рΦм .ŀŎƪƎǊƻǳƴŘ ................................................................................................................ пл 

рΦн 5ŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ōƛƻƭƻƎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛȊŀǝƻƴ ƻŦ bCнотсπōŀǎŜŘ ŘŜǊƛǾŀǝǾŜǎ олŀπŜ ŀǎ 

ǇƻǘŜƴǝŀƭ I5!/сƛǎ ................................................................................................................... пн 



н 
 

рΦнΦм /ƘŜƳƛǎǘǊȅ .............................................................................................................. пр 

рΦнΦн {!w ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ bCнотсπōŀǎŜŘ I5!/сƛǎ .......................................................... пу 

рΦо 5ŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ōƛƻƭƻƎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛȊŀǝƻƴ ƻŦ ¢ILvπōŀǎŜŘ ŘŜǊƛǾŀǝǾŜǎ омŀπƘ ŀǎ 

ǇƻǘŜƴǝŀƭ I5!/сƛǎ ................................................................................................................... рм 

рΦоΦм /ƘŜƳƛǎǘǊȅ .............................................................................................................. ро 

рΦоΦн {!w ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ¢ILvπōŀǎŜŘ I5!/сƛǎ .............................................................. рс 

рΦоΦо 9Ǿŀƭǳŀǝƻƴ ƻŦ ǘƘŜ ǘŀǊƎŜǘ ŜƴƎŀƎŜƳŜƴǘ ƛƴ ŀ ŎŜƭƭπōŀǎŜŘ ŀǎǎŀȅ .................................. ру 

рΦоΦп tǊŜƭƛƳƛƴŀǊȅ ōƛƻƭƻƎƛŎŀƭ ƛƴǾŜǎǝƎŀǝƻƴ ƻŦ ŎƻƳǇƻǳƴŘ омŜ ƛƴ ƛƴ ǾƛǘǊƻ LtC ƳƻŘŜƭ ........ ру 

рΦп 5ŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ōƛƻƭƻƎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛȊŀǝƻƴ ƻŦ ǎǇƛǊƻπ¢ILvπōŀǎŜŘ ŘŜǊƛǾŀǝǾŜǎ омŀπƘ 

ŀǎ ǇƻǘŜƴǝŀƭ I5!/сƛǎ ............................................................................................................... сл 

рΦпΦм /ƘŜƳƛǎǘǊȅ .............................................................................................................. см 

рΦпΦн {!w ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ¢ILvπōŀǎŜŘ I5!/сƛǎ .............................................................. ср 

рΦпΦо 9Ǿŀƭǳŀǝƻƴ ƻŦ ǘƘŜ ǘŀǊƎŜǘ ŜƴƎŀƎŜƳŜƴǘ ƛƴ ŀ ŎŜƭƭπōŀǎŜŘ ŀǎǎŀȅ .................................. сф 

рΦпΦп tǊŜƭƛƳƛƴŀǊȅ ōƛƻƭƻƎƛŎŀƭ ƛƴǾŜǎǝƎŀǝƻƴ ƻŦ ŎƻƳǇƻǳƴŘ ооƘ ƛƴ ŜȄ ǾƛǾƻ ƳƻŘŜƭ ƻŦ LtC .... тл 

рΦпΦр 9Ǿŀƭǳŀǝƻƴ ƻŦ ǘƘŜ ŘǊǳƎπƭƛƪŜ ǇǊƻǇŜǊǝŜǎ ŀƴŘ ǘƻȄƛŎƛǘȅ ǇǊƻŬƭŜ ƻŦ ǘƘŜ ōŜǎǘ Ƙƛǘǎ ........... тм 

с 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ I5!/ƛǎ ŦƻǊ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ wt ........................................................ тп 

сΦм .ŀŎƪƎǊƻǳƴŘ ................................................................................................................ тп 

сΦн 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘŜǘǊŀƘȅŘǊƻπɹπŎŀǊōƻƭƛƴŜ ŘŜǊƛǾŀǝǾŜǎ опŀπǇ ǇƻǘŜƴǝŀƭ I5!/сƛǎ ......... тр 

сΦнΦм /ƘŜƳƛǎǘǊȅ .............................................................................................................. тт 

сΦнΦн 9Ǿŀƭǳŀǝƻƴ ƻŦ ǘƘŜ ŎƘŜƳƛŎŀƭ ǎǘŀōƛƭƛǘȅ ŀƴŘ ǎƻƭǳōƛƭƛǘȅ ƻŦ ǘƘŜ ōŜǎǘ Ƙƛǘǎ ....................... ту 

сΦо 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ŘŜǊƛǾŀǝǾŜǎ отŀπƧ ŀǎ ǇƻǘŜƴǝŀƭ Řǳŀƭ I5!/мκ[{5м ƛƴƘƛōƛǘƻǊ ............. ту 

сΦоΦм /ƘŜƳƛǎǘǊȅ .............................................................................................................. ул 

сΦп 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ŘŜǊƛǾŀǝǾŜ от ŀǎ ǇƻǘŜƴǝŀƭ Řǳŀƭ I5!/мκC!!I ƛƴƘƛōƛǘƻǊ .................. ум 

сΦпΦм /ƘŜƳƛǎǘǊȅ .............................................................................................................. уо 

т 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ ǎŜƭŜŎǝǾŜ ƛƴŘƻƭƛȊƛƴŜπōŀǎŜŘ I5!/сƛǎ ŦƻǊ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ 

ƛƴƅŀƳƳŀǘƻǊȅ ŘƛǎŜŀǎŜ .................................................................................................................. уп 

тΦм /ƘŜƳƛǎǘǊȅ ................................................................................................................... ур 

тΦн {!w ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ƛƴŘƻƭƛȊƛƴŜπōŀǎŜŘ I5!/сƛǎ ........................................................... фм 

у 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ ǎŜƭŜŎǝǾŜ I5!/ƛǎ ŦƻǊ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ ŎŀƴŎŜǊ .................................. фп 

уΦм 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ ŀǊȅƭ ǇƛǇŜǊŀȊƛƴŜπōŀǎŜŘ офŀπǉ ŘŜǊƛǾŀǝǾŜǎ ŀǎ ǇƻǘŜƴǝŀƭ I5!/сƛǎфп 

уΦмΦм /ƘŜƳƛǎǘǊȅ .............................................................................................................. фт 

уΦн 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ ƻǊǘƻπŀƳƛƴƻŀƴƛƭƛŘŜπōŀǎŜŘ ŘŜǊƛǾŀǝǾŜǎ ŀǎ ǇƻǘŜƴǝŀƭ I5!/мƛǎ .... фт 

уΦнΦм /ƘŜƳƛǎǘǊȅ ............................................................................................................ млл 

уΦо 5ŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ōƛƻƭƻƎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛȊŀǝƻƴ ƻŦ ŀȊŜǝŘƛƴπнπƻƴŜπōŀǎŜŘ ŘŜǊƛǾŀǝǾŜǎ 

пмŀπƳ ŀǎ ǇƻǘŜƴǝŀƭ Řǳŀƭ I5!/сκу ƛƴƘƛōƛǘƻǊǎ......................................................................... млм 

уΦоΦм /ƘŜƳƛǎǘǊȅ ............................................................................................................ млн 

уΦоΦн {!w ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ŀȊŜǝŘƛƴπнπƻƴŜπōŀǎŜŘ ŘŜǊƛǾŀǝǾŜǎ ......................................... мло 



о 
 

уΦоΦо .ƛƻƭƻƎƛŎŀƭ ŜǾŀƭǳŀǝƻƴ ƻŦ ǘƘŜ ŀȊŜǝŘƛƴπнπƻƴŜπōŀǎŜŘ ŘŜǊƛǾŀǝǾŜǎ ƛƴ ŀ ŎŜƭƭπōŀǎŜŘ 

ǎŜǩƴƎ млс 

ф /ƻƴŎƭǳǎƛƻƴ ......................................................................................................................... млу 

мл 9·t9wLa9b¢![ {9/¢Lhb .............................................................................................. ммл 

мм !tt9b5L· ..................................................................................................................... мрс 

ммΦм [ƛǎǘ ƻŦ ǇǳōƭƛŎŀǝƻƴǎ ................................................................................................... мрс 

ммΦн /ƻƴŦŜǊŜƴŎŜκ{ŎƘƻƻƭ ǇŀǊǝŎƛǇŀǝƻƴΥ ............................................................................ мрс 

ммΦнΦм tƘ5 ǎŎƘƻƻƭǎ ..................................................................................................... мрс 

ммΦнΦн /ƻƴƎǊŜǎǎŜǎ ŀƴŘ ƳŜŜǝƴƎǎ................................................................................ мрс 

ммΦо tƻǎǘŜǊ ....................................................................................................................... мрт 

ммΦоΦм tƻǎǘŜǊ м ........................................................................................................... мрт 

ммΦоΦн tƻǎǘŜǊ н ........................................................................................................... мру 

ммΦоΦо tƻǎǘŜǊ о ........................................................................................................... мрф 

мн .ƛōƭƛƻƎǊŀǇƘȅ ................................................................................................................. мсл 

 

  



п 
 

Riassunto  

Negli ultimi anni, la studio delle modificazioni post-traduzionali (MPT) delle proteine ha 

permesso di comprendere numerosi meccanismi molecolari che stanno alla base di alcuni 

processi fisiologici e patologici. Tra gli amminoacidi essenziali, la lisina presenta delle 

caratteristiche peculiari che la rendono pi½ suscettibile a tali modificazioni covalenti che 

a loro volta hanno un ruolo nello sviluppo di varie malattie. Tali conoscenze hanno 

guidato lôidentificazione di strategie terapeutiche innovative tese a contrastare l'attivit¨ 

aberrante degli enzimi che modificano la lisina.  

In particolare, gli enzimi deputati alla deacetilazione e demetilazione di residui lisinici, 

rispettivamente le istone deacetilasi (HDAC) e la lisina demetilasi 1 (LSD1), hanno 

suscitato un crescente interesse tra la comunit¨ scientifica che ha investito molteplici 

sforzi nel progettare e sviluppare nuove molecole capaci di antagonizzare la loro attivit¨ 

enzimatica aberrante riscontrata in diversi stati patologici. Durante il mio percorso di 

dottorato, la mia attivit¨ di ricerca ha riguardato principalmente lôidentificazione di 

inibitori selettivi degli enzimi responsabili della deacetilazione e/o della demetilazione di 

residui lisinici. In questo contesto, mi sono focalizzata sullo sviluppo di inibitori selettivi 

di HDAC6 e HDAC1 come potenziali agenti farmacologici per il trattamento di diverse 

patologie, tra cui (i) le malattie rare, come la fibrosi polmonare idiopatica (IPF) e la 

retinite pigmentosa (RP), (ii) le patologie infiammatorie e (iii) il cancro. 

Nella prima parte del mio percorso di dottorato, mi sono occupata dello sviluppo di tre 

serie di potenziali inibitori di HDAC6 per il trattamento dell'IPF. 

Tenendo conto delle eccezionali propriet¨ antifibrotiche dell'inibitore NF2376, abbiamo 

ritenuto interessante esplorare la tecnologia PROTAC per ottenere la degradazione 

proteasomica di HDAC6. A tal fine, ¯ stata sviluppata una piccola libreria di analoghi di 

NF2376 che sono stati modificati strategicamente con lo scopo di individuare la porzione 

da funzionalizzare per lo sviluppo dei nuovi PROTAC. 

In seguito, sono stata coinvolta nella preparazione di due nuove classi di inibitori di 

HDAC6 basati sul nucleo della tetraidroisochinolina, uno scaffold privilegiato nella 

chimica farmaceutica.  

La progettazione razionale della prima serie di composti ha permesso di identificare le 

migliori caratteristiche farmacoforiche che sono state combinate nella seconda classe di 

inibitori, ovvero le spiro-tratraidroisochinoline. Queste ultime sono caratterizzate dalla 

presenza di uno spiro-ciclo che ¯ stato facilmente installato sfruttando una reazione a tre 
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componenti conosciuta come Castagnoli-Cushman. Entrambe le classi di composti si 

sono rivelate efficaci nell'attenuare la fibrosi correlata all'IPF in modelli di malattia in 

vitro ed ex vivo, consentendo di confermare il ruolo centrale esercitato dallôenzima 

HDAC6 nella progressione di questa malattia rara. 

Come continuazione dei nostri sforzi nel campo delle malattie rare, abbiamo sviluppato 

una nuova classe di inibitori selettivi di HDAC6, basati sul nucleo della tetraidro-ɔ-

carbolina, che si sono dimostrati efficaci nel rallentare la degenerazione dei fotorecettori 

in modelli di RP in vitro ed in vivo. 

Nel tentativo di interferire simultaneamente con pi½ di un meccanismo aberrante 

associato alla RP, abbiamo perseguito un approccio multitarget per progettare 

razionalmente nuovi composti a doppia azione capaci di inibire HDAC1 e altri due 

enzimi, LSD1 e FAAH. In questo contesto, abbiamo sviluppato nuovi potenziali composti 

polifarmacologici che sono ancora in fase di valutazione biologica. 

Con l'obiettivo di esplorare nuovi spazi chimici, abbiamo selezionato il nucleo 

dell'indolizina per la preparazione di nuovi inibitori di HDAC6 come potenziali strumenti 

farmacologici nel trattamento di condizioni infiammatorie. Il nucleo ¯ stato costruito 

seguendo un approccio sintetico versatile che ha consentito di funzionalizzare lôindolizina 

in diverse posizioni, generando due set di analoghi. Studi preliminari hanno messo in luce 

il potenziale di queste nuove entit¨ chimiche. 

Inoltre, considerando il ruolo degli enzimi HDAC nell'insorgenza e nella progressione di 

diversi tipi di cancro, sono stati sviluppati nuovi inibitori di HDAC6 basati sullo scaffold 

aril-piperazinico, che si sono rivelati promettenti agenti antiproliferativi per tumori 

ematologici. Abbiamo poi esplorato l'inibizione di HDAC1 al fine di contrastare il tumore 

al colon-retto, generando nuovi inibitori selettivi che sono attualmente in fase di 

valutazione biologica sia in vitro che in vivo. 

Infine, ho avuto l'opportunit¨ di lavorare allo sviluppo di inibitori duali selettivi di 

HDAC6/8, che sono stati progettati razionalmente combinando i requisiti strutturali per 

il legame con entrambi i bersagli. Studi in vitro su linee cellulari leucemiche e colorettali 

hanno permesso di validare le potenzialit¨ dei nuovi strumenti polifarmacologici per il 

trattamento di forme tumorali liquide e solide, rispettivamente.  

In conclusione, abbiamo identificato nuovi potenti inibitori in grado di contrastare i 

processi di deacetilazione e demetilazione della lisina in diversi stati patologici, 

confermando che il mondo delle modificazioni post-traduzionali pu¸ offrire promettenti 

opportunit¨ per interventi terapeutici.   
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1 Lysine post-translational modifications (PTMs) on proteins 

The huge pool of proteins within living cells performs nearly every task required for 

pivotal biological processes such as gene expression, cell proliferation and apoptosis. 

Beyond their ascertained role, proteins can present extra functions as results of 

association with other multiproteic complexes or post-translational modifications (PTMs) 

which physiologically occur in response to the immediate needs of the cell.1,2  

PTMs are covalent changes on proteins which take place after the completion of their 

biosynthesis in the ribosome. On account of their dynamic nature, PTMs encompass 

reversible or irreversible alterations involving multiple points or a single point in the 

protein.2,3 These chemical alterations include either the conversion and cleavage of 

certain protein portions, or the attachment of a specific unit ranging in size from a small 

prosthetic moiety such as phosphate, methyl, and acetyl groups, to a whole protein as in 

the case of ubiquitin.4,5 Although PTMs may occur spontaneously, in most cases they are 

catalysed by enzymes which are classified as óreadersô, ówritersô, and óerasersô. While the 

óreadersô enzymes are capable of recognizing the PTMs on proteins, the ówritersô, and 

óerasersô directly modify the protein through the addition, and the removal of a specific 

moiety, respectively.3 Consequently, the modified protein may present diverse 

physicochemical properties, reactivity, and proteolytic stability with respect to the initial 

state, allowing other types of interactions with the molecular entities in the cell 

environment.2 The awareness that a single protein can be altered by more than one PTM-

type allowed to consider the existence of multiple states of the protein itself which can be 

associated to new activities underlying diverse biological outcomes. Thus, it is well-

entrenched that PTMs shape up to be a regulatory mechanism aimed at expanding the 

variability of protein functions in view of promoting or suppressing a wide range of 

cellular events, including cellular stress management.2ï4 

Ongoing efforts have been accomplished to extend the knowledge about PTMs, with a 

special focus on the multiple modifications on the lysine residues belonging to different 

proteins (Figure 1).4,6 Among the essential Ŭ-amino acids, lysine displays unique 

characteristics in terms of flexibility, and polarity, thanks to the presence of the Ů-amino 

group in the lateral chain. Being a primary amine, this latter is highly prone to accept 

several modifications, making the lysine a hotspot for PTMs. Notable progress in 

identifying and understanding a multitude of lysine PTMs have been made, even though 

(de)methylation, (de)acetylation, and (de)ubiquitination remain the most studied so far, 

due to their significant relevance on cell regulatory pathways.3,5 
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In the lysine-PTMs landscape, (de)ubiquitination has been uniquely linked to the 

proteasomal degradation of intracellular proteins, whereas lysine (de)methylation, and 

(de)acetylation has been primarily correlated to epigenetic mechanisms underpinning 

nuclear gene transcription.6ï8  

 

 

Figure 1. Biological outcomes of lysine PTMs. 

 

In contrast with this canonical view of PTMs, further studies revealed that several proteins 

were found to be (de)methylated, or (de)acetylated in almost all the cell compartments as 

well, demonstrating that these lysine modifications contribute to the regulation of other 

cellular processes outside the nucleus.6,9,10 Much evidence highlighted the existence of 

further mechanisms of crosstalk between lysine (de)methylation, and (de)acetylation, 

which have a profound impact in the epigenetic regulation.4,5 

Moreover, it is well-demonstrated that the dysregulation of these two processes contribute 

to the development, and the progression of various pathological conditions, thus the 

research on the field of these lysine PTMs, and their crosstalk events may provide exciting 

opportunities for further innovative therapeutic options.11,12 

In this scenario, medicinal chemists have attempted to unravel the vast realm of modified 

proteins from a therapeutic perspective, relying on the well-established role of lysine 

PTMs in the epigenetic regulation at first instance, and then moving on to the exploration 

of other cellular mechanisms.13  
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1.1 Role of PTMs in epigenetics 

Epigenetics is an umbrella term covering the many mechanisms carried out by the 

organisms to adapt their phenotype to the fluctuating environment, without altering the 

genotype.14 At the molecular level, the epigenetic mechanisms imply structural changes 

to chromatin which consists in the cellular DNA in complex with histone proteins.15 These 

latter play a crucial role in the packaging of the genetic material, by organizing the 

chromatin structure in nucleosomes which represent the basic unit of the genome.16ï18 In 

the nucleosome, four subtypes of histones, namely H2A, H2B, H3, H4, assemble into two 

dimers (H2A, and H2B), and one tetramer (H3 and H4) to make up an octamer structure 

which in turn is wrapped by Ḑ1.7 turns of DNA.19 The chromatin undergoes to a wide 

array of epigenetic modifications.16 Among them, DNA methylation, non-coding RNA 

(ncRNA) modifications, and histone PTMs represent the principal mechanisms which 

guarantee a well-coordinated regulation of gene expression.14 Nevertheless, it may occur 

that variations in the epigenetic landscape may lead to abnormalities in gene expression; 

these may predispose the individual to diverse pathological conditions.20 Narrowing the 

field to histone PTMs, it is worth noting that alterations on the histone core directly affect 

the structure of the nucleosome with consequent effects on DNA-templated processes.21 

Indeed, some modifications may allow chromatin to assume a looser configuration 

(euchromatin), facilitating the genome accessibility to transcription, and DNA repair 

machineries, while other alterations tend to enhance histone-DNA interactions, resulting 

in a tightly packed chromatin (heterochromatin).16,18,21 By contrast, more frequently 

PTMs on histone tail can indirectly influence the gene expression, by allowing the 

favourable conditions for the binding of downstream effectors.21  

Among the histone PTMs, (de)methylation, and (de)acetylation on lysine residues were 

extensively studied owing to the diverse set of biological consequences they can drive in 

physiological and pathological conditions.22ï24 In this scenario, targeting these lysine 

PTMs on histone proteins represents an attractive avenue for therapeutic interventions, 

therefore many endeavours have already been made to develop new pharmacological as 

epigenetic modulators.25ï29  
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2 (De)methylation 

In recent years, lysine methylation on histone proteins has becoming increasingly 

relevant, being a well-established epigenetic mark, nevertheless the biological impact of 

this PTM is emerging also for other protein substrates beside histones.8,22 

At the molecular level, the reversible attachment or removal of one, two or three methyl 

groups to the Ů-nitrogen of the lysine side chain does not drastically change the primary 

structure of the modified protein, while fine-tuning crucial interactions with other 

molecular entities.3,8 Concerning the histone proteins, the lysine (de)methylation may 

induce chromatin remodelling along with the enrolment of downstream effectors which 

are involved in the gene expression.21 On the other hand, (de)methylation modification 

can affect the protein stability, and the subcellular localization of non-histone substrates, 

alongside the modular proteinïprotein interactions (PPIs) they are able to generate. 

The lysine methylation state depends on enzymatic processes which can act either 

separately or in concomitant with other lysine PTMs, such as acetylation and 

ubiquitination.30 Writer, reader, and eraser enzymes are directly involved in the 

attachment, recognition, and removal of the methyl group(s) from lysine residues, 

respectively, with the aim to maintain the correct balance between methylation and 

demethylation during the cell cycle.8,30  

 

2.1 Writer enzymes  

Methyltransferases are the writer enzymes responsible for the SN2 nucleophilic transfer 

of up to three methyl groups to lysine residues, by using the S-adenosyl methionine 

(SAM) as the methyl donor. According to their structural similarities, they were clustered 

into eight protein families.9 Among them, the largest classes are represented by the i) SET 

proteins, sharing a typical catalytic SET-domain, so called for the three proteins identified 

from Drosophila, namely Suppressor of Variegation 3-9, Enhancer of zeste and Trithorax, 

and ii) the seven-Ç-strand (7ɓS) proteins, presenting conserved sequence patterns, 

especially in the core consisting in a seven-stranded, and twisted ɓ-sheet.8 

The SET-domain family, including about 50 human enzymes, are prevalently involved in 

the methylation of the lysine Ů-amino group on the flexible histone tails, driving a 

dynamic bunch of epigenetic modifications which impact on chromatin remodelling, and 

gene expression.9,31 On the other hand, the 7ɓS family, with about 150 human enzymes, 

displays many substrates, ranging from nucleic acids, proteins, and small molecules, 
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many of which require to be further studied to fully understand the biological outcomes 

deriving from their methylation.32  

Within the 7ɓS class, DOT1L and KMT9 have been proven to cooperate with other SET-

proteins in the regulation of the lysine methylation states on histone proteins.32  

Unlike other PTMs, histone methylation may have dual and contrasting effects on 

transcription process depending on the histone sites which are modified, and their relative 

methylation states.33 It is worth mentioning that numerous non-histone proteins have been 

identified as substrates of the methyltransferases, among which the tumour suppressor 

p53, and nuclear factor-kB.8,9,22 These findings allowed acknowledging the biological 

significance of methylation in the regulation of diverse key proteins, and the relative 

cellular pathways they govern.  

 

2.2 Reader proteins 

The activities of the lysine methyltransferases and demethylases are finely regulated by 

óreadersô consisting in catalytically inactive proteins endowed with a reader-domain able 

to recognize (de)methylation modifications.3 These proteins can discriminate the lysine 

methylation level either of histone or non-histone proteins, showing high specificity for 

the flanking amino acid sequences.30  

The binding occurring between the modified site on histones and the reader-domain may 

determine the recruitment of protein effectors which can modulate the chromatin 

accessibility, by interfering with the stability of the histone-DNA complex.8,22 

On the other hand, the recognition of modified sites on specific enzymes allows the 

allosteric modulation of their catalytic function.22 Several reader-domains targeting 

methylated lysine residues have been disclosed, including chromodomains, Plant 

Homeodomain (PHD) domains, PWWP domains, Tudor domains, WDR domains, and 

MBT domains.34 Despite the numerous achievements in the knowledge of the protein 

reader-domains, several mechanisms underpinning their involvement in certain 

pathological conditions remain unclear, prompting the research to further decipher the 

druggability of these targets.3  

 

2.3 Eraser enzymes 

Lysine methylation has long been considered an irreversible PTM until the discovery of 

the first demethylase, namely the lysine specific demethylase 1 (LSD1), which paves the 
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way for the identification of other eraser enzymes capable of catalysing the removal from 

one to three methyl groups at the Ů-nitrogen of the lysine side chain.30 

Lysine demethylases are categorized in two classes: i) the FAD (flavin adenine 

dinucleotide)-dependent enzymes, including LSD1, and LSD2, and ii) the Fe2+-dependent 

Jumonji C (JmJC) domain-containing enzymes. Both demethylases require molecular 

oxygen as substrate to compete the oxidative demethylation.31,35 While flavin-dependent 

enzymes only target monomethyl and dimethyl lysine residues, the family of JmJC 

enzymes is capable of demethylating trimethyl lysine as well, by engaging the Ŭ-

oxoglutarate in their oxidative mechanism.35 The peculiar substrates for both classes of 

demethylases are histone proteins which are modified in multiple sites, however recent 

evidence allowed considering their catalytic activities on other non-histone proteins.22,30 

Abnormalities in the demethylation process are correlated to the initiation and 

progression of diverse disorders.36 In this context, remarkable progresses have been 

already made in the identification of LSD1 inhibitors, and pharmacologically active 

probes targeting JmJC demethylasesΦ 

 

2.3.1 LSD1: biological roles and therapeutic targeting 

LSD1 was identified as the first polyamine oxidase involved in the catalytic 

demethylation at the Ů-nitrogen of lysine residues on histone H3. LSD1 preferentially 

catalyses the cleavage of methyl group from mono, and dimethyl lysine residues due to 

the structural features of its catalytic pocket which are not suitable to accommodate 

substrates containing trimethyl lysine residues.31 Mechanistically, the catalysis provides 

for the simultaneous oxidation of the methyl lysine residue in an imine intermediate, and 

the reduction of FAD to FADH2. The imine intermediate undergoes a nucleophilic attack 

from water resulting in the formation of the hemiaminal which spontaneously 

decomposes in formaldehyde, and amine. After that, the molecular oxygen acts as co-

substrate in the oxidative regeneration of FAD which in turn takes a part in another 

catalytic cycle (Figure 2).36 

LSD1 plays multiple roles as epigenetic modulator depending on the modification sites 

on histone H3. More in details, the association of the enzyme with the corepressor protein 

CoREST allows the demethylation of the mono- and/or dimethyl lysine 4, resulting in the 

transcriptional repression. Conversely, when LSD1 specifically targets the lysine 9 on 

histone H3, the gene transcription of hormone-responsive genes is induced.37  
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In addition, LSD1 is acquiring increasingly interest due to its ability to modulate the 

activity of other non-histone substrates which intervene in the maintenance of the genome 

stability, and the cell cycle progression such as the tumour repressor proteins p53, and 

pRB.31,38 

 

 

Figure 2. Proposed mechanism of action of LSD1. 

 

The involvement of LSD1 in a plethora of pivotal cellular mechanisms entails that its 

dysregulation may promote the development of morbid events.39 

Several studies have enlightened that LSD1 has an unregulated or excessive activity in 

many cancer types which is strictly connected to its overexpression in most cases.36 Its 

implication in pro-tumorigenic processes such as epithelial-mesenchymal transition 

(EMT), angiogenesis, and cell proliferation contributes to cancer progression, and 

metastatic invasion. Moreover, LSD1 is implicated in viral infections, metabolic and 

neurologic disorders.39 Interestingly, recent findings uncovered the role of LSD1 in the 

rod photoreceptors differentiation, allowing taking into account this target for the 

treatment of retinal diseases.40  

In this scenario, extensive studies supported the validation of LSD1 as therapeutic target, 

encouraging the drug discovery of new pharmacological entities for the treatment of 

diverse diseases.  

 

2.3.1.1 LSD1 inhibitors 

In most disorders, the aberrant activity of LSD1 can be counteracted through the use of 

small-molecule inhibitors. Since its discovery, numerous LSD1 inhibitors have been 

identified as potential pharmacological tools for the treatment of cancer, and other 

diseases. LSD1 inhibitors mainly differ from their mechanism of action which can be 

covalent or non-covalent.39  
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In most cases, covalent LSD1 inhibitors are analogues of the trans-2-

phenylcyclopropylamine (TCP, 1, Figure 3), a well-established irreversible inhibitor of 

the monoaminoxidase (MAO) B, and A, which was revealed capable of inhibiting LSD1. 

The repurposing of TCP as LSD1 inhibitor was envisioned considering that MAO and 

LSD1 enzymes share similarities concerning the structural features of catalytic domain, 

and the catalytic mechanism.41 Structure-activity relationship investigations have guided 

the identification of selective TCP-based irreversible LSD1 inhibitors capable of 

generating covalent adducts with the FAD cofactor.42 Specific substitutions either on the 

phenyl ring or the amino group of TCP allowed to attain high potency, and selectivity 

toward LSD1, like in compounds 2, and 3 (Figure 3), respectively, which are still under 

investigation for cancer treatment.36  

These modifications were exploited for the development of molecular hybrids able to 

simultaneously target another enzyme besides LSD1.36  

Despite their interesting efficacy, the TCP-based LSD1 inhibitors present several 

drawbacks deriving from their affinities, and activities toward other enzymatic targets 

which consequently undergo prolonged block. The search of reversible LSD1 inhibitors 

endowed with a safer profile led to the identification of different biologically active 

compounds presenting a wide structural diversity.43 Among them, compounds 4, and 5 

(Figure 3) have entered in clinical trials for their antiproliferative effects on solid 

cancer.36,43  

 

Figure 3. Representation of the reported LSD1 inhibitors.36,44,45 
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3 (De)acetylation 

Acetylation and deacetylation are the major reversible lysine PTMs which can manifest 

as the attachment or the cleavage of an acetyl moiety either on the NŬ-, NŮ-, or O-positions, 

affecting the electrostatic charge of the modified site.3 In recent years, the research 

community has gained awareness regarding the biological impact of the (de)acetylation 

of lysine Ů-amino group on the regulation of crucial cellular mechanisms.46  

In the field of epigenetics, the acetylation of histone lysine residue has been studied 

extensively for its effects on chromatin compaction. To date, it is well-documented that 

it is responsible for the modulation of the interactions between histones and DNA, 

affecting the chromatin accessibility by the transcriptional machinery.24,47 Beside 

histones, a wide pool of proteins was found post-transcriptionally (de)acetylated at the 

lysine Ů-amino group across all cellular compartments. Many of them exert pivotal 

functions concerning cytoskeleton remodelling, cell migration, and metabolism, 

contributing to cell homeostasis.6,46 Lysine (de)acetylation can occur in a non-enzymatic 

manner depending on the pH environment, nonetheless enzymes remain the main players 

of this PTM, being directly involved in the maintenance of the balance between 

acetylation and deacetylation events.48 In particular, the activity of specific writer 

enzymes can be restored by that of the eraser enzymes, and in parallel both modifications 

can be recognized, and regulated by the readers proteins.23 Aberrant enzymatic activities 

in the regulatory machinery of this PTM can perturb the physiological protein acetylation 

level, driving the development of several disorders.5  

 

3.1 Lysine acetylation writers 

Lysine acetyltransferases (KATs) are the writer enzymes responsible for the transfer of an 

acetyl group from the acetyl-coenzyme A (acetyl-CoA) to the lysine Ů-amino group of a 

protein, leading to the neutralization of the positive charge in that specific locus.46 

Nuclear KATs are clustered in three groups: i) GCN5-related N-acetyltransferases 

(GNAT), ii) the p300/CREB-binding protein (p300/CBP), and iii) the MYST family.48  

Among them, the first class presents a high specificity for the lysine 14 of the histone H3 

tail, while the second one is involved in the targeting of multiple sites on the same 

protein.49 By contrast, the MYST family is capable of acetylating both histone and non-

histone proteins.50 Generally, the acetylation of lysine-enriched nucleosomes weakens the 

electrostatic interactions between the negatively charged phosphodiester backbones of 



мр 
 

DNA, and the positively charged histone tails, favouring the euchromatin conformation. 

Therefore, under these conditions, nuclear transcription is promoted.21,24 

Recent findings highlighted that KATs can exert their action also on mitochondrial and 

cytoplasmic protein substrates, allowing considering their roles in other areas of cellular 

signalling, beside the epigenetics.51 Lysine acetylation in mitochondria regulates the 

metabolism of the cellular bioenergetics, whereas lysine acetylation in the cytoplasm 

influences the modulation of cellular signalling by altering the protein stability, 

aggregation, and subcellular localization, which in turn are correlated to the protein 

activity, cytoskeleton regulation, and cell migration.52 

During the years, many intricacies underlying lysine acetylation have been unravelled, 

even though many other aspects are still under investigation. Targeting lysine acetylation 

could hold promises in the treatment of disorders characterized by dysregulated KATs 

activities.46 In this frame, there is still an urgent need to enrich the understanding 

concerning the lysine acetylation in a therapeutic perspective.  

 

3.2 Lysine acetylation readers 

Lysine acetylation can serve as recognition motifs for acetyl-lysine binding domains 

which are protein-interaction modules found on diverse reader proteins, some of which 

are well-known for their role in assisting and mediating the transcriptional process.47  

In general, lysine acetylation readers are responsible for the recruitment of protein 

effectors to macromolecular complexes which are labelled with acetyl moieties on the 

lysine ὑ-nitrogen.53 The recognition of these portions by óreadersô determines a wide array 

of biological consequences, comprising chromatin remodelling, histone recognition and 

regulation of the transcriptional machinery.53 Among the acetyl-lysine binding domains, 

the bromodomain (BRDs) has been heavily studied, being enclosed in a wide range of 

proteins with diverse catalytic and scaffolding roles, including KATs, methyltransferases, 

and transcriptional factors.46 A typical epigenetic modulation is mediated by of BRD-

containing transcription factors which can recognize specific histone acetylated site, 

while promoting the transcription of its neighbouring genes.54  

The BRD-containing proteins are about 61 and are clustered in eight classes according to 

their homology, and structural similarities. A large group of BRDs is represented by the 

bromo- and extra-terminal (BET) family, so called for the presence of two independent 

BRDs at their N-terminus which specifically recognize histone lysine acetylation sites.55  
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BRD-containing proteins are found dysregulated or mutated in pathological conditions 

such as cancer. In this context, several studies have enlightened that BRDs can be targeted 

by small molecules, preventing the acetyl-lysine protein-protein interactions associated 

to diverse morbid conditions.53ï55 

 

3.3 Lysine acetylation erasers 

Lysine deacetylases (KDACs) are the eraser enzymes which govern the acetylation state 

of the protein lysine residues in collaboration with KATs.51 KDACs are commonly 

known as histone deacetylases (HDAC), since histone proteins were identified as their 

first substrates, despite lysine deacetylation is not limited only to them.23 Indeed, these 

enzymes exert their action by catalysing the cleavage of the acetyl groups from NŮ -acetyl 

lysine residues both on histones, and other non-histone proteins.23 Histones lysine 

deacetylations restore the electrostatic interactions between the positively charged lysine 

side chains on histone tails, and the phosphate groups in the DNA backbone, favouring 

the heterochromatin conformation, and the consequent gene repression.3,24 On the other 

hand, the deacetylation of non-histone substrates mostly entails the modulation of 

downstream signalling pathways, which are physiologically relevant for the cell 

viability.6,56 

The 18 human HDACs are classified into two families according to the cofactors they use 

in the catalysis: the Zn+2 dependent enzymes, and the nicotinamide adenine dinucleotide 

(NAD+)-dependent enzymes, also known as sirtuins, which constitutes the class III 

(SIRT1ïSIRT7). The metal-dependent enzymes are in turn clustered into four classes on 

the basis of their primary homology: class I (HDAC1, 2, 3 and 8), class II, which is further 

subcategorized into classes IIa (HDAC4, 5, 7, 9) and IIb (HDAC6, and 10), and class IV 

(HDAC11).56  

Mechanistically, the catalytic deacetylation performed by Zn2+-dependent enzymes 

initiates with the deprotonation of a Zn2+-bound water molecule by the histidine 143. The 

generated nucleophilic species attacks at the Zn2+-coordinated carbonyl group of the N-

acetyl-lysine resulting in the tetrahedral intermediate. This latter is stabilized by the 

coordination bond with the Zn2+ alongside the hydrogen bond interactions with the 

catalytic triad (Y306, H143, and H142). The dehydration ƻŦ the tetrahedral intermediate 

gives the positively charged lysine (Figure 4).57  

Conversely, in the catalytic mechanism of sirtuins the acetyl-carbonyl oxygen of the N-

acetyl-lysine operates a nucleophilic attack on the anomeric carbon of the ribose of the 
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NAD cofactor with displacement of nicotinamide, resulting in the O-acetyl-ADP-

ribose.58
 

Sirtuins share similar substrates, subcellular localization, and functionalities (epigenetic, 

and non-) with the other 11 HDAC isoforms, nevertheless accumulated evidence 

indicated their relevant implication in the regulation of mitochondrial function.58 

 

Figure 4. Proposed catalytic mechanism for the deacetylation of N-acetyl-lysine on 

histone proteins by HDAC enzymes.59 

 

The biological function of the Zn2+-dependent isoforms is tightly related to their cellular 

localization and their preferential substrates. It is worth highlighting that the epigenetic 

modulation is mainly attained by the nuclear isoforms, HDAC1-3, together with HDAC8 

which differently is found both in the nucleus, and the cytoplasm.56 The isoforms 4, 5, 7, 

and 9 can shuttle between the nucleus and cytoplasm; nevertheless they exhibit a poor 

catalytic deacetylases activity which seems to be compensated by a scaffolding role in 

assisting this process.56,60 Among the class IIb, HDAC6 is a cytosolic isozyme which 

exerts its deacetylases activity either on cytoplasmic or nuclear proteins, thanks to its 

capability to shuttle to the nucleus, in response to diverse cellular signals. Despite its 

recognized pancellular localization, HDAC10 is mainly found in cytoplasm, indicating 
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its function aside from epigenetics. Notably, HDAC6 remains a lysine deacetylase, while 

HDAC10 functions as an acetyl polyamine deacetylase.56,61 The isoform 11, 

predominantly localized in the nucleus, prefers non-acetyl acyl-lysine substrates as well 

as HDAC8.56  

Since the beginning of the century, the HDACs family has received great attention for the 

vital roles they play to maintain the delicate equilibrium of the protein acetylation state 

which in turn regulates a plethora of cellular pathways. Disruption of this balance can 

degenerate in multiple disorders which can be tackled by small-molecule inhibitors 

capable of antagonizing the HDACs activity.62  

 

3.3.1 HDAC inhibitors: from the bench to the bedside  

An unprecedented effort is required to empower the understanding of the cellular 

mechanisms underpinning the excessive or dysregulated activity of HDACs, aiming to 

validate their potentiality as therapeutic targets. In this frame, the development of new 

chemical entities endowed with inhibitory potency against HDACs allowed to unravel 

many complexities concerning their role in different diseases.62 In a drug discovery 

trajectory, the design of potential HDAC inhibitors (HDACis) is the first step toward the 

identification of biological active molecules able to restore the aberrant HDACs activity 

associated to the occurrence of certain pathological events.20   

The rational drug design of HDACis generally relies on the availability of the X-ray 

crystallographic enzymatic structures in complex with known inhibitors, which 

constitutes the main source of information regarding the active site environment.57,63  

Supported by in silico and structure-activity relationship (SAR) studies, structural data 

allowed to define the key binding interactions required to attain a high affinity toward the 

target, encouraging the structure-based rational design of potential HDAC inhibitors.63  

Collectively, these notions guided the identification of the three pharmacophoric elements 

required for the HDACs inhibition: i) the cap group, a surface recognition moiety which 

interacts with the edge of the catalytic pocket; ii) the zinc-binding group (ZBG), capable 

of tightly chelating the Zn2+ ion located in the active site, and iii) the linker tethering the 

two portions, through a polar connecting unit (CU), and a hydrophobic spacer (HS).56,59  

Several strategies were pursued to extend the chemical diversity of HDACis, especially 

by exploring various cap groups characterized by different polarity, and hindrance.64  



мф 
 

In order to achieve high inhibitory potency, the hydroxamate function (ZBG) was 

incorporated in most HDACis structures.65 This moiety ensures a strong affinity towards 

the target thanks to its extraordinary zinc-chelating capability, in a mono- or bidentate 

fashion. Concerning the pharmacokinetic aspects, the potential mutagenicity of the 

hydroxamic function sowed several concerns about its use in HDACis, encouraging the 

identification of new ZBGs such as the benzanilide, the thiol - mostly masked as a 

disulphide-, the hydrazide, and the difluoromethyl-1,3,4-oxadiazole.65,66 However, in 

many cases, hydroxamate-based inhibitors were proven to not suffer from these 

drawbacks, displaying a good safety margin. 

Aiming to impart the best orientation to the inhibitor inside the catalytic tunnel, a wide 

set of linkers have been explored. The variation of different parameters, such as length, 

flexibility, and polarity, determines differences in the affinity among the HDAC 

isoforms.67 The most potent HDACis fully adhere to this three-motif pharmacophoric 

model, nevertheless many of them partially depart from it, exhibiting preferential activity 

toward specific isoforms.68  

Firstly, the drug discovery commenced from pan-HDACis, so called for their ability to 

simultaneously inhibit more than one of the 11 isoforms.69 Several pan-HDACis, 

presenting a hydroxamic function as ZBG, have found application in diverse therapeutic 

areas. Although a considerable number of pan-HDACis are undergoing in clinical trials 

at different stages, only five of them have been licensed by Food and Drug Administration 

(FDA).56 Vorinostat (6, Figure 5), and romidepsin (7, Figure 5) were the first drugs to 

receive approval by the FDA on account of their epigenetic modulation on histone 

proteins.69 In particular, compound 6 is a suberoylanilide hydroxamic acid (SAHA) which 

was approved in 2006 for the treatment of lymphoma and multiple myeloma, while 

compound 7 was approved in 2009 for the treatment of cutaneous T-cell lymphoma, and 

then for peripheral T-cell lymphoma (PTCL) in 2014.69 Unlike other approved pan-

HDACis, 7 displays a disulfur bridge as ZBG, and owing to its peptidomimetic nature, it 

can be administered intravenously. Belinostat (8, Figure 5) is another pan-HDACi which 

was licensed in 2014 to treat PTCL.69 In addition, panobinostat (9, Figure 5) received 

approval both by FDA and EMA in 2015, for the management of multiple myeloma. 

tucidinostat (10, Figure 5), also known as chidamide, was approved by Chinese FDA for 

the treatment of PTCL in 2014, and for post-menopausal breast cancer in 2019. Unlike 

the others approved HDACis, tucidinostat (10) presents the orto-aminoanilide function 

as ZBG which confers selectivity towards class I isoforms.69 
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Other HDACis such as entinostat (MS-275, 11, Figure 5), and givinostat (ITF2357, 12, 

Figure 5) proved to be clinically effective in the treatment of cancer, and Duchenne 

muscular dystrophy, respectively.70ï72 Although pan-HDACis have been shown to be 

beneficial in treating different pathological conditions, their use is frequently associated 

to the occurrence of multiple side effects, ascribable to the simultaneous inhibition of 

more than one isoform. Therefore, in the last decade the research community turned into 

the identification of inhibitors capable of selectively inhibiting a specific isoform to avoid 

off-target phenomena, and the consequent collateral effects.68  

Considering the beneficial effects which could derive from the selective targeting of 

HDACs, the following section will provide a small glimpse of the main breakthroughs in 

the target validation of the best-characterized isoforms 1, 6 and 8, alongside the most 

successful strategies followed in the drug design, and development of the relative 

potential inhibitors. 

 

 
 

Figure 5. Representation of the reported HDACis: (a) FDA approved pan-inhibitors, 

and (b) inhibitors in clinical trialsΦ 
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3.3.2 HDAC1: biological roles and therapeutic targeting 

HDAC1 is a class I enzyme which is ubiquitously expressed in human cells. The nuclear 

localization of HDAC1 supports its fundamental role is the regulation of gene 

expression.56 Mostly, HDAC1 deacetylates NŮ-acetyl-lysine residue on the histone tails, 

stabilizing the interaction within the nucleosomes, and hampering the chromatin 

accessibility to the transcriptional machinery. Thus, HDAC1 acts as epigenetic modulator, 

primarily downregulating the gene transcription, and secondly modulating the 

functionalities of other nuclear proteins such as transcriptional factors.73 Although class I 

enzymes share a high degree of sequence homology, and substrates, it is well-known that 

HDAC1 activities can be compensated by the closer paralog HDAC2.74 Like other 

HDACs, HDAC1 requires to associate with other macromolecular components to form 

multiprotein complexes, in order to exert its deacetylases function. Specifically, HDAC1 

constitutes the catalytically active element of several corepressor complexes, comprising 

CoREST (corepressor of RE1-silencing transcription), NuRD (nucleosome remodeling 

and deacetylase), and Sin3 (switch intensive 3).56,75 Of them, the CoREST complex was 

deeply investigated because of its contribution to gene repression in physiological, and 

pathological conditions. The complex formation allowed the crosstalk between HDAC1 

(or at most HDAC2), and LSD1, through the scaffolding protein CoREST.74 In addition, 

several studies provided evidence that HDAC1 can deacetylate LSD1, compromising its 

binding to the histone H3, and the consequent regulation of the gene expression. It was 

demonstrated that both epigenetic targets, alone or in complex, may be dysregulated in 

some pathological states, suggesting the possibility of intervening on the individual 

enzymes, or synergistically on both following a multitarget approach.76,77  

HDAC1 is predominantly associated with the development of malignancies including 

breast, prostate, liver, and haematological cancer.75,78 Recent findings highlighted the 

involvement of HDAC1 in the cellular mechanism underlying EMT process in 

glioblastoma.79  

HDAC1 has emerged also as a valuable target for the treatment of allergies, being 

correlated with the enhanced release of proinflammatory cytokine by the T helper cells.80 

Compelling studies demonstrated the crucial role of HDAC1 in the maturation of rod 

photoreceptors, and how its pharmacological inhibition can offer therapeutic benefits in 

the treatment of retinal diseases.81 Given the ascertained role of HDAC1, and LSD1 in 

the rod photoreceptor development, a further study focused on the evaluation of the 

synergic effects deriving from the simultaneous inhibition of the two epigenetic targets in 
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a mouse model of retinitis pigmentosa (RP), a neurodegenerative disease.82 Definitely, 

the administration of two inhibitors has been revealed a successful strategy in countering 

the RP-related neurodegeneration, since produces a neuroprotective effect through the 

transcriptional regulation of neuroprotective and inflammatory genes, resulting in the 

preservation of the vision.82 

 

3.3.2.1 HDAC1 inhibitors  

Selective HDAC1 targeting remains a challenging task in medicinal chemistry due to the 

high homology sequence among class I HDACs. Specifically, while selectivity over 

HDAC8 can be easily achieved, the discrimination over the other two isoforms, namely 

2, and 3, suffers from the inconvenience related to the structural similarities in the 

catalytic site.78,83  

Nevertheless, the simultaneous block of the nuclear HDAC1-3 enzymes has been proved 

effective in tackling cancer also in clinical trials, as reported for the entinostat (MS-275 

11, Figure 5, and 6). Notably, another success in this field is represented by Tucidinostat 

(10, Figure 5, and 6), which was licensed by the Chinese FDA for the treatment of solid 

cancer, despite being a HDAC1-3 inhibitor. 26,62,75 

 

 

Figure 6. Representation of the reported HDAC1 inhibitors and the dual LSD1/HDAC1 

inhibitors.73,84,85 
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The rational drug design of selective HDAC1 inhibitors is mostly based on the canonical 

three-motif model (cap, linker, ZBG). Several studies provided evidence that the linker 

length is crucial for the binding interactions, while the choice of the orto-aminoanilide as 

ZBG ensures the selectivity over the class II HDACs.61,74 These notions have been 

implemented by the discovery of a ñfoot-pocketò in the catalytic sites of HDAC1-2. Bulky 

and lipophilic substituents on the orto-aminobenzanilide can easily accommodate inside 

this hydrophobic cavity, owing to their ability to generate additional contacts with the 

active site.85 The introduction of the 2-thienyl-group on the ZBG provided good results 

for the compound 13 (Figure 6) in terms of selectivity over the isoforms 3, and 8, thus 

encouraging the application of this design strategy.73 

Moreover, in order to take the possible benefits deriving from the block of CoREST 

complex, a multitarget approach was pursued by developing dual action LSD1/HDAC 

inhibitors.86,87 Thus, the combination of the ZBG of entinostat with the TCP (1, Figure 3) 

allowed the obtainment of different molecular hybrids which were evaluated for their 

inhibitory potency against the two epigenetic targets. SAR studies enabled the 

identification of the best performing compound 14 (Figure 6) showing the essential 

structural motifs for the binding to the CoREST complex. In silico studies and biological 

assays corroborated the validation of this polypharmacological tool in cancer disease, 

encouraging the development of multitarget agents in this area of interest.76  

 

3.3.3 HDAC6: biological roles and therapeutic targeting 

Among the HDACs, HDAC6 exhibits distinctive features, not only concerning its 

structure or cytoplasmatic localization, but also in regard to its substrate repertoire, and 

biological functions.88,89 Unlike the other isoforms, HDAC6 exclusively contains a zinc-

finger ubiquitin binding domain (ZnF-UBP), and two independent catalytic domains, 

namely CD1 and CD2, of which only the latter has been speculated to be primarily 

responsible for the lysine deacetylase activity.67 The enzyme can function as epigenetic 

modulator, when operates on histones in the nucleus in response of cellular signals, even 

though its peculiarity is ascribable to its deacetylases activity on a broad pool of non-

histone substrates, such as Ŭ-tubulin, extracellular signal-regulated kinases (ERKs), heat 

shock proteins 90 (Hsp90), peroxiredoxin, and mothers against decapentaplegic homolog 

(SMAD) proteins.89,90 Beyond its catalytic activity, HDAC6 displays scaffolding 

functions. Specifically, it was demonstrated that HDAC6 serves as a dynein adapter for 
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the transport of ubiquitinated proteins along microtubule tracks to the microtubule 

organizing centre (MTOC). At the MTOC, ubiquitinated proteins form aggresomes, 

which undergo autophagic degradation.91,92 

HDAC6 enzyme takes a part in multiple cellular pathways beside the proteins clearance, 

comprehending cell proliferation, and apoptosis.89,90 It is well-known that aberrant 

HDAC6 activity can lead to different pathological events, which could be countered by 

inhibitors.88,93  

In general, HDAC6 has been prevalently studied as anticancer target, owing to the 

ascertained overexpression of HDAC6 in both liquid and solid tumours which is 

associated with the triggering of oncogenic pathways.94  

Under pathological conditions excessive HDAC6 activity entails the hypoacetylation of 

Hsp90, enhancing its chaperone activities. As a result, Hsp90 stabilizes its client proteins 

involved in the cell hyperproliferation and apoptotic resistance, leading to the tumour 

growth. Aberrant HDAC6 deacetylase activities also suppress the dephosphorylation of 

ERK1, contributing to trigger the Mitogen-activated protein kinase (MAPK)/ERK 

pathway, which in turn promotes the tumorigenesis. 94,95 HDAC6 also play a crucial role 

in the Wnt signaling pathways through deacetylation of Ç-catenin proteins, leading to 

their translocation in the nucleus where they can mediate the activation of specific 

oncogenes.94  

HDAC6 has emerged as a valuable oncotarget, for its role in the apoptosis process in 

cancer cells. Indeed, pharmacological HDAC6 inhibition can lead to the activation of pro-

apoptotic process in cancer cells, as result of the impaired HDAC6-mediated degradation 

of protein aggregates.92,94  

HDAC6 was proved to upregulate key mediators like protein death receptor ligand-1 

(PDL-1) which is enrolled in the evasion of the immune response which takes place 

during the cancer initiation.94 

HDAC6 is directly involved in the deacetylation of Ŭ-tubulin and cortactin, contributing 

to the stability of microtubules. Hyperacetylation of these two proteins results an 

enhanced cell motility, and invasiveness, favouring cancer metastasis.67,94 

In addition, HDAC6 plays a prominent role in the epithelial-mesenchymal transition 

(EMT), a process that enables the epithelial cells to take on a mesenchymal phenotype. 

This transdifferentiation is elicited by transforming growth factor ɓ (TGF-ɓ), via the 

SMAD3 signalling, and underlies aberrant cell proliferation either in neoplastic or fibrotic 

events.90 
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In this framework, much evidence supports the involvement of HDAC6 in diverse fibrotic 

diseases, sharing an enhanced accumulation of extracellular matrix (ECM) components 

that compromise the functionalities of the affected organ.  

Among them, idiopathic pulmonary fibrosis (IPF) is one of the most disruptive, being a 

rare, chronic, and progressive lung disease of unknown aetiology characterized by a poor 

prognosis.90 Our recent research activity contributed to correlate HDAC6 overexpression 

to apoptosis resistance in basal cells of IPF lungs.96 In parallel, several studies provided 

evidence that HDAC6 is involved in the development of the proinflammatory and fibrotic 

phenotype in cystic fibrosis.97 

Many studies reported that HDAC6 is engaged in other inflammatory diseases on account 

of its capability of affecting the release of specific cytokines.89,98 In this context, HDAC6 

is related to arthritis, being involved in the cytokines production which underpins the 

synovial inflammation, degradation of cartilage, and bone erosion in the joints.99ï101  

In the field of neurodegenerative diseases, HDAC6 inhibitors have proved to exert 

neuroprotective effects on the axonal transport, which is usually compromised in 

neurodegenerative disorders. Moreover, it is well-known that overexpression of HDAC6 

promotes the hyperphosphorylation of the tau proteins, a hallmark of neurodegenerative 

disorders such as Alzheimerôs disease.90,102 

Recently, HDAC6 has been shown to possess neuroprotective properties also for 

photoreceptors, and retinal cells which are subjected to oxidative stress, allowing 

considering this target for the management of retinal diseases.103  

 

3.3.3.1 HDAC6 inhibitors 

Taking into account the biological relevance of HDAC6, in the past decades the research 

community has strived to unveil its therapeutic potentiality by resorting to small-molecule 

inhibitors.104 In the quest for new safer pharmacological tools, many endeavours were 

accomplished to develop selective HDAC6 inhibitors (HDAC6is), in order to improve 

the efficacy while limiting the unwanted side effects deriving from the block of the other 

isoforms.93,105  

To date, the rational drug design of selective HDAC6is mainly relies on i) the availability 

of the X-ray structures of HDAC6 in complex with recognised inhibitors (structure-based 

drug design), and ii) the knowledge of the pharmacophore, based on a wide collection of 

selective HDAC6is (ligand-based drug design).105 These pieces of information have 

driven the concept that HDAC6 selectivity could be achieved by exploiting bulky and 
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hydrophobic cap groups able fitting in the distinctive shallow groove of the HDAC6 

catalytic pocket.88 Moreover, it was demonstrated that branched cap groups, able to adopt 

a ñYò-shaped conformation, display high affinity toward HDAC6, being complementary 

with the topology of its active site.88 These indications allowed to generate a large set of 

cap groups which are responsible for expanding the chemical diversity of the HDAC6is 

structure. Among them, benzoheterocycles were extensively explored thanks to their 

capability to create hydrophobic interactions with the L1 and L2 loops delineating the 

three-dimensional contours of the catalytic pocket.105,106 In addition, several privileged 

cores in medicinal chemistry were embedded in the HDAC6is structure, constituting the 

cap group or a part thereof. In general, proper decorations on the scaffolds can generate 

additional hydrogen bond interactions with the characteristic cleft of HDAC6, ensuring 

high selectivity against HDAC6 over the other isoforms.88,105  

The improvement of the potency depends on the chelating properties of the ZBG, thus in 

most cases the hydroxamic acid remains the best choice.107 However, new groups 

exhibited remarkable efficacy in zinc-coordination, opening the door to the exploration 

of novel ZBGs. Of them, the most promising are the mercaptoacetamide, the alkylated 

hydrazide, and the 5-(trifluoromethyl)-1,2,4-oxadiazole.88,108  

According to the HDACis pharmacophore, the cap group and the ZBG are connected 

though a linker, which can present diverse polarity, and rigidity. Both modelling and 

crystallographic studies have enlightened that slender, and flexible aliphatic linkers 

favour bidentate zinc-coordination, while bulky, and rigid aromatic linkers enable the 

monodentate interaction.88 

Much progress has been made in the identification of selective HDAC6is, several of 

which have found application in diverse therapeutic areas. The most prominent success 

was achieved with ricolinostat (15, Figure 7), which is still under investigation in clinical 

trials as anticancer agent.89,93 On the other hand, the discovery of the tubastatin A (16, 

Figure 7) paves the way to the development of analogues with improved efficacy, even 

though 16 is still acknowledged as reference compound in the biological assays.109 

Promising results were attained with the incorporation of privileged scaffolds in the 

HDAC6is structure, as demonstrated by the activity/selectivity profile of compounds 17, 

18 and 19 (Figure 7), presenting quinoline, tetrahydroquinoline (THIQ), and 

tetrahydroisoquinoline (THIQ) cores, respectively.97,110,111  

Our research group have also contributed to this field, by focusing many efforts on the 

development of novel selective indoline-based HDAC6is, typified in three different 
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structural families which are represented by the correspondent best performing 

compounds 20, 21 and 22 (Figure 7).96,112,113 Great results in term of HDAC6 inhibitory 

potency were attained with urea derivatives such as compound Nexturastat A (23, Figure 

7).114 

 

Figure 7. Representation of the reported HDAC6 inhibitors.96,112,113,115,116 

 

3.3.4 HDAC8: biological roles and therapeutic targeting 

Among the class I HDACs, HDAC8 is a unique member, being the smallest isoform, 

which is responsible for further biological consequences besides epigenetic modulation, 

on account of its ability to translocate from the nucleus to the cytoplasm as adaptative 

response to cellular need.56 Unlike other HDACs which require the association with other 

multiprotein complexes for the catalysis, HDAC8 operates independently owing to the 
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lack of C-terminal proteinïprotein interaction domain.117 By exploiting this property, the 

relationship structure/function of HDAC8 was deeply investigated to provide further 

insights for the molecular basis underlying the general HDAC mechanism of action.57  

Mounting evidence supports that HDAC8 shares structural similarities with HDAC6 in 

the active site, hampering the selective targeting of HDAC8.59 Nonetheless, in an attempt 

to overcome this issue, crystallographic, and in silico studies enabled the discovery of a 

characteristic sub-pocket which is generated by L6 and L1 loops in the HDAC8 active 

site. This feature was exploited to analyse the binding interactions occurring with a wide 

set of substrates, including the small-molecule inhibitors. 118,119 

According to its major subcellular localization, HDAC8 shows catalytic activity against 

nuclear histone, and non-histone proteins. Together to HDAC1-3, the isoform 8 is 

involved the deacetylation of lysine-enriched nucleosomes, specifically targeting the 

tetrameric histone H3/H4 proteins. However, HDAC8 is able to deacetylase NŮ-acetyl-

lysine on other nuclear substrates such as p53, estrogen-related receptor (ERRŬ), AT-rich 

interactive domain-containing protein 1A (ARID1a), and the structural maintenance of 

chromosomes 3 protein (SMC3).59 Recently, it was found that HDAC8 can catalyse more 

proficiently the NŮ-acyl-lysine deacylation of longer chain residues, which is biological 

relevant for the modulation of the fatty-acylated proteins.56 Besides its catalytic function, 

HDAC8 can play scaffolding role by providing a binding platform for other 

macromolecular components such as inv(16) fusion protein.117  

Given its engagement in vital cellular pathways, aberrant HDAC8 activities may be 

related to the development of various diseases, making HDAC8 an attractive target in 

medicinal chemistry. HDAC8 involvement can manifest as a loss of enzymatic activity 

which may be restored by using small-molecule activators, as in the case of Cornelia de 

Lange Syndrome (CdLS).120 This X-linked disorder can be triggered by mutations in the 

HDAC8 gene, affecting the biosynthesis of functional HDAC8 proteins which are 

enrolled in the regulation of the cohesion complex. HDAC8 activators were proven 

effective in increasing the residual deacetylases activity, contributing to delay the 

progression of neurodevelopmental impairments associated with CdLS.121,122  

In other cases, targeting HDAC8 with selective inhibitors may drive beneficial effects in 

the management of other diseases, including Duchenne muscular dystrophy (DMD), 

fibrosis, neurological disorders, and cancer.59,123  

DMD is another X-linked disorder caused by mutations in the gene encoding dystrophin, 

resulting in an impaired production of this protein in muscles. In this context, HDAC8 is 
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overexpressed in several models lacking dystrophin, and its pharmacological inhibition 

was proven effective in restoring skeletal muscle histomorphology, via increasing the 

production of Ŭ-tubulin.124  

HDAC8 is also involved in the regulation of fibrotic events in lung, cardiac, liver, and 

renal tissues. Its abnormal deacetylase activity on SMAD3 upregulates the TGF-ɓ1 

signalling pathways along with downstream signals underlying EMT process.59,125  

Moreover, HDAC8 has emerged as potential therapeutic target for the treatment of 

different cancer types - breast cancer, neuroblastoma, glioma, leukemia -, where its 

inhibition can produce either in cytostatic, or cytotoxic effect.59,126 

In particular, it was proven that when interacts with the inv(16) fusion protein, HDAC8 

is more prone to deacetylases, and consequently inactivates the tumour suppressor p53, 

leading to the transformations of leukaemia stem cells which sustain the progression of 

the acute myeloid leukaemia (AML).127  

 

3.3.4.1 HDAC8 inhibitors 

Significant achievements in the biological fields have unravelled many intricacies 

underpinning the roles of HDAC8 in several disorders, but this was not paralleled by as 

many successes in the development of selective HDAC8is. Indeed, the identification of a 

conspicuous number of selective HDAC8is has not been followed by their application in 

clinical studies, in any cases. Nevertheless, some of them were extensively exploited for 

the validation of HDAC8 as therapeutic target, on account of their marked isoform 

selectivity. 59 In this context, PCI-34051 (24, Figure 8) has been recognized as a valuable 

pharmacological tool to investigate the biological role of HDAC8.74  

Structural insight holds promise for the drug discovery of new selective HDAC8is, 

allowing to overcome the inconvenience of the simultaneous inhibition of the other 

isoforms. In this regard, the rational design should take into account the canonical HDAC 

pharmacophore along with the topology of the HDAC8 active site, characterized by a 

distinctive sub-pocket. Specifically, it was proven that compounds able to assume an L-

shape conformation can generate stronger interactions with this cavity, ensuring the 

selectivity over the class I HDACs, and HDAC6.118,119 

Thus, medicinal chemists have considered diverse cap groups and linkers in order to 

impart the L-shape conformation to the inhibitors. While a wide chemical diversity of the 

cap groups is well-tolerated in the catalytic pocket, the nature of the linkers has been 

shown to profoundly influence the selectivity toward HDAC8. The disclosure of potent 



ол 
 

compounds such as 25 (Figure 8) allowed observing that aromatic-based linkers can 

confer higher HDAC8 inhibitory potency, with respect to either aliphatic, or alkenyl 

linkers. This is true especially for linkers bearing hydroxamate in meta-position of the 

terminal aromatic ring, allowing the inhibitor to assume the L-shaped conformation as 

reported for compounds 26, and 27 (Figure 8).59. This small modification guarantees the 

discrimination among the other isoforms, notably over HDAC6, which better tolerates 

the para-substitution of the ZBG on the aromatic linkers.128,129 Although the hydroxamic 

acid gave the best results in term of inhibitory potency against HDAC8, many efforts have 

been focused on the research of new ZBGs, allowing the identification of azetidine-2-

one, and amino acid residues, as showed for compounds 28, and 29 (Figure 8).59  

However, both inhibitors exhibited micromolar activities, providing evidence that the 

hydroxamic acid function remains the best choice for achieving high inhibitory potency 

in the nanomolar range.  

 

 

Figure 8. Representation of the reported HDAC8 inhibitors.59 
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4 Overview of the thesis work 

Taking into account the biological relevance of lysine PTMs in a wide array of 

pathological conditions, many endeavours have been accomplished to develop new 

pharmacological tools able to selectively target lysine modifiers.  

A special focus was devoted to the modulation of lysine deacetylation, and demethylation, 

for their ambivalent role in epigenetic, and non-epigenetic mechanisms.  

During my PhD, I had the opportunity to take part to an ongoing project aimed to develop 

new selective and multitarget small-molecule inhibitors targeting lysine deacetylation, 

and demethylation. 

In this context, I focused many efforts on the development of selective HDAC6is and 

HDAC1is as potential pharmacological agents. Given the biological relevance of these 

targets in multiple pathogenetic mechanisms, the potential inhibitors have found 

application in diverse therapeutic areas covering i) rare diseases, such as IPF, and RP, ii), 

inflammation-based pathologies and iii) cancer. 

Moreover, I was involved in the synthesis of three new polypharmacological compounds, 

by exploiting different approaches to target simultaneously the selected enzymes. 

Specifically, the merge of the essential motifs ensuring the binding to HDAC6, and 

HDAC8 allowed the identification of dual selective HDAC6/8inhibitors.130 On the other 

hand, the dual-acting LSD1/HDAC1 hybrid was obtained by linking the key 

pharmacophoric elements of LSD1, and HDAC1 inhibitors. 

Explorative studies allowed envisioning the simultaneous targeting of HDAC1, and the 

fatty acid amide hydrolase (FAAH) enzyme, by developing dual inhibitors through the 

merging approach.  

Briefly, the most noteworthy aspects of these projects are reported in the following 

paragraphs, and a more extensive description of each project is provided in the next 

chapters.  
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4.1 Development of new selective HDAC6is for the treatment of IPF 

4.1.1 NF2376-based analogues 

Given the need for innovative and effective IPF therapies, our recent research activity 

was directed toward the validation of HDAC6 as valuable target for this rare disease, by 

exploiting selective small-molecule inhibitors. Among in-house HDAC6is, compound 

NF2376 (22, Figure 7, and 9) showed to be the most effective in reversing the IPF 

phenotype in ex vivo experiment.96 

In this frame, we reasoned that proteolysis-targeting chimeras (PROTACs) technology 

could be exploited in order to achieve HDAC6 proteasomal degradation.131 Thus, we 

prepared a small library of five NF2376-based analogues 30a-e (Figure 9, and Table 1) 

endowed with different anchoring sites for a further derivatization, and development of 

novel PROTACs. The biological characterization of the derivatives was aimed at 

identifying the most promising candidate to be embedded in the PROTAC structure. 

 

 

Figure 9. Drug design of the new NF2376-based analogues. 

 

4.1.2 THIQs-based derivatives 

Taking inspiration from several compounds reported in literature, and taking into account 

the key pharmacophoric elements of several HDAC6 inhibitors synthesized in our 

research group, we selected the tetrahydroisoquinoline (THIQ) privileged scaffold as the 

cap group for the development of a new set of potential HDAC6is (derivatives 31a-h, 

Figure 10, and Table 2).132 In this context, I was involved in the synthesis of a small 

library of compounds allowing obtaining the first SAR clues, corroborated by the results 

obtained from the enzymatic assay. The best in vitro candidates were evaluated for their 
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capability in reverting the fibrotic phenotype induced by TGF-ɓ in human lung fibroblast 

(IMR-90 cell line).  

 

    

 

Figure 10. Drug design of the new THIQ-based analogues. 

 

4.1.3 Spiro-THIQs-based derivatives 

In order to optimize the pharmacodynamic (PD) and the pharmacokinetic (PK) profile of 

the THIQ-based HDAC6is (31a-h, Table 3), a second set of spiro-THIQ-based 

compounds was conceived (32a-c, 32f,h and 33a-i, Figure 11, and Table 3). These 

analogues were prepared using the Castagnoli-Cushman reaction (CCR), a three-

component reaction which allowed the easy installation of a spiro-fused cycle in the THIQ 

core.133 Consistent with the docking results, the enzymatic assay enabled the 

identification of two hit compounds, namely 33g, and 33h, endowed with a good potency 

and selectivity against HDAC6 enzyme.  

 

 

Figure 11. Drug design of the new spiro-THIQ-based analogues.  
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In light of these preliminary data, we selected the best in vitro hit to conduct a deeper 

biological evaluation on two validated ex vivo IPF disease model.  

 

 

4.2 Development of new selective HDACis for the treatment of RP 

4.2.1 Tetrahydro-ɔ -carboline-based HDAC6is 

As mentioned above, pharmacological HDAC6 inhibition proved to be beneficial in 

treating RP, resulting in the rescue of the visual function and retinal morphology in in 

vivo models.103 In an effort to disclose novel therapeutic options for this neurological 

disease, our research activity was directed toward the identification of new selective 

HDAC6is as neuroprotective agents in RP disease. To this aim, we developed a new class 

of tetrahydro-ɔ -carboline-based derivatives (34a-p, Figure 12, Table 5). The contribution 

of my PhD project to this topic concerned the preparation of compound 34f, to complete 

the SAR study and to better characterize our scaffolds exploration. Moreover, I was 

involved in the experimental determination of PK parameters such as stability and 

solubility in diverse media for the best candidates of this series. A deeper biological 

investigation was conducted to validate their high therapeutic potential in the treatment 

of RP. 

 

 

Figure 12. General structure of the tetrahydro-ɔ-carboline-based analogues. 

 

4.2.2 HDAC1/LSD1 hybrids 

Given the ascertained role of HDAC1 and LSD1 in the RP pathogenesis, we decided to 

exploit their selective inhibition as an alternative strategy to counter neurodegenerative 

process in RP disease.82 To this aim, we designed and developed a new series of dual-

acting compounds (35a-j , Figure 13, Table 7), by linking the key pharmacophoric 

elements of both targets. The contribution of my PhD project to this topic was related to 



ор 
 

the synthesis of the molecular hybrid 35f (Table 7), which is currently studied for its 

ability to counter RP neurodegeneration by exerting protective effects on photoreceptors.   

 

 

Figure 13. Drug design of the new HDAC1/LSD1 hybrid. 

 

4.2.3 Dual-acting HDAC1/FAAH inhibitor  

In the quest of innovative therapeutic strategies for the treatment of RP disease, we found 

tempting to explore the simultaneous inhibition of HDAC1 and FAAH enzymes. This 

latter is a serine hydrolase enzyme belonging to the endocannabinoid system. 

Pharmacological FAAH inhibition produces an indirect stimulation of the cannabinoid 

receptors, resulting in a neuroprotective effect achieved via the activation of multiple 

mechanisms.134,135 

Considering the synergistic neuroprotective effect which could result from the 

simultaneous FAAH and HDAC1 inhibition, a multitargeting approach was conceived. 

To this aim, the key pharmacophoric elements of the FAAH inhibitor PF-750 (36, figure 

14) and compound 11 (entinostat, Figure 14) were merged in the structure of new 

potential dual acting HDAC1/FAAH inhibitors. These latter are characterized by the 

presence of diverse cap groups, including quinoline, which is the scaffold of compound 

36, and benzodioxole.  

My contribution to this project regarded the preparation of compound 37 (Figure 14).  

Enzymatic studies aimed at profiling the new compounds are currently in progress. 
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Figure 14. Drug design of the new dual-acting HDAC1/FAAH inhibitor. 

 

 

4.3 Development of new selective HDAC6is for the treatment of inflammatory 

conditions 

4.3.1 Indolizine-based HDAC6is 

As a continuation of our efforts in the development of new chemical entities endowed 

with high potency and selectivity toward HDAC6, we selected the 1,3-disubstituted 

indolizine as promising and unexplored scaffold for a new series of potential HDAC6is 

(38a-l, Figure 15, Table 8). This choice was supported by the application of a versatile 

synthetic protocol for the construction of the indolizine template which enabled the rapid 

analoging at the cap group along with the easy overturning of the linker portion on the 

core. This latter was properly decorated in order to achieve high potency toward 

hHDAC6, and selectivity over the other isoforms. Preliminary studies conducted by the 

enzymatic assay showed promising results. Further biological investigation will be 

performed to evaluate the capability of the best candidates to attenuate inflammation 

associated with degenerative and chronic diseases. 
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Figure 15. Drug design of the new indolizine-based analogues.  

 

4.4 Development of new selective HDAC6is for the treatment of cancer 

4.4.1 Aryl piperazine-based HDAC6is  

Part of our research activities was focused on the identification of small-molecule 

HDAC6is as anticancer agents.112,116 Based on our in-house expertise we developed a 

series of aryl piperazine-based derivatives (39a-q, Figure 16, Table 9) to which I 

contributed synthetizing two compounds. Enzymatic and cellular assays enabled the 

identification of four hits endowed with an exceptional activity/selectivity profile toward 

HDAC6. Their antiproliferative effects were interrogated in diverse haematological 

cancer cell-types, spanning from acute myeloid leukaemia (AML) to chronic lymphocytic 

leukemia (CLL) and multiple myeloma (MM) cell lines. Further in vivo studies conducted 

in AML zebrafish model allowed to validate the therapeutical potential of the best hits as 

pharmacological tools for the treatment of haematological malignancies.  

 

 

Figure 16. General structure of the aryl piperazine-based HDAC6is. 
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4.4.2 o-Aminoanilide-based HDAC1is 

Aiming at modulating the epigenetic mechanisms occurring in malignancies, we 

identified HDAC1 enzyme as potential target to investigate for the treatment of the 

colorectal cancer.75 In this view, a new class of o-aminoanilide-based HDAC1is (40a-c, 

Figure 17, Table 10) were rationally designed, and the developed in collaboration with 

the research group of the Prof. Aiello at the University of Calabria.  

The contribution of my PhD project to this topic concerned the preparation of three 

compounds along with the reference compound 11 (Figure 17).  

The best in vitro hits resulting from the enzymatic assay are currently under evaluation 

for their antiproliferative properties in vitro on three colorectal cell lines (HCT116, HT29 

and DLD1 cell lines), and in vivo in chorio-allantoic membrane (CAM) model.  

 

 

 

Figure 17. Representative structure of the HDAC1is. 

 

4.4.3 Azetidin-2-one-based -based HDAC6/8is 

Literature survey highlighted the dysregulated activities of HDAC6, and HDAC8 in 

certain cancer types, such as AML, and colorectal cancer. Taking into account the 

beneficial effect deriving from simultaneous and selective inhibition of the isoforms 6 

and 8, we focused on the research of dual acting small molecules. To this end, we 

reasoned that azetidin-2-one, being a privileged scaffold in medicinal chemistry, could 

represent an innovative cap-group.  

Thus, we have developed a new set of dual HDAC6/8 inhibitors (41a-i, Figure 18, Table 

11), by properly decorating the azetidine-2-one core, following different synthetic 

strategies. The contribution of my PhD project to this topic concerned the preparation of 

compounds 41a-c, to complete our SAR studies.  

Enzymatic studies guide the identification of the best candidates endowed with high 

selectivity toward hHDAC6/8 over the hHDAC1 and hHDAC10 isoforms. Further 
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biological investigations have enlightened a promising potentiality of these compounds 

as polypharmacological tools in the treatment of hematological and solid cancers.130  

 

 

Figure 18. General structure of the selective dual-acting HDAC6/8 inhibitors.   
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5 Development of new HDAC6is for the treatment of IPF 

5.1 Background 

Rare diseases are a group of disorders affecting a small part of the global population. 

They are also known as orphan diseases since their pharmacological treatment still relies 

on few therapeutic options which are not resolutive.90 Among the rare diseases, idiopathic 

pulmonary fibrosis (IPF) is one of the most debilitating and life-threatening, being a 

chronic, degenerative, and fibrotic lung disease of unknown etiology, and with a poor 

prognosis. Generally, IPF patients are between the ages of 60 and 75 years old with a 

median life expectancy of 3ï5 years from the diagnosis, if not properly treated. The 

annual incidence of IPF account for 0.22ī7.4 per 100,000 people, which is strictly 

associated with high mortality rate exceeding that of several aggressive malignancies. 

Although many factors appeared to govern the IPF pathogenesis, it is increasingly 

acknowledged that the fibrotic event at lung level is triggered by unceasing insults 

together with genetic and age-related factors.136 

IPF manifests as an aberrant wound healing characterized by the progressive replacement 

of the lung parenchyma with fibrotic connective tissue. The dysregulation of the injury-

repair is mainly ascribable to the EMT process which produces the activation of quiescent 

fibroblasts, and part of circulating fibrocytes, into myofibroblasts.137 This event is 

induced by TGF-ß1, a profibrotic mediator, which exerts its action through the SMAD3 

signaling cascade. Myofibroblast can migrate in the lung interstitium forming the fibrotic 

foci, specific agglomerates responsible for the overaccumulation of extracellular matrix 

(ECM) components, such as collagen types I and III, fibronectin, and Ŭ-SMA.136,137  

In addition, myofibroblasts are involved in the downregulation of metalloproteinases, 

which show limited proteolytic activity toward the ECM components owing to the 

excessive production of their endogenous inhibitors.59 Recently, it was demonstrated that 

airway basal cells (ABCs) can also accumulate in the fibrotic foci, worsening the scarring 

process. Collectively, these events compromise the gas exchange at the alveolar level 

with consequent impairment of the respiratory function.96,138 

The current therapy provides for the use of pirfenidone (Esbriet®, 42, Figure 19), and 

nintedanib (Ofev®, 43, Figure 19) which contribute to relieve symptoms and delay the 

disease progression with manageable collateral effects. In particular, the former has been 

shown to decrease the production of TGF-ɓ1 and pro-inflammatory cytokines, although 

its mechanism of action remains poorly understood.139 On the other hand, nintedanib is 

an intracellular inhibitor targeting diverse tyrosine kinases which has been shown to 
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reduce release of proinflammatory and profibrotic mediators.140 Neverthles, both drugs 

are unable to eradicate the disorder, thus to date, lung transplantation represents the only 

cure treatment.136  

Therefore, taking into account the need for innovative and effective therapies, we 

reasoned that HDAC6 could represent a potential target for the treatment of IPF, being 

upregulated in IPF fibroblasts.138,141ï143 Our recent research has provided evidence for 

overexpression of HDAC6 in ABC cells deriving from IPF patients. Beside these 

immunohistochemical studies, other investigations were focused to clarify the role of 

HDAC6 in the fibrogenesis, and in the apoptosis resistance in IPF basal cells, allowing to 

decipher its action on proteins involved in cell growth, survival and migration.96  

 

 
 

Figure 19. Representative structures of FDA-approved drugs for the treatment of IPF:  

 

To this purpose, a series of novel selective indoline-based HDAC6is was developed by 

our research group, leading to the identification of the hit compound NF2376 (22, Figure 

7). Biological investigations were conducted on the racemic mixture of (±)-22, taking into 

account to the lack of a stereoselective HDAC6 inhibition which was confirmed by the 

similar inhibition properties of both enantiomers ((R)-22 IC50 hHDAC6 = 91 nM vs (S)-

22 IC50 hHDAC6 = 71 nM). The best hit 22 showed to be able to inhibit fibrotic sphere 

formation in a 3D cell model derived from ABC patient cells, proving to be effective in 

reverting the IPF phenotype. Moreover, studies performed in ex vivo human model of 

TGF-ɓ1-dependent fibrosis revealed that the selected candidate is capable of inhibiting 

the mRNA expression for the typical fibrotic biomarker, namely collagen types I and III, 

fibronectin, and Ŭ-SMA.  

The validation of 22 as potential pharmacological tool for IPF allowed implementing the 

current collection of validated targets under investigation, supporting the biological 

relevance of HDAC6 in the IPF pathogenesis.96   
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5.2 Development and biological characterization of NF2376-based derivatives 

30a-e as potential HDAC6is 

In light of the promising progress in understanding the crucial role HDAC6 in IPF disease, 

we found tempting to explore the PROTAC technology in order to achieve HDAC6 

ubiquitin-proteasomal degradation.144,145  

Specifically, this strategy employs heterobifunctional compounds capable of 

simultaneously binding the protein of interest (POI), and the E3 ligase forming a ternary 

complex. Assisted by E2 ligase, this latter mediates the poly-ubiquitination of the POI, 

leading to its selective degradation.146 

Since the proof-of-concept of PROTAC technology was revealed in 2001, several 

HDAC-PROTAC degraders have been developed, some of them have shown promising 

results at preclinical, and early clinical stage.145 

The first degraders of metal-dependent HDACs were discovered in 2018 by Tangôs 

research group. They initially employed a vorinostat-like inhibitor as POI ligand for the 

conjugation to pomalidomide as a recruiter for the E3 ligase cereblon (CRBN). Despite 

the pan-HDACi scaffold, the developed PROTACs preferentially promote HDAC6 

degradation. Encouraged by these results, the same research group disclosed a series of 

selective HDAC6 degraders based on the selective HDAC6i Nexturastat A (23, Figure 

7), concomitantly with the Raoô group in 2019.144,147 Further endeveours were focused on 

targeting the isoform 6, leading to identify new PROTAC degraders presenting selective 

HDAC6 inhibitors based on either benzimidazole or indirubin scaffold.148,149 Recently, 

the first PROTAC degraders of HDAC1, HDAC2, and/or HDAC3 based on aminoanilide 

zinc-binding group were disclosed, along with selective HDAC4 and HDAC8 

PROTACs.150ï152  

From a medicinal chemistry perspective, the drug design of PROTAC degraders is still a 

challenging task, since requires the knowledge of the dynamic interactions which may 

occur within the ternary complex.150  

In general, this heterobifunctional compounds fully adhere to the typical HDAC-

PROTAC pharmacophore model, that consists of three modules: i) a ligand able to recruit 

the E3 ligase, ii) a selective inhibitor endowed with high affinity toward the selected 

HDAC isoform, and iii ) a linker connecting the two portions.144,153 The identification of 

the most suitable E3 ligase ligand should be based on the cellular expression of the E3 

ligase which ensures target degradation in the cell-type taken into account.151 Among the 

E3 ligases, CRBN has been shown to be recruited by a known BRD4-PROTAC in TGF-
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ɓ1-induced lung fibroblasts, taken as in vitro IPF disease model.154 This allowed 

narrowing the choice to CRBN ligands for the development of our HDAC-PROTACs in 

the treatment of IPF.  

On the other hand, the selection of the inhibitor is commonly based on its 

activity/selectivity profile over the other isoforms, together with its ascertained biological 

activity.155 Thus, we selected NF2376 compound as HDAC6 inhibitor, presenting all 

these characteristics. Moreover, in the drug design of PROTAC degraders, linker length, 

flexibility, and polarity are all critical parameters that should be considered. It was also 

proven that the conjugation of the linker to the two ligands could affect the binding to 

their targets.153,156,157 

On the basis of these piece of information, we studied the possible attachment points on 

the selective inhibitor NF2376 (22) for the PROTAC linkers, in order to retain its intrinsic 

affinity toward HDAC6. Crystallographic studies have revealed that the decorated 

indoline core of NF2376 (22), being the cap group, interacts with the outer rim surface of 

the catalytic site, thus this moiety was identified as a platform for anchoring different 

PROTAC linkers (Figure 20).96 In this view, we prepared a small library of NF2376-

based analogues 30a-e (Figure 21, and Table 1), by pursuing two different approaches. 

Firstly, we conceived the installation of the fluorine group on the cap of NF2376 for a 

further derivatization with the PROTAC linker.  

 

Figure 21. Representation of the crystal structure of zfHDAC6 in complex with NF2376 

(PDB code: 6V79) shown as ribbon and stick structure in blue. NF2376 is depicted in 

light grey. 

 

This strategy provided for the modification of the indoline core through either the 

bioisosteric substitution of the hydrogen atom in position 5 with a fluorine atom, or the 

introduction of a fluorinated pyridine in position 2, obtaining the compounds 30a-c, 
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(Figure 21, and Table 1). Secondly, we explored the N-indoline position of NF2376 as a 

possible attachment point for the PROTAC linker, by rearranging the HDAC 

pharmacophoric elements.  

 

Figure 21. Drug design of new NF2376-based HDAC6is 30a-e, for the development of 

novel HDAC6-PROTAC degraders, and scematic representation of the mode of action 

of PROTACs.  
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We replaced the geminal methyl group with a spiro-piperidine moiety which was 

combined with the benzylic spacer bearing the ZBG. In the first instance, the free N-

indoline position was further derivatized for an easier chemical handling, allowing the 

development of compounds 30d-e (Figure 21, and Table 1). These latter were used as 

chemical tools to investigate the effects on the affinity deriving from the overturning of 

the benzylic portion bearing the ZBG on the indoline nucleus.  

 

5.2.1 Chemistry 

Accordingly with our retrosynthetic analysis, the development of compounds 30a-c 

provided the proper functionalization of the indoline core 44a-d deriving from the 

reduction of the corresponding spiroindolenine 45a-d (Scheme 1). This latter was 

obtained in turn through the interrupted Fischer indolization starting from the suitable 

ketone (46a-c) and phenylhydrazine (47, and 48).  

 

  

Scheme 1. Retrosynthetic analysis for the NF2376-based HDAC6is 30a-e. 

 

The synthesis of the ketones was achieved by following two different procedures, as 

detailed in the Scheme 2. Specifically, compounds 46a, and 46c (Scheme 2, panel A) 

were obtained starting from the commercially available tosylhydrazide 49 which was 

treated with the ketones, 50 or 51, to give the corresponding tosylhydrazone derivatives, 

52 and 53. These latter reacted with the 3-pyridinecarboxaldehyde 54, in presence of 

cesium carbonate, affording the desired ketone, 46a, and 46c.  

The synthesis of compounds 46b was achieved by performing a three-step reaction path 

(Scheme 2, panel B). 
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Scheme 2. Synthesis of the intermediates 46a-c. Reagents and conditions: a) MeOH, r.t., 

3 h; b) Cs2CO3, 1,4- dioxane, N2, 110 °C, 14 h; c) isopropenylmagnesium bromide (0.5 

M in THF), dry THF, 0 °C, N2, 30 min.; d) H2/Pd, MeOH, r.t., 1 h; e) DMP, dry DCM, 

N2, 0 °C, 2 h.  

The commercially available aldehyde 55 was treated with isopropenylmagnesium 

bromide to afford the product 56, which underwent catalytic hydrogenation, furnishing 

the alcohol 57. This latter was oxidized to corresponding ketone 46b in presence of Dess-

Martin periodinane reagent (DMP). 

The synthesis of the compounds 30a-c is described in the Scheme 3.  

 

 

Scheme 3. Synthesis of compounds 30a-c. Reagents and conditions: a) H2SO4, 1,4-

dioxane, 70 °C, 3 h then r.t., 16 h; b) H2/Pd, MeOH, r.t., 12 h; c) methyl 4-formylbenzoate, 

NaBH3CN, EtOH, AcOH, r.t., 14 h; d) NH2OH (50% in H2O), KOH, MeOH, r.t, 3 h. 
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The ketones 46a,b were subjected to a Fisher indolization with the suitable 

phenylhydrazine (50 or 51) in presence of concentrated sulfuric acid, giving indolenines 

45a-c. These intermediates were reduced by catalytic hydrogenation affording the 

corresponding indolines (±)-44a-c, which were subjected to the reductive amination 

protocol in presence of methyl 4-formylbenzoate affording the compounds (±)-58a-c. 

These ester derivatives were converted into the corresponding hydroxamic acids (±)-30a-

c upon treatment with KOH and aqueous NH2OH.  

In Scheme 4, the synthesis of compounds 30d, and 30e is reported.  

 

 

Scheme 4. Synthesis of the title compounds 30d, and 30e. Reagents and conditions: a) (i) 

H2SO4, 1,4-dioxane, 70 °C, 3 h then r.t., 16 h; (ii ) Boc2O, dry triethylamine (TEA), dry 

THF, 2 h; b) H2/Pd, MeOH, r.t., 12 h; c) benzaldehyde, NaBH3CN, EtOH, AcOH, r.t., 14 

h; d) HCl/MeOH, MeOH, 40 °C, 30 min; e) methyl 4-formylbenzoate, NaBH3CN, EtOH, 

AcOH, r.t., 14 h; e) methyl 4-(isocyanatomethyl)benzoate, dry TEA, dry THF, N2, r.t., 12 

h; f) NH2OH (50% in H2O), KOH, MeOH, r.t, 3 h. 

 

Following the synthetic pathway previously described in Scheme 3, the ketone 46c was 

reacted with phenylhydrazine (47) in a Fisher reaction in presence of concentrated 

sulfuric acid. The following treatment with Boc anhydride provided the indolenine 
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intermediate 45d. The double bond of this derivative was reduced following a palladium 

catalyzed hydrogenation in methanol, affording the indoline (±)-44d which was subjected 

to a reductive amination protocol in presence of benzaldehyde, giving the compound (±)-

59. Boc-deprotection under acidic conditions gave the desired amine (±)-60. The latter 

was then reacted with the commercially available methyl 4-formylbenzoate or methyl 4-

(isocyanatomethyl)benzoate, prepared according to literature procedures, in order to 

obtain the tertiary amine (±)-61, and urea (±)-62, respectively. These ester derivatives 

were reacted with reacted with aqueous NH2OH, in presence of KOH, generating the 

corresponding hydroxamic acids (±)-30d, and (±)-30e.  

 

5.2.2 SAR analysis of the NF2376-based HDAC6is 

The main goal of this work consisted in the development of new analogues of NF2376 

compound endowed with different anchoring sites for a further derivatization, and 

development of novel HDAC6-PROTACs. Thus, we pursued two different strategies to 

insert a functionable group on the cap group to be conjugated with the PROTAC linker, 

attempting to maintain the activity/selectivity profile of the parent inhibitor. The 

bioisosteric introduction of fluorine and fluorinated moieties on the cap group allowed 

obtaining compounds 30a-c (Table 1). Secondly, we conceived a new cap group to exploit 

the nitrogen of the indoline core as a possible attachment point for the PROTAC linker, 

leading to the development of compounds, 30d, and 30e. A preliminary SAR 

investigation was conducted for this small library of HDAC6is by evaluating their 

inhibitory potency toward human HDAC6 (hHDAC6), and selectivity over the isoforms 

1, and 10. The enzymatic assays were performed by Prof. Fabrizio Vincenzi and Prof. 

Katia Varani at the University of Ferrara, and allowed to profile the NF2376-based 

HDAC6is 30a-c, as reported in Table 1. 

The first synthesized analogues 30a-c show a lower inhibitory potency toward HDAC6, 

with respect to 22 (hHDAC6 IC50 = 42 nM), but still in the nanomolar range. This could 

be explained by the fact that fluorine atom possesses diverse electrochemical properties 

with respect to hydrogen which can alter the overall properties of the molecule together 

with the binding interactions with the enzyme.158  

Specifically, the bioisosteric replacement of the hydrogen in position 5 of the indoline 

core with a fluorine atom led to a marked decrease of the HDAC6 activity for compound 

30a (hHDAC6 IC50 = 388 nM). On the other hand, the compound 30b (hHDAC6 IC50 = 
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126 nM), presenting a fluorinated pyridine in position 2 of the indoline scaffold, showed 

a high inhibitory potency, despite its IC50 value is three-fold lower than that of the parent 

inhibitor. The simultaneous introduction of fluorine in position 5, and in position 2 of the 

pyridine moiety in compound 30c (hHDAC6 IC50 = 422 nM), synergistically led to a 

decrease of the HDAC6 inhibitory potency.  

Taken together, these results highlight that the bioisosteric modification of the hydrogen 

at position 5 is not well-tolerated, and results in a lower inhibitory activity. Probably this 

group is involved in additional interactions with the outer rim of the enzyme, thus its 

replacement with fluorine entails a decreased affinity toward HDAC6. Nevertheless, the 

simple introduction of fluorinated pyridine in position 2 allowed compound 30b to retain 

a high inhibitory potency, thus its selectivity was evaluated over isoform 1, and 10. 

Interestingly, compound 30b exhibited a low inhibitory activity toward hHDAC1 (IC50 > 

10000), and hHDAC10 (IC50 > 10000), with selectivity indexes (SI) greater than 79.  

Collectively, these data suggest that compound 30b could be exploited for the 

development of HDAC6-PROTAC degraders, presenting a functionalisable group as an 

attachment point for PROTAC linker, and a good activity/selectivity profile. The best 

results in term of potency were achieved with compounds 30d and 30e, showing HDAC6 

IC50 values of 78 nM, and 31 nM, respectively. 

These preliminary data allowed to demonstrate that the new cap group is able to. 

Moreover, the urea motif in compound 30e determines an improvement of the inhibitory 

potency with respect to the tertiary amine 30d, probably thanks to the additional contacts 

it can create in the catalytic tunnel of HDAC6 active site. Further investigations 

concerning the selectivity are required to establish whether these inhibitors could be 

exploited in the drug design of new HDAC6-PROTACs. ensure a good affinity toward 

HDAC6, encouraging the development of other analogues.   
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Table 1. Inhibitory activity of compounds 30a-e toward hHDAC6, hHDAC1 and 

hHDAC6, and hHDAC1/hHDAC6 selectivity ratio.  

Cpds Structure 
IC50 (nM) Selectivity index 

hHDAC6 hHDAC1 hHDAC10 hHDAC1/ 

hHDAC6 
hHDAC10/ 

hHDAC6 

30a 

 

388 Ñ 31 NTa NTa - - 

30b 

 

126 Ñ 11 
> 10000 

(36%) 

> 10000 

(36%) 
> 79 > 79 

30c 

 

422 Ñ 36 NTa NTa  - 

30d 

 

78 Ñ 5 NTa NTa - - 

30e 

 

31 Ñ 2 NTa NTa - - 

(Ñ)-22 

 

42 Ñ 6 5330 NTa - 127 - 

a Each value is the mean of at least three determinations; results are expressed with 

±standard deviation (SD). Percent inhibition of HDAC activity at 10 µM concentration. 

NTa, not tested.  
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5.3 Development and biological characterization of THIQ-based derivatives 31a-

h as potential HDAC6is 

Discovering novel chemical entities endowed with high therapeutic potential for the IPF 

disease represents a challenging task for our research group. Our recent findings, 

corroborated by literature data, have contributed to pinpoint HDAC6 pharmacological 

inhibition as a valuable strategy to tackle IPF-related fibrosis.96,138  

In this frame, I focused many efforts on the identification of new selective HDAC6is for 

the treatment of IPF. According to the canonical HDAC pharmacophore, we identified 

structural motifs which are required for the selective HDAC6 inhibition.  

In the chase of a new cap group, we selected the tetrahydroisoquinoline (THIQ) core to 

rationally design a new series of potential HDAC6is. This choice was supported by 

several reasons mainly ascribable to the acknowledgment of THIQ as a privileged 

scaffold in medicinal chemistry.132 Over the past years, privileged molecular frameworks 

have received great attention from medicinal chemists, due to their exceptional PD and 

PK properties which allowed accelerating the research of lead candidates for drug 

development. Indeed, privileged scaffolds are known to possess peculiar physicochemical 

features which enable favourable binding interactions with a wide array of different 

biological targets.159,160 Specifically, the pharmaceutical potentiality THIQ core is still 

extensively explored in biologically active compounds, gaining important results at pre-

clinical and clinical stage in the drug development pipeline.132  

Besides being a privileged core, THIQ was conceived as cap group for being the structural 

homologous of the indoline core, which was employed in the previous NF2376-based 

series, represented by hit compounds 22 (Figure 22). The ring expansion achieved in 

THIQ allowed moving from aryl to benzylic position of the nitrogen, resulting in different 

interactions with the catalytic site along with possible favourable drug-like properties. 

THIQ core can be also considered the structural isomer of the tetrahydroquinoline which 

represent the cap group of the potent and selective HDAC6i 18 (Figure 22).111 Moreover, 

THIQ was already incorporated in the selective HDAC6i 19, while serving as linker 

group.97 Collectively, these observations encouraged us to embed THIQ core in the 

structure of the new potential selective HDAC6is. Taking inspiration from literature, and 

our in-house experience in developing HDAC6is, we conducted a systematic 

pharmacophoric analysis aiming to select the best moieties to be combined with the cap. 

More in detail, THIQ core was functionalized with a benzyl linker through different 
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connecting polar units able to confer a diverse pharmacodynamic behavior against 

HDAC6.  

Traditional and novel ZBGs were installed in para- or meta-position of the benzyl group, 

useful for drawing a preliminary SAR corroborated by the inhibitory enzymatic assay. 

 

 

Figure 22. Drug design of new THIQ-based HDAC6is 31a-h. 

 

The best in vitro candidates resulting from the enzymatic assay are currently under 

biological investigation at the University of Siena by the research group of Prof. 

Morbidelli. The new HDAC6is will be evaluated for their capability in reverting the 

fibrotic phenotype induced by TGF-ɓ in human lung fibroblast (IMR-90). Preliminary 

studies have shown promising results concerning the effect of the best performing 

compound on the modulation of the typical biomarkers of the fibrosis (Ŭ-SMA, 

fibronectin, collagen II). Moreover, the target engagement was confirmed in the cell-

setting, by evaluating the acetylation levels of Ŭ-tubulin, the peculiar non-histone 

substrate of HDAC6. Ongoing studies are aimed at assessing the cell toxicity for the best 

performing analogue, both in vitro in IMR-90 cell line, in collaboration with the research 

group of Prof. Morbidelli, and ex vivo in the Langerdoff-perfused heart, in collaboration 

with the research group of Prof. Saponara at the University of Siena.  
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5.3.1 Chemistry 

The general synthetic approach for the development of the new potential HDAC6is is 

based on three key steps: i) the preparation of the suitable lateral chain, when not 

commercially available, ii ) the condensation between the reactive group of the lateral 

chain and the nitrogen of the tetrahydroisoquinoline 63, and iii ) the conversion of the 

meta- or para-group on the benzylic linker into the desired ZBG.  

The synthesis of the lateral chains 64-67 is depicted in the Scheme 5.  

 

 
Scheme 5. Synthesis of the lateral chains 64-67. Reagents and conditions: a) PdCl2, 

AgOAc, NaOAc, AcOH, N2, 130 °C, 24 h; b) EtOH, 80 °C 1 h; c) NaClO2, conc. HCl, 

ACN, and then 71, 0 °C, 30 min; d) TMSCl, MeOH, r.t., 16 h; e) conc. HCl, MeOH, H2, 

r.t, 3 h. 

 

Compound 64 was obtained from a palladium-catalysed Ŭ-arylation of acetic acid with 

ethyl 4-iodobenzoate (68) in presence of silver acetate (Scheme 5).161 For the synthesis 

of the sulfonyl chlorides 65, compound 69 was reacted with thiourea 70 to form the 

corresponding S-alkyl isothiourea salt (71), which in turn underwent oxidative 

chlorosulfonation in presence of sodium chlorite and hydrochloric acid (Scheme 5).162 

Esterification of 4-(aminomethyl)benzoic acid 72 with methanol in presence of 

trimethylsilyl chloride (TMSCl) furnished the methyl ester hydrochloride 66 in 

quantitative yield (Scheme 5).  
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Compound 67 was prepared following a two-step chemical path. Firstly 3-cyanobenzoic 

acid 73 was converted into the corresponding methyl ester 73 by using TMSCl in MeOH.  

Reduction of the nitrile group by catalytic hydrogenation was conducted under acid 

condition, affording the amine hydrochloride salt 67 (Scheme 5). 

In the Scheme 6, the synthesis of compounds 31a-h is reported.  

The tetrahydroisoquinoline 63 was alkylated by the commercially available methyl 4-

(bromomethyl)benzoate 69 or methyl 3-(bromomethyl)benzoate (75) to give the 

corresponding methyl esters 76, and 77, respectively. These latter were subjected to an 

ammonolysis reaction with NH2OH under basic condition by KOH, furnishing the 

corresponding hydroxamates 31a, and 31b.  

The amine 63 was also employed in a coupling reaction with the carboxylic acid 64, by 

using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI-HCl), a 

catalytic amount of hydroxy-benzotriazole (HOBt), and diisopropylethylamine (DIPEA), 

to provide the corresponding amide 78. This latter was converted into the hydroxamate 

31c after treatment with a slurry of KOH in EtOH, and an aqueous solution of NH2OH. 

For the synthesis of the title compound 31d, it was necessary to follow a different 

synthetic pathway consisting in four steps. Firstly, the metastable sulphonyl chloride 65 

was condensed with 63 to give the sulphonamide derivative 79, which was subjected to 

an alkaline hydrolysis under heating to give the corresponding carboxylic acid 80. This 

intermediate was combined with O-(tetrahydro-2H-pyran-2-yl)hydroxylamine 

(NH2OTHP), by using benzotriazol-1-yloxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) as coupling reagent, to furnish the corresponding O-

protected hydroxamate 81. THP-deprotection under acidic condition by trifluoroacetic 

acid (TFA) gave the compound 31d. Compounds 31e, and 31f were prepared, by 

employing the intermediate 66, and 67. These derivatives were treated with phosgene to 

obtain the corresponding metastable isocyanates which were reacted with 63, affording 

the ureas 82, and 83, respectively.130 

These compounds were converted into the corresponding hydroxamates 31e, and 31f, 

after treatment with KOH and NH2OH.  
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Scheme 6. Synthesis of the compounds 31a-h. Reagents and conditions: a) 69 (for 76) or 

methyl 3-(bromomethyl)benzoate 75 (for 77), K2CO3, dry DMF, N2, 70 °C, 14 h; b) 

NH2OH (50 % in H2O), KOH, MeOH, from 0 °C to r.t., 3 h; c) 64, EDCI, HOBt, DIPEA, 

dry DMF, N2, from 0 °C to r.t, 14 h; d) 65, DIPEA, dry DCM, N2, r.t., 14 h; e) NaOHaq, 

MeOH, 80 °C, 2 h; f) NH2OTHP, PyBOP, DIPEA, dry THF, N2, r.t., 14 h; g) HCl/MeOH, 

MeOH, from 0 °C to r.t., 3 h; h) (i) 66 (for 82) or 67 (for 82), COCl2, DCM/NaHCO3, 0 

°C, 1 h, (ii ) appropriate isocyanate, TEA, dry THF, N2, r.t., 14 h; i) hydrazine 

monohydrate, EtOH, 80 °C, 14 h; g) (i) acetaldehyde, MgSO4, MeOH, r.t., 3 h, (ii ) 

NaBH3CN, MeOH, r.t., 4 h.  

 

The hydrazide derivative 31g was easily synthesized starting from intermediate 82 upon 

ammonolysis reaction with hydrazine monohydrate under heating. Compound 30g was 

further reacted with acetaldehyde to give the Schiff-base, which was then reduced by 

NaBH3CN to generate compound 31h. 
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5.3.2 SAR analysis of the THIQ-based HDAC6is 

In the quest of new scaffolds for the development of selective HDAC6is, we conceived 

the THIQ as cap group for being a privileged and versatile core which have already found 

a broad application in medicinal chemistry. THIQ is defined as a secondary cyclic amine 

for the presence of weakly basic nitrogen in benzylic position. Nonetheless we exploited 

the nucleophilicity of the THIQ nitrogen for the condensation with a wide set of lateral 

chains bearing different ZBGs (hydroxamic acid, hydrazide, alkylated hydrazide), to 

obtain the derivatives 31a-h (Scheme 6, and Table 2). The systematic structural 

modifications on the THIQ cap group were aimed at identifying the best combination of 

the pharmacophoric elements required for achieving the HDAC6 inhibition.  

In this view, the main purpose of this work was the rational design and development of 

small-molecule inhibitors able to selectively target HDAC6 over the other isoforms which 

are not proved to be involved in IPF pathogenesis. To obtain the first SAR clues, THIQ-

based derivatives were initially evaluated for their inhibitory potency against hHDAC6, 

by the means of the enzymatic assay which was performed at the University of Ferrara 

by the group of Prof Vincenzi and Prof. Varani. The most potent HDAC6 inhibitor was 

further tested against a panel of hHDAC enzymes, namely isoforms 1, 8, and 10, in order 

to determine its enzymatic selectivity. The results obtained from the enzymatic assay for 

the compounds 31a-h are reported in Table 2.  

Compounds 31a (hHDAC6 IC50 = 99 nM) displayed a high activity against HDAC6, 

while the inhibitory potency of its isomer 31b (hHDAC6 IC50 = 7078 nM) was three 

orders of magnitude lower. The difference in the IC50 values is ascribable to the para- or 

meta-position of the hydroxamic acid on the benzylic linker, allowing considering that 

para-substitution can ensure a stronger HDAC6 inhibition. The insertion of the amide 

function in 31c (hHDAC6 IC50 = 69 nM) led to an increase of HDAC6 inhibitory activity 

with respect to compound 31a. This is probably due to the increased molecular rigidity, 

along with the possibility to create additional H-bond interactions thanks to the presence 

of the carbonyl group. The bioisosteric modification of the amide with the sulphonamide 

function allowed to obtain compounds 31d (hHDAC6 IC50 = 374 nM) which still 

maintains a nanomolar activity toward HDAC6, even though lower than those obtained 

for 31a, and 31c. On the other hand, the urea derivative 31e, presenting the hydroxamate 

in para-position showed to behave as the most potent HDAC6 inhibitor of the series, 

exhibiting an IC50 value of 33 nM. This compound was further evaluated for its ability to 
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inhibit isoform 1, 8, and 10, showing a good HDAC6 selectivity profile (hHDAC1 IC50 

= 1341 nM, hHDAC8 IC50 = 4837 nM, hHDAC10 IC50 = 1670 nM) over these HDACs.  

 

Table 2. Inhibitory activity of compounds 31a-h toward hHDAC6, hHDAC1, hHDAC8, 

and hHDAC10. 

Cpds Structure 
IC50 (nM) 

hHDAC6 hHDAC1 hHDAC8 hHDAC10 

31a 
 

99 Ñ 6 NTa NTa NTa 

31b 
 

7078 Ñ 521 NTa NTa NTa 

31c 

 

69 Ñ 4 NTa NTa NTa 

31d 

 

374 Ñ 21 NTa NTa NTa 

31e 

 

33 Ñ 2 1341 Ñ 94 4837 Ñ 286 1670 Ñ 112 

31f 
 
1947 Ñ 138 NTa NTa NTa 

31g 

 

>10000  

(9%) 
NTa NTa NTa 

31h 

 

>10000  

(6%) 
NTa NTa NTa 

a Each value is the mean of at least three determinations; results are expressed with 

±standard deviation (SD). Percent inhibition of HDAC activity at 10 µM concentration. 

NTa, not tested. 

The switching from the para-substitution of the hydroxamate in 31e to the meta-

substitution in 31f (hHDAC6 IC50 = 1947 nM) was revealed deleterious in term of 

HDAC6 inhibitory potency. As expected, the hydrazide derivative 31g (hHDAC6 IC50 > 

10000 nM) did not showed inhibitory potency against HDAC6, while, in contrast with 

literature data, the alkylated hydrazide 31h (hHDAC6 IC50 > 10000 nM) was not capable 

of blocking the activity of HDAC6. SAR analyses provided evidence that i) urea 31e 

possesses the best-balanced inhibitory potency-selectivity profile, ii ) the tertiary amine 
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31a and the amide derivative 31c can maintain high activities against HDAC6, while 

probably improving PK properties, and iii ) the hydroxamate moiety guarantees the 

highest affinity towards HDAC6 catalytic site, compared to the other ZBGs employed in 

this first small library.  

Taken together, these results allowed the identification of the best in vitro hit 31e to 

continue the biological investigation in a cell-setting.  

 

5.3.3 Evaluation of the target engagement in a cell-based assay 

The enzymatic assay enabled the identification of the hit compounds 31e which displayed 

a promising potency/selectivity profile against HDAC6 enzyme. This data was confirmed 

in a cell-based setting by the research groups of Prof. Morbidelli and Prof. Donnini at the 

University of Siena. Specifically, the target engagement was evaluated on lung fibroblasts 

(IMR-90 cell line) which were treated with 31e (0.1 and 10 µM) for 24, and 48 h to 

determine the acetylation levels of the Ŭ-tubulin, the peculiar non-histone substrate of 

HDAC6 enzyme. Western blot analysis highlighted a marked increase of total acetylated 

tubulin for 31e compared to what was observed for 22 which was taken as reference 

compound (Figure 23).  

 

Figure 23. Western blot analyses of Ŭ-tubulin and H3 acetylation after 24 h or 48 h 

treatment of IMR-90 cells with compounds 31e at 0.1 or 1 ɛM concentration. Compound 

22 was used as the positive control.  

 

The selectivity of the best candidates over the nuclear HDAC1 was assessed by 

determining the level of acetylation of the histone H3. The result highlighted that 

treatment with 31e did not increase significantly the levels of acetylated H3 K9-14, as 

observed for compound 22 (Figure 23).  

5.3.4 Preliminary biological investigation of compound 31e in in vitro IPF model  

In collaboration with the research groups of Prof. Morbidelli and Prof. Donnini, we are 

investigating the therapeutic potentiality of the best candidate 31e for IPF disease in IMR-
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90 cell line pretreated with TGF-ɓ1 to obtain a fibrotic phenotype. To this end, western 

blot analysis was performed to evaluate the ability of 31e to modulate the typical 

biomarkers of the fibrosis (Ŭ-SMA, fibronectin, collagen II). As shown in Figure 24 

(panel A), preliminary experiments were conducted after 48 h of cotreatment with TGF-

ɓ1 and inhibitors, showing that 31e, and the reference compound 22 promote a reduction 

of expression of fibronectin. Moreover, both compounds did not exhibit profibrotic 

effects per se. Morphological studies showed that fibroblasts treated with TGF-ɓ1 (Figure 

24, panel B), display more flattened shape with respect to the more lengthened untreated 

cells (Figure 24, panel C). Of note, treatments with compounds 31e, and 22 partially 

restore the physiological morphology on IMR-90 cell line (Figure 24, panels D and E).  

Taken together, the results collected so far hold promise for the potentiality of the THIQ-

based HDAC6is in the treatment of IPF. Further biological evaluation will be carried out 

to better profiling the antifibrotic effect of 31e on TGF-ɓ1-treated IMR-90 cell line.  

 

Figure 24. (A): Western blot analyses aimed at evaluating the expression of the 

biomarkers of TGF-ɓ1-dependent fibrosis (collagen II, fibronectin, Ŭ-SMA) on IMR-90 

cells. Cells were treated with TGF-ɓ1 (5 ng/mL) for 24h, and then with the appropriate 

HDAC6i, 31e, or 22 (1 ÕM), for additional 24 h. (B-E) Morphological studies of IMR-90 

cell line, before and after TGF-ɓ1 treatment (panel B, and C, respectively), and after 

HDAC6i/ TGF-ɓ1 cotreatment (panel D, and E).  
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5.4 Development and biological characterization of spiro-THIQ-based 

derivatives 32a-g and 33a-i as potential HDAC6is 

The development of the previously reported THIQ-based derivatives evidenced a 

thorough in vitro-SAR studies which inspired the rational design of novel potential 

HDAC6is characterized by the combination of the key pharmacophoric elements. In an 

attempt to optimize the PD and PK profile of the THIQ-based HDAC6is, we conceived 

the installation of different spirocycles in position 3 of the THIQ core, aimed at 

modulating the polarity of the cap group, while improving its conformational rigidity. 

This strategy allowed to design a new series of spiro-THIQ-based HDAC6is typified in 

two subsets as detailed in the Figure 25: the first one includes the compounds 32a-c, 32f,g 

and 33a-g, and the second one comprises compounds 32h, and 33h,i.  

 

 

Figure 25. Drug design of new spiro-THIQ-based HDAC6is. 

 

Over the past years, spirocycles have gained much relevance in the field of medicinal 

chemistry, since they offer the possibility to introduce structural novelty and complexity, 

while limiting the inconvenience related to the flat substituents.163,164 The introduction of 

flat moieties has always been the strategy of choice to impose conformational restriction, 

imparting structural rigidity to the molecule.165 Nonetheless, planar substituents, being 

two-dimensional entities, can generate fewer contacts with a three-dimensional binding 

site in comparison with spirocycles which more proficiently interact with the target owing 
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to their enhanced three-dimensionality.166 Moreover, flat motifs suffer from metabolic 

lability, and high probability of off-target phenomena.167 By contrast, spirocycle-

containing compounds showed an improved PD and PK profile which can determine high 

potency and selectivity toward the target alongside suitable drug-like properties.165ï167 

Despite these advantages, spyrocycles presents several drawbacks concerning their 

chemical construction or installation in other molecular structures. Much progress has 

been accomplished in this field, leading to the development of simple synthetic methods 

based on multicomponent reactions. .163  

Given that, we built-up the spiro-THIQ scaffold by exploiting the Castagnoli-Cushman 

reaction (CCR), a three-component reaction which ensured a straightforward analoging 

at the quaternary spiro-carbon center.133 For the first set of compounds (32a-c, 32f,g and 

33a-g), different spyrocycles were installed in the THIQ core which in turn was combined 

to the benzylic linker bearing the ZBG, generating tertiary amine or urea derivatives.168  

For expanding this preliminary SAR, we exploited the spiro-piperidine template to 

perform the overturning of the linker moiety from the nitrogen of the THIQ to the nitrogen 

of the spiro group, allowing to obtain the second set of derivatives (32h, 33h,i). A deep 

biological characterization concerning the PD and PK profile of the new series allowed 

to select the best performing compounds (33g and 33h, Table 3) which were interrogated 

for their ability to attenuate the fibrotic process in two validated ex vivo IPF models. These 

studies are currently in progress at the University of Siena in collaboration with the 

research group of Prof. Bargagli.  

 

5.4.1 Chemistry 

A retrosynthetic analysis has guided the identification of tetrahydroisoquinolonic acids, 

84a-g, 85 and 86, as the key intermediate for the two synthetic routes. Their preparation 

could be easily accomplished by exploiting the versatile three-component CCR as 

described in Figure 26.133 The synthon 84a-g, identified as the precursor of the first set of 

derivatives, could be obtained via CCR starting from the homophthalic anhydride (87), 

the appropriate cyclic ketone (88a-g), and ammonium acetate. Similarly, compound 85 

and 86, the key synthon of the second chemical path, could be prepared following the 

same CCR protocol by replacing the ammonium acetate with a primary amine 89 or 90, 

and engaging the suitable N-protected piperidone as ketone (88f or 91). A straightforward 

one-pot procedure was applied for the assembly of the desired core, allowing minimizing 
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the synthetic steps through the in situ generation of the imine intermediate. The products 

deriving from CCR were not isolated, just only subjected to an acid-base extraction when 

they lacked amino or N-Boc protected group. As results, this easy synthetic sequence 

enabled to rapidly proceed with the next step, without any further purification.  

 

Figure 26. Retrosynthetic approaches based on CCR. 

 

The synthesis of the first set of compounds (32a-c, 32f,g, and 33a-g) is depicted in 

Scheme 7. For the synthesis of the intermediates 84a-g, the one-pot CCR was performed 

by reacting 87, 88a-g, and ammonium acetate in ACN at 80 °C. The CCR crude was used 

for the decarboxylation step which allowed to remove a stereogenic center, furnishing the 

tetrahydroisoquinolones 92a-g.  

These latter underwent reduction by LiAlH4 at high temperature, affording the 

corresponding spiro-THIQs 93a-g. Under these conditions, the N-Boc function of the 

intermediate 92d was simultaneously reduced, affording the desired N-methyl derivative 

93d. The THIQ core of the intermediates 93a-g was appropriately functionalized as 

tertiary amine or urea in presence of the suitable linker moiety. Nucleophilic substitution 

of 93a-c, and 93f,g with methyl 4-(bromomethyl)-benzoate in the presence of potassium 

carbonate gave the corresponding tertiary amines 94a-c, and 94f,g. 



со 
 

 

Scheme 7. Synthesis of compounds 32a-c, 32f,g and 33a-g. Reagents and conditions. (a) 

i) MeCN, 80 ÁC, 12 h; ii) K2CO3, DMSO, 175 ÁC, 90 min; (b) LiAlH4, dry 1,4-dioxane, 

N2, from 0 ÁC to 100 ÁC, 20 h; (c) methyl 4-(bromomethyl)benzoate, K2CO3, dry DMF, 

N2, 70 ÁC, 12 h; (d) methyl 4-(isocyanatomethyl)benzoate, dry TEA, dry THF, N2, r.t., 12 

h; (e) NH2OH (50 % in H2O), KOH, MeOH, from 0 ÁC to r.t., 3 h. 

 

 

The intermediates 93a-g were also reacted with the methyl(isocyanatomethyl)benzoate, 

freshly prepared according to a literature procedure, to furnish the ureas 95a-g.130 The 

resulting methyl esters derivatives were treated with aqueous hydroxylamine solution, 

and potassium hydroxide to afford the target compounds 32a-c, 32f,g and 33a-g.  

The synthetic approach developed for the compounds 32h, and 33h,i is described in 

Scheme 8. 

The application of the above mentioned CCR protocol gave the intermediate 85 or 86, 

starting from 87, 89 or 90, and the N-protected piperidone (88f, prepared according to a 

literature procedure, or 91).134 The decarboxylation of the CCR product 85 and 86 gives 

the lactams 96 and 97, respectively. Compound 96 underwent catalytic hydrogenation for 

the cleavage of the benzyl group on the spiropiperidine moiety, yielding the derivative 

98, while Boc-deprotection of 97 furnished the intermediate 99. 



сп 
 

 

Scheme 8. Synthesis of compounds 32h, 33h, and 33i. Reagents and conditions. (a) i) 

MeCN, 80 ÁC, 12 h; ii) K2CO3, DMSO, 175 ÁC, 90 min; (b) LiAlH4, dry 1,4-dioxane, N2, 

from 0 ÁC to 100 ÁC, 20 h; (c) H2, Pd/C, MeOH, r.t., 30 min; (d) methyl 4-

(bromomethyl)benzoate (69), K2CO3, dry DMF, N2, 70 ÁC, 12 h; (e) methyl 4- 

(isocyanatomethyl)benzoate, dry TEA, dry THF, N2, r.t., 12 h; (f) NH2OH (50 % in H2O), 

KOH, MeOH, from 0 ÁC to r.t., 3 h. 

 

 

Both amines were in turn converted into the spiro-THIQs, namely 100 and 101, after 

reduction operated by LiAlH4. Intermediate 100 was combined with 4-(bromomethyl)-

benzoate or methyl(isocyanatomethyl)benzoate to form the methyl esters 102 and 103, 

respectively. These latter were subjected to the transamidation protocol with 

hydroxylamine under basic condition, providing the target compounds 32h, and 33h. 

Analogously, the coupling between 100 and the methyl(isocyanatomethyl)benzoate 

furnished the urea 104 which was finally converted into the corresponding hydroxamic 

acid 33i, after treatment with NH2OH, and KOH.  



ср 
 

 

5.4.2 SAR analysis of the THIQ-based HDAC6is  

The development of spiro-THIQ-based derivatives was aimed at optimizing the drug-

likeness profile of the previously reported series of THIQ-based HDAC6is. We explored 

the chemical space of the spirocycles to introduce architecturally complexity in the cap 

group while enhancing the three-dimensional character of the whole molecule. 

The installation of the spirocycles was easily achieved by exploiting the CCR, a three-

component reaction which enabled the construction of the cap group bearing the spiro-

group already in place. On the basis of our in-house expertise, we decided to combine the 

capping functions with the benzylic linker bearing the hydroxamic acid as ZBG, 

generating tertiary amine or urea derivatives. To obtain the first SAR clues, the series was 

initially interrogated for their inhibitory potency against hHDAC6, by the means of the 

enzymatic assay. The most potent HDAC6is were further tested against the human HDAC 

isoforms 1, 10, and 8, in order to evaluate their enzymatic selectivity. Moreover, in silico 

studies carried out at the University of Parma, in collaboration with the research group of 

Prof. Mor, contributed to further elucidate the SAR analysis on the basis of the predicted 

binding mode of the new derivatives. The results obtained from the enzymatic assay, 

performed at University of Ferrara by Prof Vincenzi group, for the compounds 32a-c, 

32f-h and 33a-i are reported in Table 3. 

Our SAR investigation started with the introduction of geminal dimethyl group on the 3 

position of the THIQ scaffold, as previously performed for compound NF2376 (22, 

Figure 21), resulting in compounds 32a, and 33a. Both derivatives showed marked 

HDAC6 inhibition, with the urea derivative 33a (hHDAC6 IC50 = 133 nM) 2-fold more 

potent than the corresponding tertiary amine 32a (hHDAC6 IC50 = 263 nM). This trend 

was observed for almost all compounds. The introduction of the spiro-cyclopentane on 

the cap led to a decrease of HDAC6 inhibitory potency, as demonstrated by the IC50 

values of compounds 32b, and 33b (hHDAC6 IC50 = 667 nM, and hHDAC6 IC50 = 212 

nM, respectively). The homologation of the spirocycle, from cyclopentane to 

cyclohexane, had a detrimental impact on inhibitory potency against HDAC6 for 

derivative 32c (hHDAC6 IC50 = 1745 nM), while affecting activity of 33c (hHDAC6 IC50 

= 1745 nM) to a lesser extent.  

These data showed that hydrophobic spirocycles were better tolerated in the HDAC6 

catalytic site when embedded in urea derivatives with respect to the tertiary amine 

template, suggesting two possible different binding modes. 
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To simultaneously investigate the influence of the size alongside the polarity of the 

spirocycle, we focused on the preparation of ureas 33d, and 33e, by installing spiro-

methyl-pyrrolidine and spiro-methyl piperidine moiety, respectively. In line with the 

other results, compound 33d (hHDAC6 IC50 = 277 nM), possessing the smaller 

spirocycle, showed a higher HDAC6 inhibitory potency in comparison with 33e 

(hHDAC6 IC50 = 380 nM). Aiming at enhancing the steric hindrance and attaining a Y-

shape conformation, we combined the spiro-piperidine group with a benzyl linker, 

enabling to get compounds 32f, and 33f. In this regard, we excluded to exploit the spiro-

methyl-pyrrolidine as the binding platform for bulky substituents, to avoid the 

inconvenience related to its chiral nature. Gratifyingly, these compounds behave as potent 

HDAC6 inhibitors, displaying IC50 values of 313, and 142, respectively. In addition, we 

explored the spiro-tetrahydropyran group in the analogues 32g, and 33g, for having a 

different polarity, and H-bonding capacity in comparison with the other selected spiro-

groups. A similar behaviour was observed for these derivatives which showed hHDAC6 

IC50 values of 101, and 115 nM, respectively.  

These results further corroborated the concept that tertiary amine and urea derivatives 

have a different binding mode, suggesting that spiro-tetrahydropyran group can create 

additional contacts with the catalytic site when embedded in the tertiary amine structure 

with respect to the urea template.  

With the aim of expanding our SAR study, we developed 32h, and 33h which represent 

the ñreversedò analogues of compounds 32f, and 33f. These derivatives are endowed with 

improved inhibitory potency against HDAC6 compared to the parent inhibitors, 

displaying IC50 values of 148, and 63 nM, respectively. To implement this subset, we 

prepared the analogue 33i, by inserting a chlorine atom on the pendant benzyl moiety 

combined to the THIQ core. This structural modification was conceived to modulate the 

lipophilicity of the cap group. With an IC50 value of 75 nM, 33i can be considered one of 

the most potent HDAC6is of the series, even though its activity remains lower than that 

of compound 33h.  

Collectively, these results allowed the identification of four potent HDAC6is, namely 

32g,h, and 33g,h, which were tested also against hHDAC1, hHDAC8, hHDAC10 to 

determine their selectivity over these isoforms. 
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Table 3. Inhibitory activity of compounds 32a-c, 32f-h, and 33a-i toward hHDAC6, 

hHDAC1, hHDAC10, and hHDAC8 (as IC50, nM). 

Cpd Structure 
IC50 (nM) 

hHDAC6 hHDAC1 hHDAC8 hHDAC10 

32a 

 

263 Ñ 17 NTa NTa NTa 

33a 

 

133 Ñ 18 NTa NTa NTa 

32b 

 

667 Ñ 41 NTa NTa NTa 

33b 

 

212 Ñ 14 NTa NTa NTa 

32c 

 

1745 Ñ 

129 
NTa NTa NTa 

33c 

 

245 Ñ 17 NTa NTa NTa 

33d 

 

277 Ñ 17  NTa NTa NTa 

33e 

 

380 Ñ 21 NTa NTa NTa 
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32f 

 

313 Ñ 22 NTa NTa NTa 

33f 

 

142 Ñ 11 NTa NTa NTa 

32g 

 

101 Ñ 7 
1493 Ñ 

97 

>10000 

(4%) 

9725 Ñ 

632 

33g 

 

115 Ñ 8 
3912 Ñ 

243 

1327 Ñ 

93 

7300 Ñ 

458 

32h 

 

148 Ñ 10 
1242 Ñ 

88 

3407 Ñ 

219 

9044 Ñ 

671 

33h 

 

63Ñ 4 
1472 Ñ 

89 

2533 Ñ 

167 

5329 Ñ 

368 

33i 

 

77 Ñ 5 NTa NTa NTa 

Each value is the mean of at least three determinations; results are expressed with Ñ 

standard deviation (SD); NTa, not tested. 

 

Compounds 32g showed low inhibitory potency toward isoforms 8, and 10, (hHDAC8 

IC50 > 10000 nM, hHDAC10 IC50 = 9725 nM), together with a modest selectivity over 

the nuclear isoform 1 (hHDAC1 IC50 = 1493 nM). By contrast, compound 33g proved to 

be able to selectively discriminate HDAC6 over the isoforms 1, and 10, while achieving 

an acceptable selectivity over the isoform 8 (hHDAC1 IC50 = 3912 nM, hHDAC8 IC50 = 

1327 nM, hHDAC10 IC50 = 7300 nM). On the other hand, compound 32h showed a 

modest selectivity profile over the panel of HDACs (hHDAC1 IC50 = 1242 nM, hHDAC8 

IC50 = 3407 nM, hHDAC10 IC50 = 9044 nM). The most balanced result was attained with 
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the most potent hit 33h, which showed the best selectivity index for all HDACs (SI 

hHDAC6/1 =23, SI hHDAC8/1 = 40, SI hHDAC10/1 =84).  

 

5.4.3 Evaluation of the target engagement in a cell-based assay 

The enzymatic assay enabled the identification of four hit compounds, namely 32g,h, and 

33g,h which displayed a good potency/selectivity profile against HDAC6 enzyme. These 

data were confirmed in a cell-based experiment performed by the research group of Prof. 

Altucci at the University of Campania Luigi Vanvitelli, Napoli. Specifically, the target 

engagement of the four hits was evaluated on U2OS cell line (stably expressing HDAC6) 

by determining the acetylation levels of the Ŭ-tubulin, the preferential non-histone 

substrate of HDAC6 enzyme. Western blot analysis allowed to observe the increase of 

total acetylated tubulin for all compounds tested at 10 µM, particularly for 32g and 33h 

(Figure 27, panel A). The selectivity of the best candidates over the nuclear HDAC1 was 

assessed by determining the level of acetylation of the histone H3. The result highlighted 

that none of the tested compounds increased the levels of acetylated H3 K9-14, comparing 

their effect with SAHA treatment (Figure 27, panel B).  

 

 

Figure 27. Western blot analyses of Ŭ-tubulin (panel a), and H3K9-14ac (panels b) 

acetylation after 24 h treatment of U2OS cells with compounds 32g, 33g, 32h and 33h at 

10 ɛM concentration. SAHA was used as the positive control.   
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The best candidates resulting from the enzymatic and cell-based assays, namely 33g and 

33h, were chosen as potential hit compounds to conduct further biological investigation 

for IPF treatment.  

 

5.4.4 Preliminary biological investigation of compound 33h in ex vivo model of IPF  

To date, the study of IPF pathogenesis remains a challenging task due to the paucity of 

reliable disease models. Despite the limited availability of immortalized cell lines from 

IPF patients, accurate biological characterization requires to conduct the experimentation 

in ex vivo models, such as human lung fibroblasts (HLF) resulted from explants of IPF 

lung tissue.169 Nonetheless, in recent years the proteomic analysis of the bronchoalveolar 

lavage (BAL) fluid provided many insights concerning the major profibrotic mediators, 

enabling the study of IPF at molecular level.170 BAL fluid is collected during routine 

bronchoscopy, by applying minimally invasive methods. In this context, several studies 

allowed to validate the cell lines derived from BAL fluid as ex vivo IPF model. 169 

In collaboration with the research group of Prof. Bargagli (AOUS of Siena), we had the 

possibility to investigate the potentiality of the new spiro-THIQ-based HDAC6is in HLF 

cell line, and in cells deriving from BAL fluid, namely B-LSDM7. Gene expression 

studies were performed in these two ex vivo IPF models for the best hit of series at 24, 

48, and 72 h. Specifically, compound 33h was evaluated for its capability of modulating 

the expression of the typical biomarker of the TGF-ɓ1- dependent fibrosis, namely Ŭ-

SMA, collagen I, fibronectin, endoglin (CD105), and vimentin and the cell viability 

(Figure 28, and 29).  

 

Figure 28. Effect of HDAC6 inhibition by 33h on TGF-ɓ1-dependent profibrotic 

gene expression in B-LSDM7 cell line.  
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The administration of 33h (100 or 150 nM) in B-LSDM7 cells resulted in the 

downregulation of all fibrotic biomarkers without any effects on the cell viability (Figure 

28). At concentration of 100 or 150 nM, compound 33h significantly reduced the mRNA 

expression for Ŭ-SMA, collagen I, fibronectin, and vimentin, while enhancing the 

expression of endoglin in HLF cell line without altering the cell viability in any case 

(Figure 29). 

 

Figure 29. Effect of HDAC6 inhibition by 33h on TGF-ɓ1-dependent profibrotic 

gene expression in HLF cell line.  

These results showed that HDAC6 inhibition is involved in downregulating the mRNA 

expression of the typical fibrotic biomarkers in ex vivo IPF models, allowing to validate 

compound 33h as a promising pharmacological tool for IPF treatment. 

 

5.4.5 Evaluation of the drug-like properties of the best hits  

In order to establish the potentiality of the novel HDAC6is as pharmacological tools, we 

assessed the drug-likeliness of the best performing compounds, namely 32g,h, and 33g,h, 

by experimentally determining their solubilities and chemical stabilities (Table 4).  

These parameters were measured at pH = 3 and pH = 7.4 by the means of HPLC, as 

previously reported.171 From this preliminary study, the selected compounds displayed an 

excellent solubility at pH = 3 in the same range values (250 to 279 ÕM). By contrast, 

considerable differences in solubility at simulated physiological conditions has been 

observed between the two couples of derivatives belonging to the two subsets of spiro-

THIQs. More in detail, compounds 32g and 33g exhibited a more favourable solubility at 

pH = 7.4 with respect to the derivatives 32h and 33h which still maintained a satisfactory 
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profile. Gratifyingly, all the tested compound proved to be stable at both pH conditions, 

with equal or more than 85 % of the remaining compound unaffected after 24 h.  

 

Table 4. Solubility and chemical stability of compounds 32g,h, and 33g,h. 

Cpds 

Solubility (ɛM) after 24 h Chemical stability (%) after 24 h 

pH 3 pH 7.4 pH 3 pH 7.4 

32g 271 266 92 90 

33g 279 281 91 97 

32h 241 93 99 85 

33h 250 69 >99 93 

Each value is the mean of at least three experiments. 

Preliminary toxicity was interrogated by means of ex vivo experiments on Langendorff-

isolated rat hearts, in collaboration with the research group of Prof. Saponara at the 

University of Siena. This analysis has revealed a good safety margin for the compound 

33g analogue which does not affect cardiac parameters (left ventricular pressure LVP and 

coronary perfusion pressure CPP) up to 30 ɛM concentration. To evaluate the potential 

toxicity of compounds 33g,h in vivo, experiments in zebrafish model were carried out at 

the University of Milano, by the research group of Prof. Pistocchi. The best candidates 

33g,h were administered at three different concentrations (25, 50, and 75 ɛM) to zebrafish 

embryos at 3 days post fertilization(dpf) for 24 h (Figure 30). The control was represented 

by the population of embryos treated with the only vehicle (DMSO, 75 ɛM), which was 

used to facilitate the dissolvement of the compounds in the embryos media. The results 

demonstrated that the most active compounds, 33g and 33h, are well tolerated up to 100 

ɛM concentration, without altering the general morphology of the embryos (Figure 30). 
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Figure 30. (A): Schematic representation of drug treatments in zebrafish embryos of the 

wild-type AB strain; (BïE) and (JïH): Toxicity screening of zebrafish embryos treated 

with the vehicle (F, and J) and different doses (25ï75 ɛM) of 33g (C-E), and 33h (K-M),, 

respectively in which we show the percentage of embryo lethality after 24 h treatment (F-

I), and (N-Q).  
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6 Development of new HDACis for the treatment of RP 

6.1 Background 

Inherited retinal diseases (IRDs) are a group of genetic rare disorders resulting from the 

degeneration of photoreceptors which compromise the visual function even leading to 

blindness.172 More than 300 single gene mutation may entail genetic aberration associated 

with highly variable IRD phenotypes. Of them, about 70 diverse mutated genes are 

responsible for the initiation of RP disease.103 This retinopathy is commonly characterized 

by a progressive impairment of the structure and function of rod photoreceptors, which 

express the causative mutations. 173 In advanced stages, the death of rods affects cone 

photoreceptors functions through an unknown mechanism, leading to the visual loss.174 

Among IRD, retinitis pigmentosa (RP) is one of the best-characterized from a biological 

perspective, but still lacking an efficacious treatment. To date, the pharmacological 

treatment of RP provides for a palliative supplementation of vitamin A and retinoids, 

supported by gene therapies, or surgical interventions, when practicable.175 

Considering the urgent need for novel therapeutics for RP, the research community 

accomplished many endeavours to conceive new alternative strategies aimed at tackling, 

or at least delaying retinal neurodegeneration. In this scenario, targeting PTMs can 

represent a valuable approach to achieve neuroprotective effects on photoreceptors 

degeneration owing to their involvement of multiple aberrant pathways underlying RP 

pathogenesis.176,177 

In the search for new pharmacological tools for RP treatment, we extended our 

investigation on different targets which belong to the realm of the lysine modifiers.177ï179 

More in detail, we took into account HDAC6, HDAC1 and LSD1 inhibition on the basis 

of their biological impact reported in in vitro, and in vivo RP models. 81,179ï181 

Studies conducted on photoreceptor 661W cell line highlighted that the selective 

inhibition of HDAC6 produce the upregulation of neuroprotective proteins for 

photoreceptors such as HSP70 and HSP25 and peroxiredoxin 1, preventing cellular death 

under oxidative stress condition.182 Recent studies demonstrated that either HDAC1, or 

LSD1 inhibition can affect rod photoreceptor differentiation in the postnatal development 

of the mouse retina.40,81 The simultaneous inhibition of the two targets was revealed 

efficacious in preserving photoreceptors functions in rd10 mice.40  

Considering these promising results, we developed three libraries of inhibitors as 

potential neuroprotective agents in RP disease.   
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6.2 Development of tetrahydro-ɔ-carboline derivatives 34a-p potential HDAC6is 

In light of the recent advances in understanding the role of HDAC6 in RP pathogenesis, 

we focused on the development of a new series of potential HDAC6is based on 

tetrahydro-ɔ-carboline scaffold (34a-o, Figure 31, and Table 5).103 We decided to 

incorporate this nucleus on the cap group, being a privileged scaffold. The rational design 

of the new derivatives was aimed at achieving improved PD, and PK properties compared 

to tubastatin A (10, Figure 31), through the overturning of the linker from the indole to 

the piperidine moiety. This structural modification was encouraged by the promising 

results obtained from the previously reported THIQ-based HDAC6is (10, Figure 31), in 

which the linker was combined to the piperidine of the THIQ core.  

 

 

Figure 31. Drug design of the tetrahydro-ɔ-carboline-based analogues. 

 

As described in Table 5, the SAR exploration provided for i) the substitution of the indole 

core with different bulky groups to modulate the steric hindrance of the cap, ii) the 

bioisosteric modification of the polar connecting unit tethering the cap group and the 

hydrophobic spacer; iii ) the employment of aromatic linkers endowed with different 

length and flexibility, and finally iv) the exploration of the mercaptoacetamide as ZBG, 

besides the hydroxamic acid.  

The contribution of my PhD project to this topic was related to the synthesis of compound 

34f with the purpose of drawing a thorough SAR study, and to better characterize our 

scaffolds exploration. Enzymatic assay enables the identification of the best hits which 

are currently being investigated in two different retinal cell lines (ARPE-19, and 661W 

cell lines) to confirm their target engagement, and to evaluate their neuroprotective 

properties.  

A deeper biological investigation is currently in progress to validate the therapeutic 

potential of the best in vitro hits in two in vivo models, namely the atp6v0e1-/- zebrafish 

model of photoreceptor dysfunction, and the rd10 mouse model of RP. 
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Table 5. Inhibitory activity of compounds 34a-l against hHDAC6, hHDAC1, hHDAC10, 

and hHDAC8 (as IC50, nM).  

 

   IC50 (nM) 

Cpd  R hHDAC6 hHDAC1 hHDAC10 hHDAC8 

34a A 
 

374 Ñ 32 
>10000 

(43%) 

3320 Ñ 

238 

2624 Ñ 

144 

34b A 

 

187 Ñ 15 
>10000 

(41%) 

3534 Ñ 

219 

4138 Ñ 

280 

34c A 
 

14.1 Ñ 0.8 NTa NTa NTa 

35d B 
 

468 Ñ 39 8746 Ñ 582 
4970 Ñ 

385 
NTa 

34e B 

 

643 Ñ 39 NTa NTa NTa 

34f B 
 

39.6 Ñ 2.7 NTa NTa NTa 

34g B 
 

45.4 Ñ 3.1 NTa NTa NTa 

34h B 

 

6.32 Ñ 0.48 1352 Ñ 107 
1909 Ñ 

128 

2276 Ñ 

135 

34i B 

 

>10000 

(15%) 
NTa NTa NTa 

34j B 
 

480 Ñ 26 2368 Ñ 324 NTa NTa 

34k C 

 

9.12 Ñ 0.73 2335 Ñ 188 479 Ñ 32 1102 Ñ 72 

34l B 
 

4293 Ñ 355 NTa NTa NTa 
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34m B 
 
2477 Ñ 212 NTa NTa NTa 

34n B 
 
4815 Ñ 369 NTa NTa NTa 

34o B 
 

1680 Ñ 119 NTa NTa NTa 

34p B 
 

494 Ñ 31 NTa NTa NTa 

11   30.4 Ñ 2.1183 
1.91 Ñ 

0.42183 
NTa 695 Ñ 86 

Each value is the mean of at least three determinations; results are expressed with Ñ 

standard error of the mean (SEM); NTa, not tested. 
183 

 

6.2.1 Chemistry 

The convergent synthetic approach developed to obtain compounds 34f is described in 

the Scheme 8. We built-up the tetrahydro-ɔ-carboline nucleus through a Fisher 

indolization between phenylhydrazine (47) and N-Boc-piperidone (91) in acetic acid 

affording the derivative 105.  

 

 
 

Scheme 8. Synthesis of the compound 34f. Reagents and conditions: a) AcOH, 80 °C, 3 

h, than r.t.14 h; b) 60% oil dispersion NaH, N2, dry DMF, from 0 °C to r.t., 1 h, then 

BnBr, r.t., 16 h; c) TFA, dry DCM, from 0 °C to r.t., 1 h; d) PdCl2, AgOAc, NaOAc, 
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AcOH, N2, 130 °C, 24 h; e) EDCI-HCl, HOBt, DIPEA, dry DMF, N2, from 0 °C to r.t, 

14 h; f) NH2OH (50 % in H2O), KOH, MeOH, from 0 °C to r.t., 3 h. 

This latter was deprotonated by NaH, and then alkylated using benzyl bromide, furnishing 

compound 106 which was converted into the corresponding amine 107, after Boc-

deprotection by TFA.  

The carboxylic acid 108 was subjected to a palladium-catalysed coupling, starting from 

the commercially available 109 and acetic acid. Compounds 107, and 108 reacted in 

presence of EDCI-HCl to give the corresponding amide 108, which was converted into 

the hydroxamate 34f after treatment with NH2OH and KOH. 

 

6.2.2 Evaluation of the chemical stability and solubility of the best hits 

To evaluate the applicability of the most interesting derivatives, namely 34a, and 34h, in 

the retinal environment, I was dedicated to the experimentally determination of their 

chemical stability, and solubility at pH 7.4, after 24, by the means of HPLC (Table 6). 

In general, both derivatives showed an excellent chemical stability at physiological 

condition, being close to 100%. These data were accompanied by acceptable values in 

terms of water solubility at pH 7.4, for 34a (200 µM), and 34h (309 µM).  

 

Table 6. Physicochemical profile of selected compounds. 

 34a 34h 

Solubility (ɛM)  

(24 h at pH 7.4) 

200 309 

Stability (%)  

(24 h at pH 7.4) 

94 98 

 

 

6.3 Development of derivatives 37a-j as potential dual HDAC1/LSD1 inhibitor 

To date, the multitargeting approach represents an emerging alternative for the treatment 

of multifactorial diseases, leading to the identification of dual-targeting small molecules 

endowed with improved biological activities. The drug design of these chemical entities 

mainly relies on pharmacophore-based approaches consisting in the linking, merging, or 

fusion of the key pharmacophoric elements required for the modulation of the two 

targets.184  
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In an effort to disclose novel polypharmacological options for RP disease, we started from 

considering the recent findings about the neuroprotective effects resulting from the 

combination therapy with HDAC1 and LSD1 inhibitors in RP disease models.82  

In addition, a large literature provided evidence of the crosstalk between HDAC1 and 

LSD1, which assemble in the ternary complex CoREST to exert their catalytic activities.76  

In this context, we conceived the development of new potential dual-acting 

HDAC1/LSD1 hybrids (35a-j , Figure 32, and Table 7) as neuroprotective agents. For the 

rationally design of the new series, we envisaged to link the key pharmacophoric elements 

ensuring the binding to the two targets in the ternary complex. Inspired by known dual-

acting HDAC/LSD1 inhibitors, we selected TCP (1, Figure 32) as the active moiety 

targeting LSD1, and entinostat (11, Figure 32) as the template to achieve the inhibitory 

activity against HDAC1.36,76 We functionalized the amino group of 1 with different 

spacers which were in turn combined with entinostat (for derivative 35a) or the orto-

aminoanilide as ZBG. 

 

 

Figure 32. Drug design of the new HDAC1/LSD1 inhibitor hybrids. 

 

The contribution of my PhD project to this topic was related to the synthesis was related 

to the synthesis of the molecular hybrid 35f (Table 7). Based on the enzymatic assay 

(Table 7), we selected the best-balanced dual inhibitors, namely 35a, and 35f, which are 

currently being investigated on ARPE-19, and 661W cell lines.   
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Table 7. Inhibitory activity of compounds 35a-h toward LSD1, hHDAC1, and hHDAC6 

(as IC50, µM). 

Cpds Structure 
IC50 (ÕM) 

LSD1 hHDAC1 hHDAC6 

35a 

 

6.50 0.722 Ñ 0.49 >10000 (1%) 

35b 

 

NTa 8.773 Ñ 0.524 NTa 

35c 

 

NTa >10 (2%) >10 (1%) 

35d 

 

NTa >10 (17%) >10 (1%) 

35e 

 

NTa 9.391 Ñ 0.603 >10 (15%) 

35f 
 

1.074 1.702 Ñ 0.124 >10 (1%) 

34g 
 

NTa >10 (27%) >10 (3%) 

35h 

 

26.1 4.925 Ñ 0.328 >10 (3%) 

35i 
 

127.6 5.456 Ñ 0.378 >10 (3%) 

35j 
 
5.79 3.987 Ñ 0.365 >10 (4%) 

1 
 

11.2 NTa NTa 

11 

 
NTa 1.231 Ñ 0.83 >10 (1%) 

Each value is the mean of at least three determinations; results are expressed with Ñ 

standard error of the mean (SEM); NTa, not tested.45 

 

 

6.3.1 Chemistry 

For the development of compound 35f, the synthetic pathway depicted in Scheme 9 was 

followed. The alkylation of 4-piperidone hydrochloride (111) with methyl 4-
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(bromomethyl)benzoate (69), in presence of potassium carbonate, furnished the 

derivative 112. The ketone 112, TCP (1), and NaBH3CN were reacted giving the 

intermediate 113 which was hydrolysed into the corresponding carboxylic acid 114 under 

basic condition by NaOH. The coupling reaction between 114 and the 1,2-

phenylendiamine (115), in presence of O-(benzotriazol-1-yl)-N,N,Nǋ,Nǋ-

tetramethyluronium hexafluorophosphate (HBTU) and triethylamine (TEA), gave the 

compound 34f (Scheme 9). 

 

 

Scheme 9. Synthesis of the compound 35f. Reagents and conditions: a) methyl 4-

(bromomethyl)benzoate (69), K2CO3, dry DMF, N2, 70 °C, 14 h; b) NaBH3CN, EtOH, 

AcOH, r.t., 14 h; c) NaOH, MeOH/H2O, r.t., 14 h; d) HBTU, dry TEA, N2, r.t, 14 h. 

 

 

6.4 Development of derivative 37 as potential dual HDAC1/FAAH inhibitor 

Our research interests concern not only the lysine PTMs, but also the endocannabinoid 

system (ECS).134 The ECS is a central neuromodulator system which is implicated in the 

development of the central nervous system (CNS), the synaptic plasticity, and the 

response to internal and external stimuli.185 Much evidence supports the multiple roles of 

ECS in inflammatory, and neurodegenerative processes. The ECS includes cannabinoid 

receptors (CB1R and CB2R), their endogenous cannabinoid ligands, termed 

endocannabinoids (eCBs), and the enzymes involved in the biosynthesis and degradation 

of eCBs.186 Among the catabolic enzymes, FAAH is a serine hydrolase which has been 

validated as a therapeutic target for a wide array of diseases. Pharmacological FAAH 

inhibition has been associated with neuroprotective effects resulted from the indirect 

stimulation of the cannabinoid receptors.134,135 
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In this frame, we envisioned the simultaneous inhibition of FAAH, and HDAC1 to 

achieve the additive neuroprotective effect in RP disease, by exploiting our in-house 

expertise in developing both inhibitors.135,187 For the rational design of the dual-acting 

HDAC1/FAAH inhibitors, we adopted a merging approach based on the knowledge of 

pharmacophores of the known inhibitors 36, and 11 (Figure 33).135,188  

We tracked the structural features common to both inhibitors which could be overlapped 

in a unique motif structure. Specifically, we merge the i) orto-aminoanilide group 

belonging to the HDAC1 inhibitor 11, with ii ) the phenyl urea of the FAAH inhibitors 

36; namely the electrophilic function subjected to nucleophilic attach by Ser241 of the 

FAAH enzyme. 

 

 

Figure 33. Drug design of the new dual-acting HDAC1/FAAH inhibitor. 

 

As a result, the orto-amino phenyl urea could potentially behave both as ZBG for 

HDAC1, and electrophilic center requested for the covalent inhibition of the FAAH 

enzyme. To ensure the inhibitory potency against FAAH enzyme, we maintained the 4-

methyl-piperidine moiety as linker, whereas we selected the 1,3-benzodioxole as cap 

group, being already embedded in known, and in-house HDAC1 inhibitors.102  

Enzymatic studies aimed at profiling the new compound are currently in progress.   
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6.4.1 Chemistry 

Title compound 37 was obtained following the chemical path reported in the Scheme 9. 

The Wittig reaction between 1-Boc-4-piperidone 91, and the commercially available 

methyltriphenylphosphonium bromide led to the unsaturated product 116 which was 

subjected to a palladium-catalyzed cross-coupling reaction with the bromide 117, giving 

the intermediate 118.188 The cleavage of the Boc-group under acid conditions gave the 

corresponding amine 119. This derivative was treated with phosgene to form the 

metastable carbamoyl chloride, which was immediately reacted with 1,2-

phenylendiamine (115), generating compound 37 (Scheme 9).  

 

 

Scheme 9. Synthesis of compound 37. Reagents and conditions: a) 

methyltriphenylphosphonium bromide, n-BuLi, dry THF, N2, 0 °C, 15 min, then 91, from 

0° C to r.t., 6 h; b) 9-BBN, dry THF, N2, r.t., 1 h, then K2CO3, Pd(dppf)Cl2, DMF/H2O 

5:1, N2, 60 °C, 14 h; c) 1N HCl/MeOH, MeOH, 40 °C, 1 h; COCl2, DCM/NaHCO3 s.s., 

from 0° C to r.t, 1 h, then 1,2-phenylendiamine (115), dry TEA, dry THF, N2, r.t., 6 h. 

  



уп 
 

7 Development of new selective indolizine-based HDAC6is for the 

treatment of inflammatory disease 

Targeting lysine PTMs has been revealed a valuable strategy to tackle the pathogenesis 

of diverse inflammatory diseases.189ï192 A compelling body of evidence suggested that 

dysregulated lysine PTMs could interfere with inflammatory events at different levels, 

allowing to extend the target investigation to lysine modifiers such as HDACs.62,193ï196 

Beyond their ascertained role in cancer initiation and progression, several studies showed 

that HDACs intervene in multiple mechanisms underlying the chronic inflammation 

associated with neurodegenerative, and autoimmune disorders.102,193,197  

HDAC6 has received scrutiny on account of its engagement in the activation of 

inflammasome, a multiprotein complex involved in immune surveillance. The pyrin 

domainïcontaining protein 3 (NLRP3) is an intracellular component involved in the 

detection of stress signals that mediates the inflammasome activation, promoting the 

release of proinflammatory cytokines, and the consequent exacerbation of the 

inflammatory state.198ï200 

In this framework, HDAC6 serves as a dynein adapter for the transport of NLRP3 proteins 

along microtubule tracks to the microtubule organizing centre (MTOC), where occurs the 

NLRP3-mediated inflammasome assembly.91 Consistently, it was demonstrated that 

HDAC6i binding can prevent the interaction between dynein and HDAC6, thus impeding 

the inflammasome activation.67 

In light of these findings, in the last year I focused my efforts on the development of new 

chemical entities endowed with high potency, and selectivity toward HDAC6 as potential 

modulators of NLRP3-mediated inflammasome activation.  

To this purpose, we identified the 1,3-disubstituted indolizine as a promising scaffold to 

be embedded in the cap group of the new potential HDAC6is (derivatives 38a-l, Figure 

34, and Table 8). Although this nucleus is still poorly explored, recently it has emerged 

in the field of medicinal chemistry, being incorporated in the structure of biologically 

active small molecules.201,202  

In general, the new analogues were properly decorated at the indolizine core with 

different moieties in order to modulate the steric hindrance, and the polarity of the whole 

cap group, which was further derivatized, via an amide function, with the benzyl linker 

bearing the hydroxamic acid as ZBG. The rational drug design of the new derivatives 
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provided for different anchoring sites for the linker portion on indolizine nucleus, 

typifying the series in two subsets.  

This choice was made by considering the non-symmetrical structure of the indolizine 

which enables the development of structural isomers potentially endowed with a 

diversified PD, and PK profile.  

Specifically, for the first set of derivatives (38a-j), the indolizine scaffold was decorated 

with the linker moiety in position 3, while the second set (38k,l) presents the same 

substitution in position 1.  

Different synthetic approaches were pursued to obtain the desired functionalized 

indolizine-based compounds, starting from the key intermediates 120-122 presenting two 

carboxylic functions orthogonally protected as esters. To better exploit the indolizine 

scaffold as a platform for SAR studies, we explored different couples of esters to improve 

the chemical paths performed to get the diversified derivatives.  

Preliminary studies conducted by means of the enzymatic assay showed promising results 

in term of HDAC6 potency, and selectivity for the new derivatives.  

 

 

Figure 34. Drug design of the new indolizine-based analogues.  

 

7.1 Chemistry 

For the synthesis of the new derivatives 38a-j, we firstly prepared the key intermediate 

120-122 as detailed in the Scheme 10. The building block 123 was treated with MeOH, 

and TMSCl to furnish the ester 124, while Steglich esterification with allyl alcohol or 

tert-butanol, in presence of N-Nô-dicyclohexyl-carbodiimide (DCC), 
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dimethylaminopyridine (DMAP), and TEA, gave the corresponding esters 125, and 126. 

Compounds 124-126 were reacted with dimethylformamide-dimethyl acetal (DMF-

DMA) and the appropriate bromoacetate esters, namely benzyl bromo acetate, and ethyl 

bromo acetate, in a one-pot reaction to give the corresponding indolizines 120-122.203 

Orthogonally ester deprotection under different conditions allowed to obtain the 

monocarboxylic acids 127-129 (Scheme 10). Specifically, i) the benzyl ester of 120 

underwent a palladium-catalysed hydrogenation, affording 127, ii) the ally ester of 121 

was cleaved in presence of palladium tetrakis (Pd(PPh3)4), triphenylphosphine (PPh3), 

and piperidine, giving 128, and iii) the tert-butyl ester of 120 was hydrolysed under acidic 

conditions, yielding 129 (Scheme 10). Further derivatization of these intermediates led to 

the obtainment of the final compounds 38a-j. 

 

Scheme 10. Synthesis of the key intermediates 120-122, and the corresponding 

monocarboxylic acids 127-129. Reagents and conditions: a) TMSCl, MeOH, r.t., 16 h; b) 

appropriate alcohol (allyl alcohol for 125; tert-butanol for 125), DCC, DMAP, TEA, dry 

DCM, N2, r.t., 14 h; c) DMF-DMA, DMF, 130 °C, 4 h, then the appropriate bromoacetate 

ester (benzyl bromo acetate for 120, and 122; ethyl bromo acetate for 121, 60 °C, 6 h; d) 

H2 Pd/C, MeOH, r.t., 3 h; e) Pd(PPh3)4, PPh3, and piperidine, dry DCM, N2, r.t., 4 h; f) 

TFA, dry DCM, from 0 °C to r.t., 4 h. 

 

A convergent approach was conceived for the synthesis of the title compounds 38a-c as 

shown in the Scheme 11. The carboxylic acid 127 was coupled with the amine 130, which 
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was in turn synthesized in a three-step sequence starting from the building block 131. 

This latter was condensed with NH2OTHP in presence of EDCI-HCl, giving the 

corresponding O-protected hydroxamate which was reacted with NaN3 in a nucleophilic 

substitution (SN2) reaction in presence of N-butylammonium iodide (TBAI), obtaining 

the derivative 133. 

Finally, the Staudinger reduction, performed with PPh3 in a mixture H2O/THF, enabled 

the conversion of the organic azide 133 into the corresponding primary amine 130. 

Intermediates 127 and 130 were reacted in a coupling reaction with EDCI-HCl, and a 

catalytic amount of HOBt, affording the desired amide 134, which was converted into 

compound 38a, after the cleavage of the THP protecting group by TFA.  

 

Scheme 11. Synthesis of the the title compounds 38a-c. Reagents and conditions: a) the 

appropriate amine (130 for 134; morpholine for 136; 1-methylpiperazine for 137), EDCI-

HCl, HOBt, DIPEA, dry DMF, N2, r.t., 14 h; b) TFA, dry DCM, from 0 °C to r.t., 3 h; c) 

NH2OTHP, EDCI·HCl, dry DCM/dry DMF, N2, r.t., 14 h; d) NaN3, TBAI, dry DMF, N2, 

60 °C, 15 h; e) PPh3, H2O/THF, from 0 °C to r.t., 5 h; f) 4M NaOHaq., MeOH, 80 °C, 4 h.  
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For the synthesis of derivatives 38b,c, the intermediate 134 underwent basic hydrolysis 

under heating, affording the carboxylic acid 135. This latter was in turn combined with 

the appropriate amine, namely morpholine or 1-methylpiperazine, in presence of EDCI-

HCl, and HOBt, furnishing the corresponding amides 136, and 137. THP-deprotection 

under acidic condition led to the title compounds 38b, and 38c, respectively.  

The synthesis of compounds 38d-j is described in Scheme 12.  

 

 

Scheme 12. Synthesis of compounds 38d-j. Reagents and conditions: a) appropriate 

amine (1-Boc-piperazine for 139; piperidine for 140; 3-hydroxyazetidine for 141; 2-oxa-

6-azaspiro[3.3]heptane for 142; 138 for 143), EDCI-HCl, HOBt, DIPEA, dry DMF, N2, 
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r.t., 14 h; b) benzylamine, dry toluene, N2, 110 ÁC, 2 h, then NaBH4, MeOH, r.t., 4 h; c) 

Pd(OH)2, NH4HCO2, MeOH, 80 Á C, 1 h; d) 4M NaOHaq, MeOH, 80 ÁC, 4 h; e) 66, EDCI-

HCl, HOBt, DIPEA, dry DMF, N2, r.t., 14 h; f) NH2OH (50% in H2O), KOH, MeOH, r.t, 

3 h; g) TFA, dry DCM, from 0 ÁC to r.t., 3 h. 

 

By applying the coupling protocol with EDCI-HCl, and HOBt, the carboxylic acid 128 

was combined with the commercially available building blocks 1-Boc-piperazine, 

piperidine, 3-hydroxyazetidine, 2-oxa-6-azaspiro[3.3]heptane, and the amine 138, 

generating the corresponding amides 139-143.  

Intermediate 138 was previously prepared starting from the ketone 144, which underwent 

reductive amination with benzylamine, in presence of NaBH3CN, affording the 

intermediate 145. This latter was in turn debenzylated in presence of palladium hydroxide 

on carbon, and an excess of ammonium formate, furnishing the desired amine 138. The 

derivatives 139-143 were subjected to saponification using caustic soda, providing the 

corresponding carboxylic acids 146-150. These intermediates were condensed with 

methyl 4-(aminomethyl)benzoate (66), using EDCI-HCl, and HOBt as coupling reagents, 

to afford the methyl esters 146-155, respectively. These latter were converted into the 

corresponding hydroxamates 38d, and 38f-i after treatment with NH2OH under basic 

condition by KOH. Boc-deprotection of 38d, and 38i under acid condition, allowed 

obtaining the compounds 38e and 38j as trifluoroacetate salts.  

The derivative 38k was prepared following the chemical path reported in the Scheme 13. 

 

Scheme 13. Synthesis of the the title compounds 38k. Reagents and conditions: a) 

morpholine, EDCI-HCl, HOBt, DIPEA, dry DMF, N2, r.t., 14 h; b) 4M NaOHaq, MeOH, 
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80 ÁC, 4 h; c) 66, EDCI-HCl, HOBt, DIPEA, dry DMF, N2, r.t., 14 h; f) NH2OH (50% in 

H2O), KOH, MeOH, r.t, 3 h. 

 

Compound 127 was employed in a coupling reaction with morpholine in presence of 

EDCI-HCl, HOBt and DIPEA, giving the amide 156 which underwent basic hydrolysis 

under heating to afford the corresponding carboxylic acid 157.  

This intermediate was combined with the amine 66, by applying the coupling protocol, 

yielding the amide 158 which was converted into the corresponding hydroxamic acid 38k, 

after ammonolysis reaction with NH2OH in presence of KOH 

Scheme 14 reports the preparation of compound 38l. The intermediate 129 was employed 

in a coupling reaction with the amine 66, providing the amide 159. This latter was 

subjected to a catalytic hydrogenation with palladium on carbon, affording the carboxylic 

acid 123, which was coupled with 1-methylpiperazine in presence of EDCI-HCl, and a 

catalytic amount of HOBt to get the methyl ester 161. This compound was converted into 

the corresponding hydroxamate after treatment with NH2OH under basic condition by 

KOH.  

 

Scheme 14. Synthesis of compound 38l. Reagents and conditions: a) 66, EDCI-HCl, 

HOBt, DIPEA, dry DMF, N2, r.t., 14 h; b) Pd/C, H2, MeOH, r.t., 3 h; c) 1-

methylpiperazine, EDCIĿHCl, HOBt, DIPEA, dry DMF, N2, r.t., 14 h; d) NH2OH (50% 

in H2O), KOH, MeOH, r.t, 3 h. 
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7.2 SAR analysis of the indolizine-based HDAC6is  

As a continuation of our efforts in improving the PD, and PK properties of known 

HDAC6is, we rationally design, and develop a new series of compounds based on 

indolizine scaffold (38a-j, Table 8). Despite being the structural isomer of indole, a 

privileged known scaffold, indolizine is still poorly explored in the field of medicinal 

chemistry. Nonetheless many examples reported in literature highlighted the therapeutic 

potentiality of indolizine-based compounds. These pieces of information motivated us to 

incorporate the indolizine core in the cap group of the new analogues 38a-j, which were 

classified in two subsets according to the position of the linker moiety.  

Preliminary enzymatic studies were performed by the research group of Prof. Vincenzi 

and Prof. Varani at the University of Ferrara to evaluate the inhibitory potency of the new 

derivatives against hHDAC6. Owing to the long elaboration for the preparation of the 

analogues developed so far, at the moment we have data only for some of them as shown 

in Table 8. Gratifyingly, all the tested compounds showed two-digit nanomolar inhibition 

potency toward HDAC6. More in detail, the derivative 38a, presenting a methyl ester in 

position 3 of the indole core, displayed a marked HDAC6 inhibition (hHDAC6 IC50 = 

16.7 nM). The replacement of the ester function with the amide including morpholine in 

compound 38b allowed to slightly increase the activity against HDAC6 (hHDAC6 IC50 

= 14.7 nM). In light of these promising data, we decided to investigate the selectivity of 

these two compounds over hHDAC1, and hHDAC10. In particular, 38a exhibited a low 

inhibition potency toward the two isoforms (hHDAC1 IC50 = 6806 nM, hHDAC10 IC50 

= 920 nM), with an exceptional SI of 407 and 55, respectively. In comparison, compound 

38b showed an improved selectivity profile toward HDAC6, on account of its negligible 

activity on both hHDAC1, and hHDAC10 (hHDAC1 IC50 > 10000 nM, hHDAC10 IC50 

= 10000 nM). Collectively, these results provided the first SAR clues for the rational 

design of further derivatives. We found reasonable to explore the bioisosteric 

modification of the morpholine portion with other amines able to create different 

interactions with the HDAC6 catalytic site. Thus, we generated compound 38c endowed 

with a 1-methylpiperazine-based amide, which has been shown to still maintain a high 

HDAC6 inhibitor inhibitory potency, but lower than those of 38a,b.  

The replacement of the N-methyl group with a bulkier moiety as the Boc group in 

compound 37d (hHDAC6 IC50 = 16.7 nM) resulted in a remarkable HDAC6 inhibitory 

potency which is comparable with those of 38a,b. To further investigate the effect of the 
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substituent on the piperazine moiety, strictly linked to its ability to create different types 

of interactions, we developed the free amine 37e.  

Then, we conceived the introduction of the piperidine motif 38f, being a canonical 

bioisoster of the morpholine. Our SAR exploration concerned the employment of small 

cycles to form the amide in position 3 of the indolizine core. We incorporated the 3-

hydroxyazetidine in compound 38g, for its diverse H-bonding capacity with respect to 

morpholine, while the 2-oxa-6-azaspiro[3.3]heptane was embedded in 38h, for being a 

surrogate for morpholine with an enhanced three-dimensional character.204  

Compounds 38i, and 38j were developed to evaluate the binding properties of the 

secondary amide with respect with the tertiary amide. Enzymatic tests on 38d-j are 

currently ongoing.  

For expanding the SAR study, we developed the structural isomers of compounds 38b, 

and 38c, namely 38i (hHDAC6 IC50 = 47.8 nM), and 38j (hHDAC6 IC50 = 52.3 nM) 

which exhibited similar HDAC6 inhibitory potencies, but still lower than that of the most 

potent compound 38b.  

Collectively, these preliminary results hold great promise for the identification of potent 

and selective hHDAC6is as potential modulators of NLRP3-mediated inflammasome 

activation.  

 

Table 8. Inhibitory activity of compounds 34a-l against hHDAC6, hHDAC1, hHDAC10 

(as IC50, nM).  

Cpds Structure 

IC50 (nM) Selectivity index 

hHDAC6 hHDAC1 hHDAC10 hHDAC1/ 

hHDAC6 

hHDAC10 

/hHDAC6 

34a 

 

16.7 Ñ 1.2 
6806 Ñ 

437 
920 Ñ 63 407 55 

34b 

 

14.7 Ñ 0.9 
>10000 

(43%) 

>10000 

(22%) 
>680 >680 

34c 

 

70.5 Ñ 3.9 NTa NTa NTa NTa 
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34d 

 

16.6 Ñ 0.9 NTa NTa NTa NTa 

34e 

 

NTa NTa NTa NTa NTa 

34f 

 

NTa NTa NTa NTa NTa 

34f 

 

NTa NTa NTa NTa NTa 

34f 

 

NTa NTa NTa NTa NTa 

34f 

 

NTa NTa NTa NTa NTa 

34f 

 

NTa NTa NTa NTa NTa 

34f 

 

47.8 Ñ 2.8 NTa NTa NTa NTa 

34f 

 

52.3 Ñ 3 NTa NTa NTa NTa 

Each value is the mean of at least three determinations; results are expressed with Ñ 

standard error of the mean (SEM); NTa, not tested.  
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8 Development of new selective HDACis for the treatment of cancer 

Cancer is a broad term for a group of heterogeneous diseases underlain by aberrant 

cellular proliferation, and differentiation of the affected cells which might spread in other 

sites, and form secondary tumors, also known as distant metastases. Globally, metastatic 

cancers represent the second leading cause of mortality.59  

Despite the considerable repertoire of available drugs, the current anticancer therapy still 

suffers from diverse shortcoming concerning severe side effects, and drug resistance. In 

the past decades, significant efforts have been directed toward the research of safer and 

well-tolerated antitumor agents. In this context, the involvement of HDACs has been 

extensively studied for different cancer types, providing evidence that their inhibition 

might yield considerable therapeutic benefits.26,205  

To date, five pan-HDACis were licensed as anticancer drugs, nevertheless, isoform-

selective targeting is still required to overcome the unwanted collateral effects deriving 

from their therapy.69  

Virtually all HDACs are involved in the pathological mechanisms underpinning multiple 

cancer types, showing aberrant activities depending on their different levels of 

expressions.94 In this scenario, our research interests mainly concern the role of HDAC1, 

6, and 8 in hematological, and solid cancers.112,116,130 

 

 

8.1 Development of new aryl piperazine-based 39a-q derivatives as potential 

HDAC6is 

Dysregulations of the HDACs enzymatic activity was demonstrated to contribute to the 

onset, and progression of haematological malignancies.206,207 Among the subtypes under 

investigations, HDAC6 has been proven to impair the tumorigenesis process by acting 

through various downstream signalling pathways, thereby becoming a validated target for 

many types of leukaemia, and multiple myeloma (MM).208  

Leukaemia develops in the bone marrow, and then progresses in circulating cancerous 

blood cells, while MM typically affects only the bone marrow. Among different forms of 

leukaemia, acute myeloid leukaemia (AML ) is one of the most widespread in paediatric 

patients, even though it remains a rare disease, accounting for just one percent of all 

neoplasms.209,210 Similarly, chronic lymphocytic leukaemia (CLL), despite being one of 
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the commonest leukaemia forms affecting adults, is considered a rare disease as well its 

subtype hairy cell leukaemia (HCL).211  

Together with leukaemia, MM presents the highest incidences rate worldwide with 

respect to the other haematological cancers, but still remains an uncommon disease.212  

In the search for novel potential pharmacological tools for treating rare diseases, we 

developed a new class of potent and selective HDAC6is based on aryl-piperazine scaffold 

(39a-q, Figure 35, Table 9), to which I contributed with the preparation of two derivatives 

(39n,o).  

The rational design of the new derivatives was based on the exploration of different aryl 

moieties as cap groups which were combined, directly or through an ureidic motif, to the 

benzyl linker bearing the hydroxamic acid as ZBG.  

 

 

Figure 35. General structure of the aryl piperazine-based HDAC6is. 

 

Together with in silico studies (performed by the research group of Prof. Lodola and Prof 

Mor at the University of Ferrara), the enzymatic assay enabled the selection of the best 

candidates for further biological studies aimed at confirming the target engagement in a 

cell system. Further investigations concerned the assessment of the antiproliferative 

properties for the best in vitro hits in diverse cancer cell lines of AML (U937, THP-1, 

K562, NB4, MOLT4), CLL (MEK-1) and primary cells of patients affected by HCL and 

MM. 

These studies are currently being carried out in collaboration with the research groups of 

Prof. Altucci (University of Napoli), Prof. Vincenzi, and Prof Varani (University of 

Ferrara), Prof. Giudice and Prof. Selleri (University of Salerno). In vivo studies in AML 

zebrafish model are currently in progress in the laboratory of Prof. Pistocchi at the 

University of Milano, with the aim to validate the therapeutical potential of the best hits 

as pharmacological tools for the treatment of haematological malignancies.   
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Table 9.  Inhibitory activity of compounds 39a-q against hHDAC6, hHDAC1, hHDAC10 

(as IC50, nM). 

Cpd Structure 
IC50 (nM) 

hHDAC6 hHDAC1 hHDAC8 hHDAC10 

39a 
 

346 Ñ 24 NTa NTa NTa 

39b 
 

322 Ñ 21 NTa NTa NTa 

39c 
 

30 Ñ 2 1203 Ñ 87 4811 Ñ 302 2446 Ñ 165 

39d 

 

104 Ñ 7 NTa NTa NTa 

39e 

 

970 Ñ 68 NTa NTa NTa 

39f 

 

>10000 

(43%) 
NTa NTa NTa 

39g 

 

75 Ñ 6 2374 Ñ 148 3975 Ñ 211 3187 Ñ 214 

39h 

 

56 Ñ 4 4799 Ñ 273 5383 Ñ 332 5692 Ñ 339 

39i 

 

73 Ñ 5 4678 Ñ 294 5385 Ñ 284 NTa 

39j 

 

78 Ñ 6 5740 Ñ 378 2504 Ñ 146 7293 Ñ 480 

39k 

 

89 Ñ 7 639 Ñ 44 4448 Ñ 282 4425 Ñ 308 

39l 

 

5793 Ñ 342 NTa NTa NTa 

39m 

 

2689 Ñ 177 
>10000 

(22%) 

>10000 

(17%) 
> 10000 

39n 

 

2197 Ñ 174 NTa NTa NTa 

39o 

 

2822 Ñ 204 NTa NTa NTa 
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39p 

 

3091 Ñ 221 NTa NTa NTa 

39q 

 

>10000 

(30%) 
NTa NTa NTa 

Each value is the mean of at least three determinations; results are expressed with Ñ 

standard deviation (SD); NTa, not tested. 

 

8.1.1 Chemistry 

The synthesis of the title compounds 39n,o is reported in the Scheme 15. The 

commercially available building blocks 161, and 162 were reacted with the 3-

(isocyanatomethyl)benzoate, in presence of TEA, affording the ureas 164, and 165, 

respectively. These latter were converted into the corresponding hydroxamates 39n, and 

39o after treatment with aqueous NH2OH, and KOH.  

 

 

Scheme 15. Synthesis of compounds 39n,o. Reagents and conditions: a) 3-

(isocyanatomethyl)benzoate, dry TEA, dry THF, N2, r.t., 14 h; b) NH2OH (50 % in H2O), 

KOH, MeOH, from 0 °C to r.t., 3 h. 

 

 

8.2 Development of new orto-aminoanilide-based derivatives as potential 

HDAC1is 

In contrast to the aforementioned haematological malignancies, colorectal cancer is one 

of the most frequent disorders which affects prevalently developed countries, and leads a 

high mortality worldwide, being characterized by a very poor prognosis.213  

Despite the numerous advances in its diagnosis, and treatment therapy, the development 

of novel therapeutic strategies for this cancer is still an unmet medical need.213,214  

In this context, HDACs have been extensively studied leading to disclose the potentiality 

of HDAC1 as therapeutic target for colorectal cancer.215 Several studies demonstrated 

that HDAC1 is upregulated in this solid tumour, participating in different aberrant 
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mechanisms, such as hypoxia-inducible factors/vascular endothelial growth factor 

1(HIF1/VEGF) signal pathway.214,216,217  

In light of these findings, we developed a new series of HDAC1is as potential anticancer 

agents against colorectal cancer. In collaboration with the research group of the Prof 

Aiello of the University of Calabria, we rational designed the new derivatives 40a-m 

(Figure 36, Table 10) by exploiting differently substituted orto-aminoanilides as ZBGs in 

order to achieve the selectivity over the class II HDAC. 

1,3-benzodioxole and 1,2-dichlorobenzene were selected as cap groups to be combined 

with a wide set of linkers endowed with different rigidity, and length.  

The contribution of my PhD project to this topic was relative to the preparation of 

derivatives 40d, 40e, and 40k, and the reference compound 11. Enzymatic assays were 

performed by the group of Prof. Varani and Prof. Vincenzi at the University of Ferrara 

aimed at evaluating the potency against HDAC1 for all compounds, and the selectivity 

over the isoform 1, and 10, for the best performing compounds.  

 

 

Figure 36. Representative structure of the HDAC1is. 

 

When compared with the literature data of entinostat (11, hHDAC1 IC50 = 426 nM), the 

HDAC1 inhibitory potency determined by the enzymatic assays could appear quite low 

for most compounds at first glance. Thus, the enzymatic assays were performed for the 

reference compound 11 applying the same conditions in order to allow the direct 

comparison of the data. HDAC1 inhibitory potency obtained experimentally for 11 

(hHDAC1 IC50 = 1231 nM) was underestimated compared to the literature data, 

highlighting the excellent results obtained with this series of derivatives (Table 10).  

Specifically, the best performing compounds 40l behaves as a potent and selective 

HDAC1is with an IC50 value which is two orders of magnitude higher than that obtained 

experimentally for compound 11 (Table 10). 

The target engagement and the antiproliferative properties of the best in vitro hits were 

evaluated on three colorectal cell lines (HCT116, HT29 and DLD1 cell lines).  
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Promising preliminary results encouraged further investigations in CAM model which 

are currently in progress in collaboration with the research group of the Prof. Schneider-

Stock at the Erlanger University (Germany).  

 

Table 10. Inhibitory activity of compounds 40a-m against hHDAC6, hHDAC1, 

hHDAC10 (as IC50, nM). 

Cpd Structure 
IC50 (nM) 

hHDAC1 hHDAC6 hHDAC10 

40a 
 

>10000 (1%) >10000 (11%) NTa 

40b 
 

>10000 (15%) >10000 (7%) NTa 

40c 
 

>10000 (2%) NTa NTa 

40d 
 

>10000 (4%) NTa NTa 

40e 
 

>10000 (21%) NTa NTa 

40f 
 

>10000 (5%) >10000 (6%) NTa 

40g 
 

>10000 (5%) Ҕмлллл όс҈ύ NTa 

40h 
 

>10000 (13%) >10000 (6%) NTa 

40i 

 

1508 Ñ 96 >10000 (1%) NTa 

40j 

 

>10000 (4%) >10000 (19%) NTa 

40k 

 

5543 Ñ 318 >10000 (8%) 757 Ñ 44 

40l 
 

41.2 Ñ 2.6 >10000 (1%) 4261 Ñ 307 

40m 

 

>10000 (8%) NTa NTa 

11 

 

1231 Ñ 83 >10000 (1%) 3127 Ñ 231 

11 426 Ñ 58b >10000b - 

Each value is the mean of at least three determinations; results are expressed with ± 

standard deviation (SD); NTa, not tested. bExperimental data reported in literature.73 
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This alternative in vivo model results from the seeding of cancerous cells (in our case 

HCT-116 cells) on the chick chorioallantoic membrane (CAM).218  

These studies are aimed at evaluating the in vivo modulation of the major colorectal 

cancer hallmarks by the new developed HDAC1is.  

 

8.2.1 Chemistry 

The synthesis of compounds 40d, 40e, and 40k is described in the Scheme 16. The acid 

166 was condensed with 1,2-phenylendiamine (115) or 4,5-dichloro-o-phenylenediamine 

using HBTU as coupling reagent, to afford the title compounds 40d, and 40e, 

respectively.  

Compound 166, and methyl 4-(aminomethyl)benzoate (66) were reacted in presence of 

EDCI-HCl, and HOBt to give the methyl ester 167 which was in turn hydrolyzed under 

basic condition, yielding the corresponding carboxylic acid 168. This latter was combined 

with 1,2-phenylendiamine (115) by applying the coupling protocol with HBTU, 

generating the title compound 40k. 

 

 

Scheme 16. Synthesis of compounds 40d, 40e, and 40k. Reagents and conditions: a) 115 

(for 40d,k) or 4,5-dichloro-o-phenylenediamine (for 40e), HBTU, dry TEA, N2, r.t, 14 h; 

b) 66, EDCI-HCl, HOBt, DIPEA, dry DMF, N2, r.t., 14 h; c) NaOH, THF/H2O 1:1, r.t., 

16 h.  

 

Compound 11 was obtained following the synthetic pathway reported in the Scheme 17.  

The aldehyde 54 was easily reduced by NABH4 into the corresponding alcohol 169 which 

was condensed with the 4-(aminomethyl)benzoic acid (72) in presence of 

carbonyldiimidazole (CDI), and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), to afford the 

carbamate 170. This latter was subjected to a coupling reaction with 1,2-phenylendiamine 

(115) using CDI as coupling reagent to obtain the title compound 11.  
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Scheme 17. Synthesis of compound 11. Reagents and conditions: a) NaBH4, MeOH, N2, 

from 0 °C to r.t., 2 h; b) 72, CDI, DBU, dry THF, N2, r.t., 5 h; c) 115, CDI, TFA, dry 

THF, N2, 60 °C, 16 h. 

 

 

8.3 Development and biological characterization of azetidin-2-one-based 

derivatives 41a-m as potential dual HDAC6/8 inhibitors 

Much evidence supports the enrolment of more than one HDAC enzyme in the 

pathogenesis of specific cancer, encouraging the research of polypharmacological tools 

capable of acting on different aberrant pathways.86  

Several studies disclosed the crucial role of HDAC6, and 8 in the pathogenetic process of 

leukaemia, and colorectal cancer. 59,126,206ï208 

Thus, taking into account hHDAC6/hHDAC8 aminoacidic similarities in the active site, 

we developed dual-acting small molecules (41a-m, Figure 37, Table 11) with the purpose 

to exploit the additive effect deriving from the simultaneous and isoform-selective 

inhibition.59,130 To this end, we identified the azetidin-2-one as the privileged scaffold to 

combine with different linkers bearing hydroxamic acids. 

 

 

Figure 37. General structure of the selective dual-acting HDAC6/8 inhibitors.  
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Three structurally-related classes were designed by properly decorating the azetidin-2-

one core with phenyl moieties. Among the series, derivatives possessing a slender benzyl 

linker showed high potency and selectivity toward hHDAC6/8 over the hHDAC1 isoform 

as resulted from the enzymatic assay. SAR analysis and computational studies have 

guided the selection of the best performing compounds for further in vitro 

characterization in colorectal HCT-116, and leukaemia U937 cells. The contribution of 

my PhD project to this topic was relative to the preparation of three derivatives (41a-c) 

presenting two phenyl rings at positions 3, and 4 of the azetidin-2-one core in trans 

configuration. 

8.3.1 Chemistry 

The vicinal azetidin-2-one derivatives (Ñ)-41a-c were synthesized following the synthetic 

protocol depicted in Scheme 18. The primary amine 171 reacted with benzaldehyde to 

afford the Schiff base 172 which underwent Staudinger reaction in the presence of 

phenylacetic acid, and triphosgene, to generate the intermediate (Ñ)-173a in trans 

configuration. Palladium-catalysed hydrogenation led to the obtainment of the free amine 

(Ñ)-174.  

 

Scheme 18. Synthesis of the compounds (±)-41a-c. Reagents and conditions: a) 

benzaldehyde, dry toluene, 110 °C, 14 h; b) phenylacetic acid, triphosgene, dry DCM, 50 

°C, 12 h; then 173, TEA, 50 °C, 12 h; c) Pd/C, H2, MeOH, 25 °C, 6 h; d) methyl 4-

isocyanatobenzoate (for 175a), or 4-(isocyanatomethyl)benzoate (for 175c), dry TEA, dry 
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THF, N2, r.t., 25 °C; e) 64, EDCI, HOBt, DIPEA, dry DMF, N2, from 0 °C to r.t, 14 h 

(for 175b); e) NH2OH (50 % in H2O), KOH, MeOH, from 0 °C to 25 °C, 3 h.  

 

These latter were condensed with methyl 4-isocyanatobenzoate or 4-

(isocyanatomethyl)benzoate which were prepared according to the previously described 

procedure, furnishing ureas (Ñ)-175a, and (Ñ)-175c, respectively. Intermediate (Ñ)-174 

was employed also in a coupling reaction with the carboxylic acid 64 using EDCI-HCl 

and HOBt, yielding the amide (Ñ)-175b. The analogues (Ñ)-175a-c were converted into 

the corresponding hydroxamates (Ñ)-41a-c after treatment with aqueous NH2OH, and a 

methanolic solution of KOH. 

8.3.2 SAR analysis of the azetidin-2-one-based derivatives 

Derivatives 41a-c were evaluated for their inhibitory potency against hHDAC6 and 

hHDAC1. The best performing compounds 41c, 41i, and 41j were further interrogated 

for their selectivity over the human isoforms 8, and 10. Compound 41a showed modest 

HDAC6 inhibitory potency (hHDAC6 IC50 = 203 nM), and low selectivity over HDAC1.  

The bioisosteric replacement of the urea aryl motif with the amide function in compound 

41b led to a slight improvement of activity against HDAC6 (hHDAC6 IC50 = 121 nM), 

accompanied by a better selectivity over HDAC1 (selectivity index (SI) 43). The 

homologation of the linker from aryl urea to a benzyl urea as in 41c entailed a noteworthy 

enhancement of HDAC6 inhibitory potency (hHDAC6 IC50 = 203 nM), and an 

improvement in the selectivity over hHDAC1. 

Structural modifications of 41b led to the vinylogous cinnamic amide 41e, and cinnamic 

hydroxamic acids 41f which maintained the activity against HDAC6 while affecting 

affinity for HDAC1. Furthermore, homologation of 41b into 41g was revealed deleterious 

in term of inhibitory activity toward both the isoform 6, and 1. Substitution of the 

benzhydroxamic acid moiety of 41b with an N-hydroxyphenylpropionamide motif as in 

41d, led to a negligible inhibitory activity toward HDAC6. Similar results were obtained 

for 41h, presenting a benzylhydroxamate as ZBG. In silico studies suggested the 

replacement of trans-3,4-diphenylazetidin-2-one core into a geminal 3,3-diphenyl-

substituted one, which benefits from the absence of chirality.  

In light of the obtained results, we incorporate the benzylic linker of the best performing 

compounds 41b,c in the corresponding analogues 41i,j. Specifically, compound 41i 

(hHDAC6 IC50 = 3.4 nM, hHDAC1 IC50 = 9.7 ÕM) displayed a similar HDAC6 

activity/selectivity profile to that of it analogue. By contrast, the analogue 41j (hHDAC6 
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IC50 = 3.4 nM) showed a higher activity toward HDAC6 with respect with 41c together 

with a marked SI of 1264 over hHDAC1. The replacement of urea motif with the 

carbamate function led to compound 41k, which behaves as a potent HDAC6i with an 

IC50 value of 18.5 nM. For expanding our SAR studies, we also embarked in the 

development of 4-monosubstituted azetidin-2-one derivatives, 41l and 41m, which 

exhibited a decreased HDAC6 inhibitory potency compared to 41b,c. In particular, 41l 

(hHDAC6 IC50 = 390 nM) results less potent than 41m (hHDAC6 IC50 = 270 nM).  

The enzymatic results enabled the identification of the most potent hHDAC6is, namely 

41c, 41i, and 41j which were further tested against hHDAC8 in order to evaluate their 

polypharmacological activity. All compounds were demonstrated capable of inhibiting 

the isoform 8, showing activity in the low-nanomolar range (IC50 values ranging from 42 

to 113 nM), These results allowed to validate preliminarily their potential dual 

hHDAC6/hHDAC8 activity. Further investigations concerned the assessment of the in 

vitro inhibition of hHDAC10 for 41c, 41i, and 41j which displayed IC50 values > 5000 

nM, thus confirming their selectivity also over class II HDACs. 

 

Table 11. Inhibitory activity of compounds 6a-m toward hHDAC1 (as IC50, ÕM), 

hHDAC6, hHDAC8 (as IC50, nM) and hHDAC10 (as IC50, ÕM). 

Cpd Structure 

IC 50 (nM) 

hHDAC1 hHDAC6 hHDAC8 hHDAC10 

(±)-41a 

 

1270 ± 100 203.3 ± 10.4 NT NT 

(±)-41b 

 

5140 ± 710 121 ± 8 NT NT 

(±)-41c 

 

4200 ± 200 21 ± 1 42 ± 4 6600 ± 400 

(±)-41d 

 

@10 µM: 

66.4% 

@10 µM: 

85.7% 

NT NT 
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(±)-41e 

 

@10 µM: 

90.1% 

130.0 ± 24.1 NT NT 

(±)-41f 

 

@10 µM: 

93.4% 

168.4 ± 25.1 NT NT 

(±)-41g 

 

@10 µM: 

48.7% 

@10 µM: 

97.1% 

NT NT 

(±)-41h 

 

@10 µM: 

53.3% 

@10 µM: 

94.2% 

NT NT 

41i 

 

9700 ± 3900 91 ± 7 113 ± 2.6 5100 ± 300 

41j 

 

4300 ± 300 3.4 ± 0.8 99 ± 2.1 6500 ± 400 

41k 

 

4100 ± 100 18.5 ± 1.2 

@50µM: 

13% 

NT 

(±)-41l 

 

3100 ± 200 399 ± 5.5 NT NT 

(±)-41m 

 

15100 ± 600 270 ± 22 NT NT 

Each value is the mean of at least three determinations; results are expressed with 

Ñstandard deviation (SD). When not specified, SD is <10% of the IC50. NT: not tested. 
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8.3.3 Biological evaluation of the azetidin-2-one-based derivatives in a cell-based 

setting 

Enzymatic studies were corroborated by western blotting analysis which indicated the 

engagement of the target in the cellular system through the evaluation of the acetylation 

of Ŭ-tubulin, and SMC3, non-histone substrates of hHDAC6, and hHDAC8, respectively. 

As shown in Figure 38, compounds 41c, 41i, and 41j were able to increase the acetylation 

levels of Ŭ-tubulin and SMC3 both in U937 and HCT116 cells in dependence of their 

expression levels in these two cancer cell lines. Specifically, the treatment of 41c, 41i, 

and 41j  induced a slight effect on SMC3 acetylation levels in U937 cells with respect to 

the HCT-116 cells and that can be explained by the lower level of expression of HDAC8 

in the leukaemia cell line. 

 

 

Figure 38. Western blot analyses of  h-tubulin acetylated of U937 (Panel A) and HCT-

116 cells (Panel B) treated with tubastatin A (TUB) and compounds 41c, 41i, and 41j. 

SMC3 acetylation of U937 (Panel C) and HCT116 (Panel D) cells with 41c, 41i, and 41j 

compounds after 24ï48 h of treatment at 10 ɛM concentration. 

 

 

The antiproliferative activities of 41c, 41i, and 41j  were interrogated in U937 and 

HCT116 by means of MTT assay using SAHA (known pan-HDACi), TUB (known 

HDAC6i), and PCI-34051 (known HDAC8i), as positive controls. 

As shown in Figure 39, treatment of colorectal HCT-116 and leukemia U937 cells with 

the selected analogues, at 50 ɛM concentration, entailed a comparable or even better 

reduction of cell proliferation after 48 h with respect to the reference compounds.  
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Figure 39. MTT assay results expressed as percentage % of viability in U937 and HCT-

116 cells after induction with SAHA (5 ɛM), TUB (10 ɛM), PCI (10 ɛM), 41c (10 ɛM), 

41i (10 ɛM), and 41j (10 ɛM), for 48 h. 

 

Incubation of 41c, and 41j  analogues in human liver microsomes evidenced suitable 

metabolic stability. The toxicity profile of the selected compounds was assessed i) in vitro 

on mouse fibroblasts (NIH3T3 cells), ii ) ex vivo in Langendorff perfused rat hearts, and 

iii ) in vivo in zebrafish embryos. In this latter model, the effective HDAC6/8 inhibition 

of 41c, and 41j  was confirmed by the increase of acetylated Ŭ-tubulin, common substrate 

of both isoforms (Figure 40).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. (A-D) Toxicity screening of zebrafish embryos treated with different doses 

(25ï75 ɛM) of 41c and 41j . (E) Western blot analyses confirming the efficacy of HDAC 

inhibition through increased levels of ac-Ŭtubulin compared to the housekeeping vinculin. 

n = number of embryos. 

 

Taken together, these results allowed identifying novel potential polypharmacological 

tools endowed with good activity/selectivity profile and acceptable drug-like properties. 

Further investigation is required to validate their potentiality as anticancer agents.   

E 

41c 

41j 

A 

B 

C 

D 



млу 
 

9 Conclusion 

In recent years, the realm of lysine PTMs has provided promising avenues for therapeutic 

interventions, motivating the research community to conceive innovative strategies to 

target PTMs modifiers which proved to be dysregulated in a wide array of diseases.  

In this scenario, many efforts have been focused on the development of small molecules 

able to antagonize the aberrant activities of the enzymes which are responsible for lysine 

PTMs, showing to be effective in potentially restoring the physiological conditions, while 

alleviating the disease progression.3 

Specifically, much progress has been made in targeting lysine deacetylation, and 

demethylation, enabling the identification of biologically active compounds endowed 

with high therapeutic potential against HDACs, and LSD1.43,69 Moreover, considering the 

potential benefits deriving from a multitargeting approach, polypharmacological tools 

were developed with the purpose of attaining synergistic therapeutic effects in treating 

multifactorial diseases.87  

Given the biological relevance of the lysine modifiers in multiple pathogenetic 

mechanisms, our recent research activities were directed toward the identification of new 

selective and multitarget small-molecule inhibitors targeting lysine deacetylation, and 

demethylation. 

During my PhD work, I had the opportunity to work on different projects aimed at 

developing new selective HDAC6is, and HDAC1is as potential pharmacological agents 

for the treatment of (i) rare diseases, such as IPF, and RP, (ii), inflammation-based 

pathologies and (iii) cancer. 

In this context, in the first part of my PhD journey I focused many efforts on the 

development of three series of potential HDAC6is for the treatment of IPF.  

Taking into account the exceptional results achieved with the reported inhibitor NF2376, 

(22), we found tempting to explore the PROTAC technology to attain HDAC6 

proteasomal degradation. To this purpose a series of NF2376 analogues were developed 

to study the possible functionalisable site for the construction of new HDAC6-PROTAC 

degraders. 

Then, I was involved in the development of two classes of HDAC6is based on THIQ, a 

privileged scaffold in medicinal chemistry. The rational design of the first series allowed 

to identify the best pharmacophoric features which were combined in the second class of 

HDAC6is, namely the spiro-THIQ-based derivatives. These latter contain different spiro-

groups which were easily installed by exploiting the CCR.  
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THIQ-based, and spiro-THIQ-based analogues were revealed efficacious in attenuating 

IPF-related fibrosis, in in vitro and ex vivo models, respectively, allowing to confirm the 

pivotal role exerted by HDAC6 in the progression of this rare diseases. 

As a continuation of our efforts in the field of rare disease, I was involved in three 

different projects aimed at the identification of new agent for treating RP.  

Specifically, I contributed to the preparation of novel selective HDAC6is, based on 

tetrahydro-ɔ-carboline-based scaffold, which were proven to tackle photoreceptor 

degeneration in vitro, and in vivo. In an attempt to simultaneously interfere with more 

than one aberrant mechanism associated with RP, we pursued a multitargeting approach 

to rationally design new chemical entities targeting HDAC1, and other two enzymes, 

namely LSD1, and FAAH. My contribution was related to the development of a potential 

polypharmacological compound which is still under biological investigation.  

With the aim to exploit new chemical spaces for the cap group of new HDAC6is, we 

embarked in the exploration the indolizine nucleus. For this project, I focused many 

efforts on the development of indolizine-based analogues, as potential pharmacological 

tools for treating inflammatory conditions. Preliminary enzymatic assay disclosed the 

potentiality of these new chemical entities.  

Moreover, given the ascertained role of HDACs in the onset and progression of different 

cancer types, our recent activities were directed also toward the identification of new 

selective HDACis for the treatment of haematological and solid cancer. In this 

framework, I contributed to the preparation of a class of new HDAC6is based on aryl 

piperazine scaffold, which were revealed promising antiproliferative agents against 

haematological cancer. Furthermore, we explored the selective HDAC1 inhibition to 

counter colorectal disease through the development of new HDAC1is, which are currently 

under biological evaluation in both in vitro and in vivo models. In this context, I was 

involved in the preparation of some derivatives in order to better characterize our SAR 

exploration.  

Finally, I had the opportunity to work on the development of dual selective HDAC6/8 

inhibitors which were rationally designed by merging the structural requirements for the 

binding to both targets. In vitro studies in leukaemia and colorectal cell lines allowed to 

validate the potentiality of the new polypharmacological tools for the cancer treatment.  
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10 EXPERIMENTAL SECTION 

Reagents were purchased from the commercial suppliers (Sigma-Aldrich, and 

Fluorochem), and used further treatment. Monitoring of the reaction was performed by 

thin-layer chromatography (TLC) analysis, by using silica (60 F254) or alumina (60 F254, 

basic) gel plates with detection by UV. Purification of the products were carried ouy by 

means of silica (60 M, 0.040ï0.063 ɛm) or alumina (90, standardized) column 

chromatography. 1H and 13C NMR spectra were acquired in the indicated deuterated 

solvent on a Varian 300 MHz or a Bruker 400 MHz spectrometer with TMS as internal 

standard. Splitting patterns are reported as s (singlet), d (doublet), dd (doublet of 

doublets), t (triplet), q (quartet), m (multiplet), and bs (broad signal); chemical shifts (ŭ) 

are given in parts per million (ppm), while coupling constants (J) in Hertz (Hz). ESI-MS 

spectra were performed by an Agilent 1100 Series LC/MSD spectrometer. The yields 

reported refers to purified products. HPLC analysis were performed with a Shimadzu 

Prominence apparatus endowed with a UV-VIS detector (Diode Array SPD-M20A) and 

a PurospherÈSTAR, RP-18ⱦ (5 ɛM) HPLC column. All moisture-sensitive reactions were 

set-up under inert atmosphere by nitrogen, in oven-dried glassware and by using freshly 

distilled anhydrous solvents.  

 

10.1 Experimental section of NF2376-based HDAC6is 30a-e 

 

4-Methyl-N'-(propan-2-ylidene)benzenesulfonohydrazide (52). To as solution of p-

toluenesulfonyl hydrazide (49, 4.0 g, 21.48 mmol, 1.0 eq) in MeOH (65 mL), aceton (50, 

1.9 mL, 25.77 mmol, 1.2 eq) was added. The reaction mixture was stirred at r.t. until 

complete conversion was observed by ESI MS analysis (3h). Solvent was removed in 

vacuo to give the title compound 52 as white solid (quantitative yield). 1H NMR (300 

MHz, CDCl3) ŭ 7.85 (d, J = 8.3 Hz, 2H), 7.60 (s, 1H), 7.30 (d, J = 8.5 Hz, 2H), 2.42 (s, 

3H), 1.91 (s, 3H), 1.78 (s, 3H). ESI MS m/z: [M+H]+ 227. 

 

tert-Butyl 4-(2-tosylhydrazineylidene)piperidine-1-carboxylate (53). Starting from 49 

(1.33 g, 7.2 mmol) and 1-Boc-4-piperidone (51, 1.5 g, 7.53 mmol), compound 53 was 

prepared following the procedure described for the preparation of 52. Title compound 

was obtained as white solid, and it was used in the next step without any further 

purification (quantitative yield). ESI MS m/z: [M+Na]+ 390. 1H NMR (300 MHz, CDCl3) 

ŭ 7.83 (d, J = 8.0 Hz, 2H), 7.54 (s, 1H), 7.32 (d, J = 8.0 Hz, 2H), 3.50 (q, J = 5.6 Hz, 4H), 

2.43 (s, 3H), 2.35 (dt, J = 17.0, 6.2 Hz, 4H), 1.44 (s, 9H). ESI MS m/z: [M+Na]+ 390. 

 

2-Methyl-1-(pyridin-3-yl)propan-1-one (46a). Tosylhydrazone 52 (550 mg, 2.43 mmol, 

1.0 eq.) and Cs2CO3 (1.19 g, 3.65 mmol, 1.0) were suspended in 1,4-dioxane (10 mL) in 

a sealed tube, under a positive anhydrous N2 pressure, followed by the addition of 3-

pyridinecarboxaldehyde (54, 227 ɛL, 2.43 mmol, 1.0 eq.). The tube was sealed with a 

silicone/poly(tetrafluoroethylene) (PTFE) cap, and then reaction mixture was heated at 

110 ÁC for 12 h. After that, the mixture was cooled down to r.t, treated with a saturated 
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NH4Cl solution (25 mL) and extracted with DCM (3 Ĭ 25 mL). The combined organic 

layers were dried over anhydrous Na2SO4, filtered, and dried in vacuo. The crude was 

purified by column chromatography on silica gel (PE/EtOAc, from 3:1 to 1:1) to afford 

the title compound as yellow oil (209 mg, 58% yield). 1H NMR (300 MHz, CDCl3) ŭ 9.11 

(s, 1H), 8.72 (d, J = 4.8 Hz, 1H), 8.23 ï 8.13 (m, 1H), 7.44 ï 7.33 (m, 1H), 3.60 ï 3.36 

(m, 1H), 1.20 (s, 3H), 1.18 (s, 3H). ESI MS m/z: [M+H]+ 150. 

 

tert-Butyl 4-nicotinoylpiperidine-1-carboxylate (46c). Starting from 53 (1.9 g, 5.09 

mmol) and 54, compound 46c was obtained following the procedure described for the 

preparation of 52. Purification by column chromatography on silica gel (DCM/MeOH 

30:1) afforded the title compound (quantitative yield). 1H NMR (300 MHz, CDCl3) ŭ 9.23 

ï 9.03 (m, 1H), 8.79 (dd, J = 4.8, 1.7 Hz, 1H), 8.22 (dt, J = 8.0, 2.0 Hz, 1H), 7.52 ï 7.33 

(m, 1H), 4.36 ï 3.89 (m, 2H), 3.52 ï 3.20 (m, 1H), 2.91 (t, J = 12.7 Hz, 2H), 1.97 ï 1.79 

(m, 2H), 1.79 ï 1.64 (m, 2H), 1.46 (s, 9H); ESI MS m/z: [M+H]+ 291. 

 

1-(3-Fluoropyridin-4-yl)-2-methylprop-2-en-1-ol (56). To a solution of 3-

fluoroisonicotinaldehyde (55, 398 ÕL, 4.0 mmol, 1.0 eq.) in dry THF (15 mL), precooled 

to 0 ÁC, isopropenylmagnesium bromide (0.5 M, 8.8 mL, 4.4 mmol, 1.1 eq.) was added 

dropwise under N2. The resulting solution was stirred at 0 ÁC for 30 minutes, until the full 

conversion was revealed by TLC (Pe/EtOAc, 1:1). The reaction mixture was quenched at 

0 ÁC with saturated NH4Cl solution, and then extracted with EtOAc (3 Ĭ 25 mL). The 

combined organic layers were dried over anhydrous Na2SO4, filtered, and dried in vacuo. 

Title compound was obtained as yellow oil without any further purification (650 mg, 97% 

yield). 1H NMR (300 MHz, CDCl3) ŭ 8.31 ï 8.21 (m, 2H), 7.50 (t, J = 5.6 Hz, 1H), 5.45 

(s, 1H), 5.13 (s, 1H), 4.94 (s, 1H), 4.82 ï 4.60 (bs, 1H), 1.62 (s, 3H). 

 

1-(3-Fluoropyridin-4-yl)-2-methylpropan-1-ol (57). To a solution of 56 (650 mg, 3.88 

mmol, 1.0 eq.) in MeOH/EtOAc 1:1 (60 mL), a catalytic amount of palladium on carbon 

was added under N2. The reaction mixture was stirred under H2 atmosphere at r.t. for 1h. 

After that, the catalyst was removed by filtration on a paper filter, and the filtrate was 

concentrated until dryness. Title compound was obtained as light-yellow oil without any 

further purification (562 mg, 86% yield). 1H NMR (300 MHz, CDCl3) ŭ 8.22 ï 8.05 (m, 

2H), 7.40 (t, J = 5.6 Hz, 1H), 5.15 ï 4.86 (bs, 1H), 4.73 (d, J = 5.8 Hz, 1H), 2.01 ï 1.79 

(m, 1H), 0.84 (dd, J = 9.8, 6.8 Hz, 6H). 

 

1-(3-Fluoropyridin-4-yl)-2-methylpropan-1-one (46b). A solution of alcohol 57 (110 mg, 

0.65 mmol, 1.0 eq.) in dry DCM (4 mL) was cooled down to 0 ÁC, and then treated with 

Dess-Martin periodinane (413 mg, 0.97 mmol, 1.5 eq.). The resulting suspension was 

stirred at 0 ÁC for 2 h, and after that the mixture was quenched at 0 ÁC with saturated 

Na2S2O3, and NaHCO3 solutions (5 mL). The biphasic mixture was stirred for 10 minutes, 

and then extracted with DCM (3 x 10 mL). The combined organic layers were further 

washed with saturated NaHCO3 solution, dried over anhydrous Na2SO4, filtered, and 

dried in vacuo. The crude was purified by column chromatography on silica gel 

(PE/EtOAc, from 5:1 to 2:1) to afford the title compound as yellow oil (68 mg, 63% 

yield). 1H NMR (300 MHz, CDCl3) ŭ 8.54 (d, J = 2.2 Hz, 1H), 8.49 (dd, J = 4.9, 1.4 Hz, 

1H), 7.52 (t, J = 5.5 Hz, 1H), 3.29 (heptd, J = 6.9, 1.4 Hz, 1H), 1.14 (dd, J = 6.8, 1.0 Hz, 

6H). 

 

5-Fluoro-3,3-dimethyl-2-(pyridin-3-yl)-3H-indole (45a). Intermediate 46a (400 mg, 2.68 

mmol, 1.0 eq.), and 4-fluorophenylhydrazine hydrochloride (48, 653 mg, 4.02 mmol, 1.5 
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eq.) were dissolved in 1,4-dioxane (12 mL), and then the resulting solution was cooled to 

0ÁC. Concentrated H2SO4 (800 ÕL) was added dropwise at 0 ÁC, and then the reaction 

mixture was heated to 70ÁC for 3 h, and stirred for 16 h at r.t. The mixture was then 

quenched with a saturated NaHCO3 solution (20 mL) until the pH was 7, and then 

extracted with DCM (3 Ĭ 20 mL). The combined organic layers were dried over 

anhydrous Na2SO4, filtered, and dried in vacuo The crude was purified by column 

chromatography on silica gel (PE/EtOAc, from 3:1 to 1:1) to afford the title compound 

as dark yellow oil (363 mg, 56% yield). 1H NMR (300 MHz, CDCl3) ŭ 9.28 (d, J = 2.1 

Hz, 1H), 8.69 (d, J = 4.5 Hz, 1H), 8.50 ï 8.40 (m, 1H), 7.68 ï 7.56 (m, 1H), 7.43 (ddq, J 

= 7.9, 4.8, 0.9 Hz, 1H), 7.14 ï 6.98 (m, 2H), 1.58 ï 1.56 (m, 6H). ESI MS m/z: [M+H]+ 

241. 

 

2-(3-Fluoropyridin-4-yl)-3,3-dimethyl-3H-indole (45b). Starting from the intermediate 

46b (72 mg, 0.430 mmol) and phenylhydrazine hydrochloride (47, 96 mg, 0.65 mmol), 

compound 45b was obtained following the procedure described for the preparation of 

45a. Purification by column chromatography on silica gel (PE/EtOAc, from 4:1 to 1:1) 

afforded the title compound as yellow ochre solid (75 mg, 73% yield). 1H NMR (300 

MHz, CDCl3) ŭ 8.61 (d, J = 2.2 Hz, 1H), 8.56 ï 8.48 (m, 1H), 7.73 ï 7.69 (m, 1H), 7.67 

ï 7.56 (m, 1H), 7.45 ï 7.27 (m, 3H), 1.46 ï 1.43 (m, 6H). ESI MS m/z: [M+H]+ 241. 

 

5-fluoro-2-(3-fluoropyridin-4-yl)-3,3-dimethyl-3H-indole (45c). Starting from 46b (65 

mg, 0.39 mmol, 1.0 eq.) and 4-fluorophenylhydrazine hydrochloride (48, 95 mg, 0.58 

mmol) compound 45c was obtained following the procedure described for the preparation 

of 45a. Purification by column chromatography on silica gel (PE/EtOAc, from 4:1 to 2:1) 

afforded the title compound as yellow solid (73 mg, 72% yield). 1H NMR (300 MHz, 

CDCl3) ŭ 8.61 (s, 1H), 8.52 (d, J = 5.1 Hz, 1H), 7.69 ï 7.58 (m, 2H), 7.12 ï 7.00 (m, 2H), 

1.44 (s, 6H). ESI MS m/z: [M+H]+ 259. 

 

tert-Butyl 2-(pyridin-3-yl)spiro[indole-3,4'-piperidine]-1'-carboxylate (45d). Starting 

from 46c (1.20 g, 4.15 mmol) and phenylhydrazine hydrochloride (47, 895 mg, 6.22 

mmol) mmol, 45d was obtained following the procedure described for the preparation of 

45a. The crude of this reaction was immediately dissolved in THF (43 mL) then treated 

with Boc2O (996 mg, 4.56 mmol, 1.1 eq.), and TEA (867 ÕL, 6.22 mmol, 1.5 eq.). The 

mixture was stirred at r.t. for 2h, then H2O was added, and the crude was extracted with 

EtOAc (3 x 10 mL). The combined organic layers were dried over Na2SO4, filtered, and 

dried in vacuo. Purification by column chromatography on alumina (PE/EtOAc, from 5:1 

to 4:1) afforded 45d as orange oil (667 mg, 44% yield, over two steps). 1H NMR (300 

MHz, CDCl3) ŭ 9.26 (dd, J = 2.3, 1.0 Hz, 1H), 8.70 (dd, J = 4.8, 1.5 Hz, 1H), 8.46 ï 8.23 

(m, 1H), 7.78 (t, J = 8.0 Hz, 2H), 7.55 ï 7.35 (m, 2H), 7.35 ï 7.13 (m, 1H), 4.25 (br, 2H), 

3.47 (t, J = 13.4 Hz, 2H), 2.61 ï 2.29 (m, 2H), 1.63 ï 1.31 (m, 11H); ESI MS m/z: [M+H]+ 

364. 

 

(Ñ)-5-Fluoro-3,3-dimethyl-2-(pyridin-3-yl)indoline ((Ñ)-44a). To a solution of 45a (160.0 

mg, 0.66 mmol, 1.0 eq.) in methanol (6.0 mL), a catalytic amount of Pd on carbon was 

added. The reaction was stirred under H2 atmosphere for 18h. The mixture was filtered 

through a paper filter, and then the filtrate was concentrated until dryness. The crude was 

purified by column chromatography on silica gel (PE/EtOAc, from 4:1 to 1:1) to afford 

the title compound as yellow oil (145 mg, 91%). 1H NMR (300 MHz, CDCl3) ŭ 8.66 (d, 

J = 2.2 Hz, 1H), 8.56 (dd, J = 4.9, 1.7 Hz, 1H), 7.91 ï 7.81 (m, 1H), 7.32 (ddd, J = 7.9, 
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4.8, 0.9 Hz, 1H), 6.84 ï 6.71 (m, 2H), 6.69 ï 6.57 (m, 1H), 4.62 (s, 1H), 1.41 (s, 3H), 0.73 

(s, 3H). ESI MS m/z: [M+H]+ 243. 

 

(Ñ)-2-(3-Fluoropyridin-4-yl)-3,3-dimethylindoline ((Ñ)-44b). Compound 44b was 

obtained from 45b (75 mg, 0.31 mmol) following the procedure described for the 

preparation of 44a. Purification by column chromatography on silica gel (PE/EtOAc, 

from 4:1 to 1:1) afforded the title compound as yellow oil (65 mg, 86% yield). 1H NMR 

(300 MHz, CDCl3) ŭ 8.44 (d, J = 1.9 Hz, 1H), 8.38 (dd, J = 4.9, 1.1 Hz, 1H), 7.69 ï 7.59 

(m, 1H), 7.16 ï 7.00 (m, 2H), 6.88 ï 6.76 (m, 1H), 6.76 ï 6.71 (m, 1H), 5.01 (s, 1H), 1.50 

(s, 3H), 0.83 (s, 3H). ESI MS m/z: [M+H]+ 243. 

 

(Ñ)-5-Fluoro-2-(3-fluoropyridin-4-yl)-3,3-dimethylindoline ((Ñ)-44c). Compound 44c 

was obtained from 45c (73 mg, 0.28 mmol) following the procedure described for the 

preparation of 44a. Purification by column chromatography on silica gel (PE/EtOAc, 

from 4:1 to 1:1) afforded the title compound as yellow oil (62 mg, 84% yield). 1H NMR 

(300 MHz, CDCl3) ŭ 8.41 (d, J = 15.0 Hz, 2H), 7.69 ï 7.59 (m, 1H), 6.83 ï 6.68 (m, 2H), 

6.67 ï 6.56 (m, 1H), 5.02 (s, 1H), 4.12 ï 3.80 (bs, 1H), 1.46 (s, 3H), 0.80 (s, 3H). ESI MS 

m/z: [M+H]+ 261. 

 

(Ñ)-tert-Butyl 2-(pyridin-3-yl)spiro[indoline-3,4'-piperidine]-1'-carboxylate ((Ñ)-44d). 

Compound 44d was obtained from 45d (667 mg, 1.83 mmol) following the procedure 

described for the preparation of 44a. The crude material was used in the next step without 

further purification, affording the title compound as white solid (quantitative yield). 1H 

NMR (300 MHz, CDCl3) ŭ 8.69 ï 8.42 (m, 2H), 7.64 (d, J = 8.1 Hz, 1H), 7.35 ï 7.18 (m, 

2H), 7.12 (td, J = 7.6, 1.2 Hz, 1H), 6.90 ï 6.54 (m, 2H), 4.61 (s, 1H), 4.19 (bs, 1H), 3.88 

ï 3.53 (m, 2H), 3.48 ï 3.27 (m, 1H), 3.27 ï 2.97 (m, 1H), 1.98 ï 1.75 (m, 2H), 1.75 ï 

1.55 (m, 1H), 1.42 (s, 9H). ESI MS m/z: [M+H]+ 366. 

 

(Ñ)-Methyl 4-((5-fluoro-3,3-dimethyl-2-(pyridin-3-yl)indolin-1-yl)methyl)benzoate ((Ñ)-

58a). To a solution of 44a (145 mg, 0.60 mmol, 1.0 eq.), and methyl 4-formylbenzoate 

(98 mg, 0.60 mmol, 1.0 eq.) in EtOH (8 mL), acetic acid (950 ÕL) was added dropwise, 

and the reaction was allowed to stir at r.t. for 16 h. After that, NaBH3CN (75 g, 1.20 mmol, 

2.0 eq.) was added, and the mixture was stirred for additional 3 h at r.t. The reaction was 

then quenched with few drops of saturated NaHCO3 solution until pH~7, and then 

solvents were removed. The resulting residue was suspended in 10 mL of H2O, and 

extracted with EtOAc (3 Ĭ 10 mL). The combined organic layers were dried over 

anhydrous Na2SO4, filtered, and dried in vacuo. The crude was purified by column 

chromatography on silica gel (PE/EtOAc, from 4:1 to 2:1) to afford the title compound 

as yellow oil (142 mg, 61%). 1H NMR (300 MHz, CDCl3) ŭ 8.78 ï 8.38 (bs, 2H), 7.99 

(d, J = 8.3 Hz, 2H), 7.89 ï 7.61 (bs, 1H), 7.39 ï 7.24 (m, 3H), 6.85 ï 6.67 (m, 2H), 6.29 

(dd, J = 8.5, 4.2 Hz, 1H), 4.40 ï 4.25 (m, 2H), 4.00 (d, J = 16.4 Hz, 1H), 3.92 (s, 3H), 

1.40 (s, 3H), 0.84 (s, 3H). ESI MS m/z: [M+H]+ 391. 

 

(Ñ)-Methyl 4-((2-(3-fluoropyridin-4-yl)-3,3-dimethylindolin-1-yl)methyl)benzoate ((Ñ)-

58b). Starting from 44b (65 mg, 0.27 mmol) and methyl 4-formylbenzoate (44 mg, 0.27 

mmol), compound 58b was obtained following the procedure described for the 

preparation of 58a. Purification by column chromatography on silica gel (PE/EtOAc, 

from 6:1 to 2:1) furnished the title compound as yellow oil (58 mg, 55% yield). 1H NMR 

(300 MHz, CDCl3) ŭ 8.48 (d, J = 1.7 Hz, 1H), 8.34 (d, J = 5.0 Hz, 1H), 7.99 (d, J = 8.4 

Hz, 2H), 7.43 (t, J = 5.5 Hz, 1H), 7.33 (d, J = 8.1 Hz, 2H), 7.06 (d, J = 7.9 Hz, 2H), 6.82 
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(td, J = 7.4, 1.0 Hz, 1H), 6.45 (d, J = 7.2 Hz, 1H), 4.76 (s, 1H), 4.38 (d, J = 16.4 Hz, 1H), 

4.05 (d, J = 16.3 Hz, 1H), 3.91 (s, 3H), 1.46 (s, 3H), 0.90 (s, 3H). ESI MS m/z: [M+H]+ 

391. 

 

(Ñ)-Methyl 4-((5-fluoro-2-(3-fluoropyridin-4-yl)-3,3-dimethylindolin-1-

yl)methyl)benzoate ((Ñ)-58c). Starting from 44c (62 mg, 0.25 mmol) and methyl 4-

formylbenzoate (41 mg, 0.25 mmol), compound 58c was obtained following the 

procedure described for the preparation of 58a. Purification by column chromatography 

on silica gel (PE/EtOAc, from 6:1 to 2:1) furnished the title compound as yellow oil (36 

mg, 35% yield). 1H NMR (300 MHz, CDCl3) ŭ 8.51 ï 8.44 (bs, 1H), 8.35 (d, J = 5.0 Hz, 

1H), 7.98 (d, J = 8.3 Hz, 2H), 7.47 (t, J = 5.5 Hz, 1H), 7.32 (d, J = 8.1 Hz, 2H), 6.81 ï 

6.66 (m, 2H), 6.29 (dd, J = 8.4, 4.1 Hz, 1H), 4.74 (s, 1H), 4.29 (d, J = 16.3 Hz, 1H), 4.00 

(d, J = 16.3 Hz, 1H), 3.90 (s, 3H), 1.43 (s, 3H), 0.88 (s, 3H). ESI MS m/z: [M+H]+ 409. 

 

(Ñ)-tert-butyl 1-benzyl-2-(pyridin-3-yl)spiro[indoline-3,4'-piperidine]-1'-carboxylate 

((Ñ)-59). Starting from 44d (168 mg, 0.46 mmol) and benzaldehyde (48 mg, 0.46 mmol), 

compound 59b was obtained following the procedure described for the preparation of 

58a. Purification by column chromatography on silica gel (PE/EtOAc, from 3:1 to 1:1) 

furnished the title compound as light-yellow oil (76 mg, 36% yield). 1H NMR (300 MHz, 

CDCl3) ŭ 8.55 (d, J = 4.7 Hz, 1H), 8.40 ï 8.27 (m, 1H), 7.62 ï 7.41 (m, 1H), 7.34 ï 7.04 

(m, 8H), 6.75 (t, J = 7.4 Hz, 1H), 6.49 (d, J = 7.8 Hz, 1H), 4.37 (d, J = 9.6 Hz, 1H), 3.82 

(d, J = 15.9 Hz, 1H), 3.77 ï 3.67 (m, 1H), 3.62 ï 3.36 (m, 2H), 3.13 ï 2.96 (bs, 1H), 2.00 

ï 1.78 (m, 2H), 1.78 ï 1.65 (m, 1H), 1.43 (s, 9H), 1.33 ï 1.12 (m, 1H). ESI MS m/z: 

[M+H]+ 456. 

 

(Ñ)-1-Benzyl-2-(pyridin-3-yl)spiro[indoline-3,4'-piperidine] ((Ñ)-60). To a solution of 59 

(76 mg, 0.17 mmol, 1.0 eq) in MeOH (10 mL) a solution of 1N HCl in MeOH was 

dropwise added (3 mL). Solvent was removed under reduced pressure at 40 ÁC, and this 

procedure was repeated for 3 times. The residue was treated with saturated NaHCO3 

solution, and then extracted with DCM (3 x 10 mL). The combined organic layers were 

dried over anhydrous Na2SO4, filtered, and dried in vacuo. Title compound was obtained 

as yellow oil without any further purification (quantitative yield). 1H NMR (300 MHz, 

CDCl3) ŭ 8.52 (d, J = 4.6 Hz, 1H), 8.43 ï 8.25 (bs, 1H), 7.64 ï 7.35 (bs, 1H), 7.31 ï 7.01 

(m, 8H), 6.74 (t, J = 7.6 Hz, 1H), 6.45 (d, J = 7.8 Hz, 1H), 4.56 ï 4.25 (m, 2H), 3.81 (d, 

J = 15.7 Hz, 1H), 3.20 ï 3.09 (m, 1H), 3.04 ï 2.89 (m, 1H), 2.89 ï 2.76 (m, 1H), 2.53 ï 

2.40 (m, 1H), 1.96 ï 1.62 (m, 3H), 1.34 ï 1.24 (m, 1H). ESI MS m/z: [M+H]+ 356. 

 

(Ñ)-Methyl 4-((1-benzyl-2-(pyridin-3-yl)spiro[indoline-3,4'-piperidin]-1'-

yl)methyl)benzoate ((Ñ)-61). Starting from 60 (70 mg, 0.20 mmol) and methyl 4-

formylbenzoate (32 mg, 0.20 mmol), compound 61 was obtained following the procedure 

described for the preparation of 58a. Purification by column chromatography on silica 

gel (PE/EtOAc, from 5:1 to 1:2) furnished the title compound as colorless oil (23 mg, 

23% yield). 1H NMR (300 MHz, CDCl3) ŭ 8.52 (dd, J = 4.8, 1.7 Hz, 1H), 8.45 ï 8.25 (bs, 

1H), 7.96 (d, J = 8.2 Hz, 2H), 7.46 ï 7.40 (bs, 1H), 7.36 (d, J = 8.1 Hz, 2H), 7.32 ï 7.14 

(m, 7H), 7.10 (td, J = 7.7, 1.2 Hz, 1H), 6.74 (t, J = 7.4 Hz, 1H), 6.44 (d, J = 7.8 Hz, 1H), 

4.40 (d, J = 13.1 Hz, 2H), 3.90 (s, 3H), 3.79 (d, J = 15.6 Hz, 1H), 3.54 (s, 2H), 2.85 ï 

2.71 (m, 1H), 2.57 ï 2.45 (m, 2H), 2.02 ï 1.81 (m, 4H), 1.43 ï 1.29 (m, 1H). ESI MS m/z: 

[M+H]+ 504. 
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(Ñ)-Methyl 4-((1-benzyl-2-(pyridin-3-yl)spiro[indoline-3,4'-piperidine]-1'-

carboxamido)methyl)benzoate ((Ñ)-62).To a solution of 60 (66 mg, 0.186 mmol, 1.0 eq.) 

and methyl 4-(isocyanatomethyl)benzoate (107 mg, 0.56 mmol, 3.0 eq.) in dry THF (4 

mL), TEA (155 ÕL, 1.12 mmol, 6.0 eq.) was added dropwise. The solution was stirred at 

r.t. under N2 for 12h, and after that, solvent was removed under reduced pressure. The 

crude was purified by column chromatography on silica gel (PE/EtOAc, from 5:1 to 1:2) 

to furnish title compound as yellow oil (55 mg, 54% yield). 1H NMR (300 MHz, CDCl3) 

ŭ 8.53 (d, J = 4.8 Hz, 1H), 8.43 ï 8.17 (bs, 1H), 7.93 (d, J = 8.0 Hz, 2H), 7.59 ï 7.37 (bs, 

1H), 7.33 ï 7.06 (m, 10H), 6.75 (t, J = 7.4 Hz, 1H), 6.50 (d, J = 7.8 Hz, 1H), 5.19 ï 5.05 

(m, 1H), 4.47 ï 4.24 (m, 4H), 3.87 (s, 3H), 3.82 (d, J = 16.1 Hz, 1H), 3.71 (q, J = 6.2, 5.5 

Hz, 1H), 3.59 ï 3.46 (bs, 1H), 3.38 (ddd, J = 12.3, 7.8, 3.6 Hz, 1H), 3.03 (ddd, J = 12.9, 

7.5, 3.7 Hz, 1H), 1.95 ï 1.85 (m, 2H), 1.72 (ddd, J = 12.5, 7.3, 3.5 Hz, 1H), 1.34 ï 1.23 

(m, 1H). ESI MS m/z: [M+H]+ 547. 

 

(Ñ)-4-((5-Fluoro-3,3-dimethyl-2-(pyridin-3-yl)indolin-1-yl)methyl)-N-

hydroxybenzamide ((Ñ)-30a). To a solution of 58a (142 mg, 0.36 mmol, 1.0 eq.) in MeOH 

(21 mL), a 4 M KOH methanolic solution (4.54 mL, 18.18 mmol, 50 eq.) was added 

dropwise at 0 ÁC, followed by the addition of NH2OH aqueous solution (50% m/V, 2.404 

mL, 36.40 mmol, 100 eq.). The reaction mixture was stirred at r.t. for 3h, and then 6N 

HCl solution was added until the pH was around 6. Subsequently, solvents were removed 

in vacuo. The crude was purified column chromatography on silica gel 

(DCM/MeOH/HCOOH, from 30:1:0 to 10:1:0.1) to afford the final compound as orange 

oil (28 mg, 21% yield). 1H NMR (300 MHz, CD3OD) ŭ 8.74 ï 8.25 (bs, 1H), 8.20 ï 8.00 

(bs, 1H), 8.00 ï 7.79 (bs, 1H), 7.79 ï 7.54 (bs, 2H), 7.54 ï 7.19 (m, 3H), 6.85 (d, J = 8.0 

Hz, 1H), 6.78 ï 6.63 (m, 1H), 6.41 (s, 1H), 4.34 (s, 2H), 4.15 ï 3.91 (m, 1H), 1.37 (s, 3H), 

0.79 (s, 3H). 13C NMR (75 MHz, CD3OD) ŭ 166.5, 159.1, 156.0, 148.6, 148.2, 146.5, 

142.1, 139.9, 139.8, 131.0, 127.4, 127.0, 113.1, 112.8, 109.5, 109.2, 109.0, 78.1, 51.6, 

44.5, 25.1, 24.0. ESI MS m/z: [M+H]+ 392. 

 

(Ñ)-4-((2-(3-Fluoropyridin-4-yl)-3,3-dimethylindolin-1-yl)methyl)-N-hydroxybenzamide 

((Ñ)-30b). Starting from 58b (58 mg, 0.15 mmol), the title compound 30b was obtained 

following the procedure described for the preparation of 30a to give a crude which was 

purified by flash column chromatography on silica gel (DCM/MeOH/HCOOH, from 

40:1:0 to 10:1:0.1) affording the title compound as orange oil (50 mg, 86% yield). 1H 

NMR (300 MHz, CD3OD) ŭ 8.46 (s, 1H), 8.34 ï 8.28 (bs, 1H), 7.71 ï 7.63 (m, bsH), 7.55 

(s, 1H), 7.36 ï 7.29 (bs, 2H), 7.04 (d, J = 6.8 Hz, 2H), 6.76 (t, J = 7.1 Hz, 1H), 6.61 ï 

6.52 (m, 1H), 4.72 (s, 1H), 4.48 (d, J = 14.5 Hz, 1H), 4.05 (d, J = 14.1 Hz, 1H), 1.41 (s, 

3H), 0.85 (s, 3H). 13C NMR (75 MHz, CD3OD) ŭ 166.5, 160.3, 157.0, 149.9, 145.0, 141.7, 

137.6, 137.2, 135.4, 131.1, 127.6, 127.5, 127.0, 124.1, 121.8, 119.1, 108.2, 70.8, 50.7, 

44.9, 26.7, 24.2. ESI MS m/z: [M+H]+ 392. 

 

(Ñ)-4-((5-fluoro-2-(3-fluoropyridin-4-yl)-3,3-dimethylindolin-1-yl)methyl)-N-

hydroxybenzamide ((Ñ)-30c). Starting from 58c (36 mg, 0.09 mmol), the title compound 

30c was obtained following the procedure described for the preparation of 30a to give a 

crude which was purified by flash column chromatography on silica gel 

(DCM/MeOH/HCOOH, from 30:1:0 to 10:1:0.1) affording the title compound as orange 

oil (21 mg, 58% yield). 1H NMR (300 MHz, CD3OD) ŭ 8.50 (d, J = 15.7 Hz, 2H), 8.36 ï 

8.30 (bs, 1H), 7.80 ï 7.53 (m, 3H), 7.38 ï 7.32 (bs, 2H), 6.84 (d, J = 7.9 Hz, 1H), 6.80 ï 

6.74 (m, 1H), 6.52 ï 6.46 (bs, 1H), 4.74 (s, 1H), 4.47 ï 4.31 (m, 1H), 4.12 ï 3.95 (m, 1H), 

1.42 (s, 3H), 0.87 (s, 3H). 13C NMR (75 MHz, CD3OD) ŭ 170.4, 163.1, 160.0, 150.1, 



ммс 
 

148.9, 145.5, 143.3, 143.2, 141.6, 141.2, 138.8, 135.1, 131.6, 131.0, 128.1, 117.3, 117.0, 

113.5, 113.1, 112.9, 112.8, 75.3, 55.4, 48.8, 30.1, 27.9. ESI MS m/z: [M+H]+ 410. 

 

(Ñ)-4-((1-benzyl-2-(pyridin-3-yl)spiro[indoline-3,4'-piperidin]-1'-yl)methyl)-N-

hydroxybenzamide ((Ñ)-30d). Starting from 61 (23 mg, 0.05 mmol), the title compound 

30d was obtained following the procedure described for the preparation of 30a to give a 

crude which was purified by flash column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 30:1:0 to 10:1:0.1) affording the title compound as yellow 

oil (7 mg, 30% yield). 1H NMR (300 MHz, CD3OD) ŭ 8.48 ï 8.41 (bs, 1H), 8.29 ï 8.23 

(bs, 1H), 7.69 (d, J = 7.4 Hz, 2H), 7.57 (d, J = 7.7 Hz, 1H), 7.40 ï 7.11 (m, 9H), 7.09 ï 

7.00 (m, 1H), 6.70 (t, J = 7.3 Hz, 1H), 6.49 (d, J = 7.8 Hz, 1H), 4.47 (s, 1H), 4.39 (d, J = 

15.1 Hz, 1H), 3.79 (d, J = 15.3 Hz, 1H), 3.57 (s, 2H), 2.85 ï 2.68 (m, 1H), 2.60 ï 2.45 

(m, 2H), 1.92 (d, J = 32.5 Hz, 4H), 1.36 ï 1.26 (m, 2H). 13C NMR (75 MHz, CD3OD) ŭ 

150.7, 137.6, 136.1, 134.0, 130.7, 128.4, 128.2, 127.3, 127.3, 127.0, 125.1, 123.9, 123.1, 

118.2, 62.0, 52.1, 31.7, 29.4, 29.1, 29.0, 22.3, 13.0, 7.8, 6.2. ESI MS m/z: [M+H]+ 504. 

 

(Ñ)-1-Benzyl-N-(4-(hydroxycarbamoyl)benzyl)-2-(pyridin-3-yl)spiro[indoline-3,4'-

piperidine]-1'-carboxamide ((Ñ)-30e). Starting from 62 (55 mg, 0.10 mmol), the title 

compound 30e was obtained following the procedure described for the preparation of 30a 

to give a crude which was purified by flash column chromatography on silica gel 

(DCM/MeOH/ NH4OH, from 30:1:0 to 10:1:0.1) affording the title compound as white 

solid (9 mg, 16% yield). 1H NMR (300 MHz, CD3OD) ŭ 8.51 ï 8.43 (bs, 1H), 8.36 (s, 

1H), 7.71 ï 7.60 (m, 3H), 7.40 ï 7.15 (m, 9H), 7.09 (t, J = 7.7 Hz, 1H), 6.73 (t, J = 7.4 

Hz, 1H), 6.53 (d, J = 7.8 Hz, 1H), 4.51 (s, 1H), 4.36 (d, J = 7.2 Hz, 3H), 3.91 ï 3.71 (m, 

2H), 3.62 ï 3.41 (m, 2H), 3.09 ï 2.96 (m, 1H), 1.99 ï 1.89 (m, 1H), 1.82 ï 1.68 (m, 1H), 

1.31 ï 1.18 (m, 2H).ESI MS m/z: [M+H]+ 548. 

 

 

10.2 Experimental section of THIQ-based HDAC6is 31a-h 

 

2-(4-(Ethoxycarbonyl)phenyl)acetic acid (64). To a solution of ethyl 4-iodobenzoate (68, 

300 mg, 1.09 mmol, 1.0 eq.) in AcOH (5 mL), silver acetate (273mg, 1.63 mmol, 1.5 eq.), 

sodium acetate (445 mg, 5.43 mmol, 5 eq.) and palladium(II) chloride (19 mg, 0.109 

mmol, 0.1 eq.) were added. The suspension obtained was refluxed at 130 ÁC for 24h under 

N2. Subsequently, the reaction mixture was cooled to r.t., and 1N HCl solution was added 

until the pH was about 3-4. After that, solvents were removed in vacuo, and the black 

residue was suspended in 5 mL of EtOAc, filtered, and then the filtrate was concentrated 

until dryness to obtain orange oil. The crude was purified by column chromatography on 

silica gel (PE/ EtOAc, from 2:1 to 1:1) to give the title compound as yellow oil (60 mg, 

27% yield). 1H NMR (300 MHz, CDCl3) ŭ: 8.01 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.2 Hz, 

2H), 4.37 (q, J = 7.1 Hz, 2H), 3.71 (s, 2H), 1.38 (t, J = 7.1 Hz, 3H). ESI-MS m/z: [M+Cl]- 

243. 

 

Methyl 4-((chlorosulfonyl)methyl)benzoate (65).A solution of methyl 4-

(bromomethyl)benzoate (69, 400 mg, 1.75 mmol, 1.0 eq.), and thiourea (70, 132 mg, 1.75 

mmol, 1.0 eq.) was refluxed in EtOH (1.8 mL) for 1 h. After that, the mixture was cooled 

down to r.t., and solvent was removed in vacuo. The residue was triturated with Et2O (3 

Ĭ 3 mL), giving the metastable S-alkyl isothiourea salt as a white solid which was used 

for the next step without further purification. In parallel, a 50 mL-round-bottom flask was 



ммт 
 

immersed in an ice-bath, and the charged with NaClO2 (631 mg, 6.98 mmol, 4.0 eq.) and 

CH3CN (3.50 mL), followed by the dropwise addition of 12 N HCl solution (2.18 mL). 

The suspension was stirred at 0 ÁC for 5 minutes, and then S-alkyl isothiourea salt was 

slowly added. The reaction mixture was stirred for 30 minutes by keeping the temperature 

below 5 ÁC. After that, cold H2O (8.5 mL) was added to the mixture, which was filtered 

through a Buchner filter, and then the solid residue was dried under reduced pressure at 0 

ÁC. Title compound, obtained as white solid, was used immediately for the next step, 

without any further purification (306 mg, 70% yield). 1H NMR (400 MHz, CDCl3) ŭ 8.12 

(d, J = 8.3 Hz, 2H), 7.57 (d, J = 8.3 Hz, 2H), 4.91 (s, 2H), 3.95 (s, 3H). ESI-MS m/z: 

[M+H]- 249. 

 

Methyl 4-(aminomethyl)benzoate hydrochloride (66). A solution of 4-

(aminomethyl)benzoic acid (72, 1.0 g, 6.61 mmol, 1.0 eq.) in MeOH (26 mL) was cooled 

down to 0 ÁC, followed by the dropwise addition of TMSCl (1.80 ÕL, 14.55 mmol, 2.2 

eq.). The mix was allowed to stir at r.t. for 16 h. After that, solvent was removed in vacuo, 

giving the title compound as white solid (quantitative yield). 1H NMR (300 MHz, 

CD3OD) ŭ 8.08 (d, J = 7.9 Hz, 2H), 7.57 (d, J = 7.5 Hz, 2H), 4.19 (s, 2H), 3.92 (s, 3H).ESI-

MS m/z: [M+H]+ 166. 

 

Methyl 3-cyanobenzoate (74). Starting from 3-cyanobenzoic acid 73 (1.0 g, 6.80 mmol), 

compound 72 was obtained following the procedure described for the preparation of 66. 

Title compound was obtained as white solid and was used in the next step without further 

purification (868 mg, 80% yield). 1H NMR (300 MHz, Acetone-d6) ŭ 8.36 ï 8.24 (m, 2H), 

8.07 ï 8.02 (m, 1H), 7.76 (td, J = 7.7, 0.8 Hz, 1H), 3.94 (s, 3H). 

 

Methyl 3-(aminomethyl)benzoate (67). To a solution of 74 (400 mg, 2.48 mmol, 1.0 eq.) 

in MeOH (6.0 mL), a catalytic amount of palladium on carbon was added, followed by 

the dropwise addition of 12 N HCl (412 ÕL, 4.96 mmol, 2.1 eq). The reaction was stirred 

under H2 atmosphere for 3h, at r.t. After that, the mixture was filtered through a paper 

filter, and then the filtrate was concentrated until dryness. The crude was was triturated 

with Et2O (3 Ĭ 3 mL), to afford the title compound as white solid (302 mg, 62%). 1H 

NMR (300 MHz, DMSO-d6) ŭ 8.29 ï 8.23 (bs, 2H), 8.13 ï 8.06 (m, 1H), 7.95 (d, J = 7.8 

Hz, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.57 (t, J = 7.7 Hz, 1H), 4.10 (s, 2H), 3.86 (s, 3H).ESI 

MS m/z: [M+H]+ 166. 

 

Methyl 4-((3,4-dihydroisoquinolin-2(1H)-yl)methyl)benzoate (76). To a solution of 

tetrahydroisoquinoline (63, 60 mg, 0.45 mmol, 1.0 eq.) in dry DMF (4.5 mL) in an oven-

dried two-necked round-bottom flask, potassium carbonate (186 mg, 1.35 mmol, 1.0 eq) 

and methyl 4-(bromomethyl)benzoate (69,123 mg, 0.54 mmol, 1.2 eq.) were added under 

a positive anhydrous nitrogen pressure. The reaction mixture was stirred at 75 ÁC for 14h, 

under N2. After cooling to r.t., saturated NH4Cl solution (10 mL) was added and the 

mixture was extracted with EtOAc (3 x 10 mL). The combined organic layers were 

washed with saturated NH4Cl solution (1 x 30 mL), saturated NaHCO3 solution (1 x 30 

mL), and brine (1 x 30 mL) to get rid of DMF. The combined organic layers were dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude was purified by 

column chromatography on silica gel (PE/EtOAc, from 5:1 to 2:1) to give the title 

compound as white solid (89 mg, 70%). 1H NMR (300 MHz, CDCl3) ŭ 8.04 (d, J = 8.2 

Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.19 ï 7.09 (bs, 3H), 7.05 ï 6.94 (m, 1H), 3.93 (s, 3H), 

3.74 (s, 2H), 3.65 (s, 2H), 2.92 (t, J = 5.9 Hz, 2H), 2.76 (t, J = 5.9 Hz, 2H). ESI MS m/z: 

[M+H]+ 282. 



мму 
 

Methyl 3-((3,4-dihydroisoquinolin-2(1H)-yl)methyl)benzoate (77). Starting from 

tetrahydroisoquinoline (63, 60 mg, 0.45 mmol) and methyl 3-(bromomethyl)benzoate 

(75,123 mg, 0.54 mmol), compound 77 was obtained following the procedure described 

for the preparation of 76. Purification by column chromatography on silica gel 

(PE/EtOAc, from 5:1 to 1:1) afforded the title compound as white solid (105 mg, 83% 

yield). 1H NMR (300 MHz, CDCl3) ŭ 8.09 (s, 1H), 7.99 (d, J = 7.6 Hz, 1H), 7.65 (d, J = 

7.5 Hz, 2H), 7.43 (t, J = 7.7 Hz, 2H), 7.19 ï 7.07 (m, 3H), 7.03 ï 6.98 (m, 1H), 3.93 (s, 

3H), 3.75 (s, 2H), 3.66 (s, 2H), 2.93 (t, J = 5.9 Hz, 2H), 2.77 (t, J = 5.9 Hz, 2H). ESI MS 

m/z: [M+H]+ 282. 

 

Ethyl 4-(2-(3,4-dihydroisoquinolin-2(1H)-yl)-2-oxoethyl)benzoate (78). The intermediate 

64 (60 mg, 0.29 mmol, 1.0 eq.) was dissolved in dry DMF (2.9 mL), under N2 and then 

EDCI-HCl (56 mg, 0.29 mmol, 1.0 eq.), HOBt (4 mg, 0.03 mmol, 0.01 eq.), DIPEA (201 

ÕL, 1.15 mmol, 4 eq.) were sequentially added at 0 ÁC. The suspension was stirred at 0 

ÁC for 15 min, before the addition of tetrahydroisoquinoline 63 (36 ÕL, 0.29 mmol, 1.0 

eq.). The reaction was allowed to stir at r.t. for 14h. Subsequently, saturated NH4Cl 

solution (10 mL) was added, and the mixture was extracted with EtOAc (3 x 10 mL). The 

combined organic layers were washed with saturated NH4Cl solution (1 x 30 mL), 

saturated NaHCO3 solution (1 x 30 mL), and brine (1 x 30 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude was purified by column 

chromatography on silica gel (PE/EtOAc, from 3:1 to 1:1) to give the title compound as 

orange oil (74 mg, 80%). 1H NMR (300 MHz, CDCl3) ŭ 7.99 (t, J = 7.3 Hz, 2H), 7.34 (t, 

J = 7.4 Hz, 2H), 7.23 ï 7.09 (m, 3H), 7.12 ï 6.93 (m, 1H), 4.76 (s, 1H), 4.60 (s, 1H), 4.36 

(qd, J = 7.1, 2.1 Hz, 2H), 3.86 (d, J = 5.2 Hz, 3H), 3.65 (t, J = 5.9 Hz, 1H), 2.86 (t, J = 

6.0 Hz, 1H), 2.70 (t, J = 5.9 Hz, 1H), 1.38 (td, J = 7.1, 1.6 Hz, 3H). ESI MS m/z: [M+Na]+ 

346. 

 

Methyl 4-(((3,4-dihydroisoquinolin-2(1H)-yl)sulfonyl)methyl)benzoate (79). To a 

solution of tetrahydroisoquinoline (63, 156 ÕL, 1.25 mmol, 1.0 eq.) and DIPEA (653 ÕL, 

3.75 mmol, 3.0 eq.) in dry DCM, the intermediate 65 (310 mg, 1.25 mmol, 1.0 eq.) was 

added portionwise. The mixture was stirred at r.t, under N2, for 14 h. After that, solvent 

was removed under reduced pressure, and the crude was purified by column 

chromatography on silica gel (PE/EtOAc, from 6:1 to 3:1) furnishing the title compound 

as yellow solid (213 mg, 49 % yield). 1H NMR (300 MHz, CDCl3) ŭ 7.99 (d, J = 8.3 Hz, 

2H), 7.43 (d, J = 8.2 Hz, 2H), 7.22 ï 7.14 (m, 2H), 7.13 ï 7.07 (m, 1H), 7.01 ï 6.90 (m, 

1H), 4.36 (s, 2H), 4.31 (s, 2H), 3.93 (s, 3H), 3.41 (t, J = 5.9 Hz, 2H), 2.79 (t, J = 6.0 Hz, 

2H). ESI MS m/z: [M+Na]+ 367. 

 

4-(((3,4-Dihydroisoquinolin-2(1H)-yl)sulfonyl)methyl)benzoic acid (80). To a solution of 

79 (213 mg, 0.616 mmol, 1.0 eq.) in MeOH (6.16 mL), 4 M NaOH aqueous solution was 

added (1.54 mL, 6.16 mmol, 10 eq.). The mixture was stirred at 80 ÁC for 2 h, and after 

that was quenched with 1 N HCl until the pH was around 5. After that MeOH was 

removed under reduced pressure, and the residual aqueous phase was extracted with 

EtOAc (1 x 10 mL). The combined organic layers were dried over anhydrous Na2SO4, 

filtered, and concentrated in vacuo, affording the title compound as yellowish solid (158 

mg, 77%). 1H NMR (300 MHz, CD3OD) ŭ 7.94 (d, J = 7.8 Hz, 2H), 7.47 (d, J = 7.9 Hz, 

2H), 7.13 (s, 3H), 7.01 (s, 1H), 4.46 (s, 2H), 4.36 (s, 2H), 3.43 (t, J = 6.0 Hz, 2H), 2.80 

(t, J = 6.2 Hz, 2H). ESI MS m/z: [M]- 330. 

 



ммф 
 

(Ñ)-Tetrahydro-2H-pyran-2-yl 4-(((3,4-dihydroisoquinolin-2(1H)-

yl)sulfonyl)methyl)benzoate ((Ñ)-81). To a solution of 80 (60 mg, 0.18 mmol, 1.0 eq.) in 

dry THF (3 mL), PyBOP (140 mg, 0.27 mmol, 1.5 eq.), and DIPEA (94 ÕL, 0.54 mmol, 

3.0 eq.) were added at r.t. The mixture was stirred for 15 minutes before the addition of 

NH2OTHP (114 mg, 0.22 mmol, 1.2 eq.). Then, the reaction mixture was stirred at r.t. 

under N2, for 14 h, and then solvent was removed under reduced pressure. The residue 

was diluted with EtOAc (10 mL), and then extracted with saturated NaHCO3 solution (3 

x 10 mL). The organic phase was dried over anhydrous Na2SO4, filtered and concentrated 

in vacuo. The crude was purified by column chromatography on silica gel (PE/EtOAc, 

from 2:1 to 1:2) furnishing the title compound as yellow solid (35 mg, 45%). 1H NMR 

(300 MHz, CDCl3) ŭ 7.69 (d, J = 8.1 Hz, 2H), 7.40 (d, J = 8.1 Hz, 2H), 7.21 ï 7.10 (m, 

2H), 7.13 ï 7.04 (m, 1H), 7.00 ï 6.90 (m, 1H), 5.07 (t, J = 2.9 Hz, 1H), 4.34 (s, 2H), 4.26 

(s, 2H), 4.06 ï 3.93 (m, 1H), 3.72 ï 3.59 (m, 1H), 3.41 (t, J = 6.0 Hz, 2H), 2.80 (t, J = 6.0 

Hz, 2H), 1.96 ï 1.75 (m, 3H), 1.75 ï 1.52 (m, 3H). ESI MS m/z: [M+Na]+ 453. 

 

Methyl 4-((1,2,3,4-tetrahydroisoquinoline-2-carboxamido)methyl)benzoate (82).To a 

solution of tetrahydroisoquinoline (63, 76 ÕL, 0.607 mmol, 1.0 eq.) and methyl-4-

isocyanatobenzoate (348 mg, 1.82 mmol, 3.0 eq.) in dry THF (12 mL), TEA (367 ÕL, 

3.64 mmol, 6.0 eq.) was added dropwise. The solution was stirred at r.t. under N2 for 14 

h, and after that, solvent was removed under reduced pressure. The crude was purified by 

column chromatography on silica gel (PE/EtOAc, from 5:1 to 1:1) to furnish title 

compound as white solid (143 mg, 73% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.91 (d, J 

= 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.20 ï 7.07 (m, 3H), 7.06 ï 6.99 (m, 2H), 5.65 ï 

5.50 (bs, 1H), 4.55 (s, 2H), 4.45 (d, J = 5.7 Hz, 2H), 3.86 (s, 3H), 3.62 (t, J = 5.9 Hz, 2H), 

2.81 (t, J = 5.9 Hz, 2H). ESI MS m/z: [M+Na]+ 347. 

 

Methyl 3-((1,2,3,4-tetrahydroisoquinoline-2-carboxamido)methyl)benzoate (83). 

Starting from tetrahydroisoquinoline (63, 76 ÕL, 0.607 mmol) and methyl-3-

isocyanatobenzoate (35 mg, 1.82 mmol), compound 83 was obtained following the 

procedure described for the preparation of 82. Purification by column chromatography 

on silica gel (PE/EtOAc, from 4:1 to 1:1) afforded the title compound as white solid (85 

mg, 43 %yield). 1H NMR (300 MHz, CDCl3) ŭ 7.98 (s, 1H), 7.96 ï 7.88 (m, 1H), 7.59 ï 

7.50 (m, 1H), 7.39 (td, J = 7.7, 1.9 Hz, 1H), 7.22 ï 7.14 (m, 3H), 7.14 ï 7.07 (m, 1H), 

5.04 (t, J = 5.6 Hz, 1H), 4.57 (s, 2H), 4.51 (d, J = 5.7 Hz, 2H), 3.90 (s, 3H), 3.64 (t, J = 

5.9 Hz, 2H), 2.88 (t, J = 5.7 Hz, 2H). ESI MS m/z: [M+Na]+ 347. 

 

4-((3,4-Dihydroisoquinolin-2(1H)-yl)methyl)-N-hydroxybenzamide (31a). To a solution 

of 76 (50 mg, 0.17 mmol, 1.0 eq.) in MeOH (10 mL), a 4 M KOH methanolic solution 

(2.15 mL, 8.63 mmol, 50 eq.) was added dropwise at 0 °C, followed by the addition of 

NH2OH aqueous solution (50% m/V, 1.14, 17.3 mmol, 100 eq.). The reaction mixture 

was stirred at r.t. for 3 h, and then 6N HCl solution was added until the pH was around 6. 

Subsequently, solvents were removed in vacuo. The crude was purified column 

chromatography on silica gel (DCM/MeOH/NH4OH, from 50:1:0 to 10:1:0.1) to afford 

the title compound as orange oil (40 mg, 82% yield). %). 1H NMR (300 MHz, CD3OD) 

ŭ 7.84 ï 7.66 (bs, 1H), 7.57 ï 7.38 (bs, 2H), 7.13 ï 7.00 (m, 3H), 7.00 ï 6.89 (m, 1H), 

3.72 (s, 2H), 3.60 (s, 2H), 2.97 ï 2.82 (bs, 1H), 2.82 ï 2.63 (bs, 1H). 13C NMR (75 MHz, 

CD3OD) ŭ 166.6, 141.3, 133.9, 133.7, 131.3, 129.4, 128.3, 126.8, 126.2, 126.1, 125.5, 

61.7, 55.6, 50.3, 28.2. ESI MS m/z: [M+H] + 283. 
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3-((3,4-Dihydroisoquinolin-2(1H)-yl)methyl)-N-hydroxybenzamide (31b). Starting from 

77 (105 mg, 0.37 mmol), the title compound was obtained following the procedure 

described for the preparation of 31a. The crude was purified by column chromatography 

on silica gel (DCM/MeOH/ NH4OH, from 30:1:0 to 10:1:0.1) affording the title 

compound as orange oil (42 mg, 40% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.25 ï 

11.16 (bs, 1H), 9.11 ï 8.90 (bs, 1H), 7.76 (s, 1H), 7.65 (d, J = 7.2 Hz, 1H), 7.49 (d, J = 

7.2 Hz, 1H), 7.40 (t, J = 7.5 Hz, 1H), 7.13 ï 7.00 (m, 3H), 7.02 ï 6.90 (m, 1H), 3.68 (s, 

2H), 3.54 (s, 2H), 2.80 (s, 2H), 2.68 (s, 2H). ESI MS m/z: [M+H]+ 282. 

 

4-(2-(3,4-Dihydroisoquinolin-2(1H)-yl)-2-oxoethyl)-N-hydroxybenzamide (31c). Starting 

from 78 (74 mg, 0.23 mmol), the title compound was obtained following the procedure 

described for the preparation of 31a. The crude was purified by column chromatography 

on silica gel (DCM/MeOH/ NH4OH, from 20:1:0 to 10:1:0.1) affording the title 

compound as orange oil (21 mg, 30% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.14 (s, 

1H), 8.97 (s, 1H), 7.71 ï 7.61 (m, 2H), 7.42 ï 7.23 (bs, 2H), 7.14 (d, J = 6.0 Hz, 4H), 4.66 

(d, J = 31.9 Hz, 2H), 3.84 (s, 2H), 3.77 ï 3.59 (m, 2H), 2.81 ï 2.64 (bs, 2H). 13C NMR 

(75 MHz, DMSO-d6) ŭ 164.7, 139.0, 135.0, 134.4, 133.3, 132.0, 128.9, 128.8, 127.9, 

126.8, 126.5, 126.0, 126.0, 61.9, 55.7, 50.6, 29.0. ESI MS m/z: [M+Na]+ 333. 

 

4-(((3,4-Dihydroisoquinolin-2(1H)-yl)sulfonyl)methyl)-N-hydroxybenzamide (31d). A 

solution of 81 (0.08 mmol, 1.0 eq.) in MeOH (810 ÕL) was cooled down to 0 ÁC, and then 

was treated with 1N HCl (406 ÕL, 0.81 mmol, 10.0 eq). The mixture was allowed to stir 

at r.t. for 3 h until the full conversion of the starting material. After that, solvent was 

removed under reduced pressure, and the crude was purified by column chromatography 

on silica gel (CHCl3/MeOH, from 30:1 to 10:1) affording the title compound as pinkish 

solid (24 mg, 85% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.30 ï 11.03 (bs, 1H), 9.14 

ï 8.91 (bs, 1H), 7.68 (d, J = 7.8 Hz, 2H), 7.42 (d, J = 7.9 Hz, 2H), 7.19 ï 7.03 (m, 4H), 

4.51 (s, 2H), 4.34 (s, 2H), 3.35 (t, J = 5.8 Hz, 2H), 2.77 (t, J = 5.8 Hz, 2H). 13C NMR (75 

MHz, DMSO-d6) ŭ 164.3, 133.8, 133.0, 132.7, 131.3, 129.3, 127.3, 127.1, 126.7, 126.6, 

54.8, 47.1, 43.6, 28.9. ESI MS m/z: [M+H]- 345. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-3,4-dihydroisoquinoline-2(1H)-carboxamide (31e). 

Starting from 82 (45 mg, 0.36 mmol), the title compound was obtained following the 

procedure described for the preparation of 31a. The crude was purified by column 

chromatography on silica gel (DCM/MeOH/ NH4OH, from 30:1:0 to 10:1:0.1) affording 

the title compound as white solid (30 mg, 67% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 

11.19 ï 11.01 (m, 1H), 9.02 ï 8.84 (m, 1H), 7.65 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.2 Hz, 

2H), 7.24 ï 7.06 (m, 4H), 4.51 (s, 2H), 4.28 (d, J = 5.7 Hz, 2H), 3.57 (t, J = 5.9 Hz, 2H), 

2.77 (t, J = 5.9 Hz, 2H). 13C NMR (75 MHz, DMSO-d6) ŭ 169.4, 162.5, 149.6, 140.0, 

139.3, 136.2, 133.8, 132.0, 131.9, 131.4, 131.4, 131.2, 50.5, 48.5, 46.2, 33.4. ESI MS 

m/z: [M+H]- 324. 

 

N-(3-(Hydroxycarbamoyl)benzyl)-3,4-dihydroisoquinoline-2(1H)-carboxamide (31f). 

Starting from 83 (22 mg, 0.06 mmol), the title compound was obtained following the 

procedure described for the preparation of 31a. The crude was purified by column 

chromatography on silica gel (DCM/MeOH/ NH4OH, from 20:1:0 to 9:1:0.1) affording 

the title compound as white solid (9 mg, 45% yield). 1H NMR (300 MHz, CD3OD) ŭ 7.72 

ï 7.66 (BS, 1H), 7.59 (d, J = 7.1 Hz, 1H), 7.52 ï 7.44 (m, 1H), 7.43 ï 7.36 (m, 1H), 4.58 

(s, 2H), 4.43 (s, 2H), 3.69 ï 3.60 (bs, 2H), 2.91 ï 2.82 (bs, 2H). 13C NMR (75 MHz, 
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CD3OD) ŭ 166.9, 158.6, 141.0, 134.8, 133.3, 132.3, 130.2, 128.3, 128.1, 126.3, 126.0, 

125.9, 125.5, 125.2, 45.2, 43.6, 41.2, 28.4. ESI MS m/z: [M+H]- 324. 

 

N-(4-(Hydrazinecarbonyl)benzyl)-3,4-dihydroisoquinoline-2(1H)-carboxamide (31g).To 

a solution of 82 (50 mg, 0.15 mmol, 1.0 eq) in EtOH (308 ÕL), hydrazine monohydrate 

(75 ÕL, 1.50 mmol, 10.0 eq) was added. The mix was refluxed at 80 ÁC for 14 h. After 

that, EtOH was removed under reduced pressure, and the crude was purified by column 

chromatography on silica gel (DCM/MeOH, from 60:1 to 10:1) affording the title 

compound as colourless oil (28 mg, 56% yield). 1H NMR (300 MHz, CD3OD) ŭ 7.69 (d, 

J = 7.9 Hz, 2H), 7.34 (d, J = 7.8 Hz, 2H), 7.17 ï 7.02 (m, 4H), 4.53 (s, 2H), 4.41 (s, 2H), 

3.59 (t, J = 5.9 Hz, 2H), 2.79 (t, J = 6.0 Hz, 2H). ESI MS m/z: [M+H]+ 325. 

  

N-(4-(2-Ethylhydrazine-1-carbonyl)benzyl)-3,4-dihydroisoquinoline-2(1H)-

carboxamide (31h). To a solution of 31g (63 mg, 0.19 mmol, 1.0 eq.) in MeOH (9.7 mL), 

MgSO4 (467, mg, 3.88 mmol, 20 eq.) was added, and the suspension was stirred for 30 

minutes at r.t., before the addition of acetaldehyde (22 ÕL, 0.39 mmol, 2.2 eq.) at 0 ÁC. 

The mixture was allowed to stir for additional 3 h until the complete conversion of the 

starting material. MgSO4 was filtered through a paper filter, then the solvent and the 

unreacted volatile acetaldehyde were removed under reduced pressure. The residue was 

dissolved in MeOH (3 mL) followed by the addition of NaBH3CN (1.20 g, 20 mmol). 

The mixture was stirred for 4 h, quenched with few drops of saturated NaHCO3 solution, 

and then dried in vacuo. The crude was purified by column chromatography on silica gel 

(DCM/MeOH, from 60:1 to 20:1) affording the title compound as white solid (45 mg, 

66% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 7.83 ï 7.67 (m, 2H), 7.36 (d, J = 7.7 Hz, 

2H), 7.24 ï 7.04 (m, 4H), 4.55 (s, 2H), 4.42 (s, 2H), 3.62 (s, 2H), 2.84 (s, 1H), 1.29 ï 1.15 

(m, 2H), 1.12 ï 1.04 (m, 3H). 13C NMR (75 MHz, DMSO-d6) ŭ 165.6, 157.3, 144.5, 

134.8, 134.2, 131.4, 128.6, 127.0, 126.8, 126.2, 126.2, 126.0, 50.4, 45.3, 43.3, 41.0, 28.2, 

20.9. ESI MS m/z: [M+H]+ 353. 

 

10.3 Experimental section of spiro-THIQ-based HDAC6is 32a-i and 33a-h 

 

10.3.1. General procedure for the synthesis of compounds 92a-g, 96, and 97 (GP1) 

(i) CCR. A suspension of homophthalic anhydride (87, 1.0 eq.), appropriate ketone (1.0 

eq.) and ammonium acetate (2.0 eq.) in acetonitrile (0.20 M) were placed in a tube which 

was sealed with a silicone/poly(tetrafluoroethylene) (PTFE) cap and heated at 80 ÁC for 

14 h by a metal heating block. The reaction was cooled to r.t., and monitored by TLC and 

ESI-MS analysis which revealed the formation of the CCR product. After that, solvent 

was removed under reduced pressure. For compounds 92a-c, and 92g, the residue was 

suspended in DCM, and treated with the smallest volume of saturated sodium bicarbonate 

solution required for the neutralization of the carboxylic acid. The biphasic system was 

carefully shaken and poured in a separatory funnel. The aqueous layer was separated, 

while the organic phase was extracted with fresh saturated sodium bicarbonate solution 

(3 x 10 mL). The aqueous layers were combined, and then 12 N HCl solution was added 

dropwise at 0 ÁC, until the pH was 2-3. The resulting precipitate was filtered under 

vacuum, washed several times with water, and dried in air. For compounds 92d-f, 96, and 

97, the CCR crude was not subjected to the acid-base extraction, but was used as such in 

the next step without any purification. 

(ii) Decarboxylation step. The resulting CCR crude was dissolved in DMSO (0.5 M) in 

the presence of potassium carbonate (2.0 eq), and then the mixture was stirred at 175 ÁC 
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for 1.5 h. After being cooled to r.t., the reaction mixture was diluted with water (0.05 M), 

stirred at room temperature for 30 min, and then extracted with DCM (3x). The combined 

organic layers were washed with brine (2x), dried over anhydrous sodium sulfate, filtered, 

and dried in vacuo to afford the isoquinolones 92a-c, and 92g. In the case of compounds 

92d-f, 96, and 97, purification by column chromatography on silica gel was required to 

obtain the pure lactams. 

 

3,3-Dimethyl-3,4-dihydroisoquinolin-1(2H)-one (92a). Starting from homophthalic 

anhydride (87, 324 mg, 2.0 mmol), acetone (88a, 741 ɛL, 10.0 mmol.) and ammonium 

acetate (308 mg, 4.0 mmol) in acetonitrile (10 mL), the CCR product was obtained 

following the method (i) described in the general procedure GP1; the subsequent 

decarboxylation (ii) was conducted in DMSO (4 mL), in the presence of potassium 

carbonate (553 mg, 4.0 mmol), affording the title compound as white solid, without any 

purification (150 mg, 43% yield overall two steps). 1H NMR (300 MHz, CDCl3) ŭ 7.96 

(dd, J = 7.6, 1.5 Hz, 1H), 7.43 (s, 1H), 7.31 (td, J = 7.4, 1.5 Hz, 1H), 7.21 (td, J = 7.5, 1.3 

Hz, 1H), 7.06 (d, J = 7.2 Hz, 1H), 2.78 (s, 2H), 2.50 (s, 1H), 1.21 (s, 6H). 

 

2'H-Spiro[cyclopentane-1,3'-isoquinolin]-1'(4'H)-one (92b). Starting from homophthalic 

anhydride (87, 324 mg, 2.0 mmol), cyclopentanone (88b,177 ɛL, 2.0 mmol) and 

ammonium acetate (308 mg, 4.0 mmol) in acetonitrile (10 mL), the CCR product was 

obtained following the method (i) described in the general procedure GP1; the subsequent 

decarboxylation (ii) was conducted in DMSO (4 mL), in the presence of potassium 

carbonate (553 mg, 4.0 mmol). The crude was purified by column chromatography on 

silica gel (PE/EtOAc, from 4:1 to 2:1) to afford the title compound as yellow solid (254 

mg, 58% yield overall two steps). 1H NMR (300 MHz, CDCl3) ŭ 8.01 (d, J = 7.9 Hz, 1H), 

7.63 (s, 1H), 7.38 (td, J = 7.4, 1.5 Hz, 1H), 7.28 (t, J = 7.3 Hz, 1H), 7.14 (d, J = 7.4 Hz, 

1H), 2.92 (s, 2H), 1.89 ï 1.56 (m, 8H). 

 

2'H-Spiro[cyclohexane-1,3'-isoquinolin]-1'(4'H)-one (92c). Starting from homophthalic 

anhydride (87, 400 mg, 2.5 mmol), cyclohexanone (88c, 255 ɛL, 2.5 mmol) and 

ammonium acetate (379 mg, 4.9 mmol) in acetonitrile (12.5 mL), the CCR product was 

obtained following the method (i) described in the general procedure GP1; the subsequent 

decarboxylation (ii) was conducted in DMSO (5 mL), in the presence of potassium 

carbonate (680 mg, 4.9 mmol). The crude was purified by column chromatography on 

silica gel (PE/EtOAc, from 4:1 to 2:1) to afford the title compound as white solid (297 

mg, 56% yield overall two steps). 1H NMR (300 MHz, CDCl3) ŭ 8.02 (dd, J = 7.6, 1.4 

Hz, 1H), 7.41 (t, J = 7.4 Hz, 1H), 7.31 (t, J = 7.5 Hz, 1H), 7.16 (d, J = 7.4 Hz, 1H), 6.50 

(s, 1H), 2.92 (s, 2H), 1.63 ï 1.43 (m, 10H). 

 

(Ñ)-tert-Butyl 1-oxo-1,4-dihydro-2H-spiro[isoquinoline-3,3'-pyrrolidine-1'-carboxylate 

(92d). Starting from homophthalic anhydride (87, 324 mg, 2.0 mmol), N-Boc-3-

pyrrolidinone (88d, 370 mg, 2.0 mmol) and ammonium acetate (308 mg, 4.0 mmol) in 

acetonitrile (10 mL), the CCR product was obtained ollowing the method (i) described in 

the general procedure GP1; the subsequent decarboxylation (ii) was conducted in DMSO 

(4 mL), in the presence of potassium carbonate (553 mg, 4.0 mmol). The crude was 

purified by column chromatography on silica gel (PE/EtOAc, from 2:1 to 0:1) to afford 

the title compound as brownish solid (181 mg, 30% overall two steps). 1H NMR (300 

MHz, CDCl3) ŭ 8.10 ï 8.00 (bs, 1H), 7.52 ï 7.30 (m, 2H), 7.26 ï 7.07 (m, 2H), 3.65 ï 

3.45 (m, 2H), 3.40 (d, J = 15.8 Hz, 2H), 3.05 (dd, J = 16.5, 9.7 Hz, 2H), 2.13 ï 1.89 (m, 

2H), 1.43 (s, 9H). 
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1'-Methyl-2H-spiro[isoquinoline-3,4'-piperidin]-1(4H)-one (92e). Starting from 

homophthalic anhydride (87, 400 mg, 2.5 mmol), 1-methylpiperidin-4-one (88e, 303 ɛL, 

2.5 mmol) and ammonium acetate (379 mg, 4.9 mmol) in acetonitrile (12.5 mL), the CCR 

product was following the method (i) described in the general procedure GP1; the 

subsequent decarboxylation (ii) was conducted in DMSO (5 mL), in the presence of 

potassium carbonate (680 mg, 4.9 mmol). The crude was purified by column 

chromatography on silica gel (DCM/ MeOH/NH4OH, from 10:1:0 to 10:1:0.1) to afford 

the title compound as yellow ochre solid (228 mg, 40% yield overall two steps). 1H NMR 

(300 MHz, CDCl3) ŭ 8.01 (dd, J = 7.6, 1.5 Hz, 1H), 7.43 (td, J = 7.5, 1.5 Hz, 1H), 7.32 

(td, J = 7.5, 1.3 Hz, 1H), 7.18 (d, J = 8.0 Hz, 1H), 6.55 (s, 1H), 2.93 (s, 2H), 2.60 ï 2.46 

(m, 2H), 2.45 ï 2.31 (m, 2H), 2.29 (s, 3H), 1.81 ï 1.71 (m, 4H). 

 

1'-Benzyl-2H-spiro[isoquinoline-3,4'-piperidin]-1(4H)-one (92f). Starting from 

homophthalic anhydride (87, 770 mg, 4.75 mmol), 1-benzylpiperidin-4-one (88f, 861 mg, 

4.75 mmol) and ammonium acetate (732 mg, 9.5 mmol) in acetonitrile (24 mL), the CCR 

product was obtained ollowing the method (i) described in the general procedure GP1; 

the subsequent decarboxylation (ii) was conducted in DMSO (9.5 mL), in the presence of 

potassium carbonate (1.312 g, 9.5 mmol). The crude was purified by column 

chromatography on silica gel (DCM/ MeOH, from 50:1 to 20:1) to afford the title 

compound as brownish solid (1.009 g, 69% overall two steps). 1H NMR (300 MHz, 

CDCl3) ŭ 8.04 (dd, J = 7.7, 1.5 Hz, 1H), 7.45 (td, J = 7.5, 1.5 Hz, 1H), 7.38 ï 7.21 (m, 

6H), 7.19 (d, J = 7.5 Hz, 1H), 6.31 (s, 1H), 3.54 (s, 2H), 2.95 (s, 2H), 2.65 ï 2.51 (m, 2H), 

2.49 ï 2.36 (m, 2H), 1.75 (t, J = 5.6 Hz, 4H). 

 

2',3',5',6'-Tetrahydro-2H-spiro[isoquinoline-3,4'-pyran]-1(4H)-one (92g). Starting from 

homophthalic anhydride (87, 324 mg, 2.0 mmol), tetrahydro-4H-pyran-4-one (88g, 186 

ɛL, 2.0) and ammonium acetate (379 mg, 4.9 mmol) in acetonitrile (12.5 mL), the CCR 

product was obtained ollowing the method (i) described in the general procedure GP1; 

the subsequent decarboxylation (ii) was conducted in DMSO (5 mL), in the presence of 

potassium carbonate (680 mg, 4.9 mmol), affording the title compound as beige solid, 

without any purification by column chromatography (290 mg, 67% yield overall two 

steps). 1H NMR (300 MHz, CDCl3) ŭ 8.35 ï 7.92 (m, 2H), 7.58 ï 7.24 (m, 2H), 7.18 (s, 

1H), 3.78 (d, J = 33.2 Hz, 4H), 2.96 (s, 2H), 1.74 (s, 4H). 

 

1',2-Dibenzyl-2H-spiro[isoquinoline-3,4'-piperidin]-1(4H)-one (96). Starting from 

homophthalic anhydride (87, 289 mg, 1.8 mmol), 1-benzylpiperidin-4-one (88f, 337 mg, 

1.8 mmol) and benzylamine (194 ɛL, 1.8 mmol) in acetonitrile (8.9 mL), the CCR product 

was obtained following the general procedure GP1 (i); the subsequent decarboxylation 

(ii) was conducted in DMSO (1.8 mL), in the presence of potassium carbonate (491 mg, 

3.56 mmol). The crude was purified by column chromatography on silica gel 

(DCM/MeOH, from 60:1 to 20:1) to afford the title compound as brownish solid (251 

mg, 63% overall two steps). 1H NMR (300 MHz, Acetone-d6) ŭ 8.03 (d, J = 7.5 Hz, 1H), 

7.50 (t, J = 7.5 Hz, 1H), 7.44 ï 7.14 (m, 12H), 4.95 (s, 2H), 3.49 (s, 2H), 3.26 (s, 2H), 

2.70 ï 2.61 (m, 2H), 2.25 (t, J = 12.1 Hz, 2H), 2.10 ï 2.00 (m, 2H), 1.48 (d, J = 12.7 Hz, 

2H). 

 

tert-Butyl 2-(4-chlorobenzyl)-1-oxo-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidine]-

1'-carboxylate (97). Starting from homophthalic anhydride (87, 324 mg, 2.0 mmol), 1-

Boc-4-piperidone (398 mg, 2.0 mmol) and (242 ɛL, 4.0 mmol) in acetonitrile (10 mL), 

the CCR product was obtained following the method (i) described in the general 
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procedure GP1; the subsequent decarboxylation (ii) was conducted in DMSO (4 mL), in 

the presence of potassium carbonate (553 mg, 4.0 mmol). The crude was purified by 

column chromatography on silica gel (PE/EtOAc, from 6:1 to 2:1) to afford the title 

compound as yellow solid (145 mg, 16% yield overall two steps). 1H NMR (300 MHz, 

CDCl3) ŭ 8.10 (dd, J = 7.7, 1.5 Hz, 1H), 7.45 (td, J = 7.4, 1.5 Hz, 1H), 7.37 (td, J = 7.6, 

1.4 Hz, 1H), 7.28 ï 7.14 (m, 6H), 4.83 (s, 2H), 4.10 ï 3.86 (m, 2H), 3.69 (t, J = 6.2 Hz, 

1H), 3.16 (s, 2H), 2.82 (t, J = 13.2 Hz, 2H), 2.42 (t, J = 6.2 Hz, 1H), 1.87 ï 1.73 (m, 2H), 

1.42 (s, 9H). 

 

10.3.2. General procedure for the synthesis of compounds 93a-g, 100, and 101 (GP2) 

To a suspension of lithium aluminium hydride (3.5 eq. or 5 eq.) in anhydrous 1,4-dioxane 

(3.5 M), prepared in a two-neck round-bottom flask at 0 ÁC, under N2, a solution of the 

appropriate isoquinolone (92a-g, 96, and 97, 1.0 eq., 0.25 M) was added dropwise. The 

mixture (0.25 M) was refluxed at 110 ÁC for 16 h. Upon cooling to 0 ÁC, the reaction was 

carefully quenched by dropwise addition of water, and then extracted with EtOAc (3x). 

The organic layers were collected, washed with brine (1x), dried over anhydrous sodium 

sulfate, filtered, and dried in vacuo. The crude was purified by column chromatography 

on silica gel (EtOAc/MeOH or DCM/MeOH/NH4OH) to afford the title compound.  

 

3,3-Dimethyl-1,2,3,4-tetrahydroisoquinoline (93a). According to the general procedure 

GP2, the title compound was obtained by reducing the isoquinolone 92a (150 mg, 0.86 

mmol) with LiAlH4 (114 mg, 3.0 mmol) in anhydrous 1,4-dioxane (4.3 mL). The crude 

was filtered through a small plug of silica gel with EtOAc to give the desired 

tetrahydroisoquinoline as yellow oil (140 mg, quantitative yield). 1H NMR (300 MHz, 

CDCl3) ŭ 7.15 ï 7.06 (m, 2H), 7.06 ï 6.97 (m, 2H), 4.02 (s, 2H), 3.41 ï 3.35 (bs, 1H), 

2.63 (s, 2H), 1.18 (s, 6H).  

 

1',4'-Dihydro-2'H-spiro[cyclopentane-1,3'-isoquinoline] (93b). According to the general 

procedure GP2, the title compound was obtained by reducing the isoquinolone 92b (150 

mg, 0.74 mmol) with LiAlH4 (99 mg, 2.61 mmol) in anhydrous 1,4-dioxane (3.7 mL). 

The crude was filtered through a small plug of silica gel with a mixture of EtOAc/MeOH 

10:1 to give the desired tetrahydroisoquinoline as orange oil (119 mg, 85% yield). 1H 

NMR (300 MHz, CDCl3) ŭ 7.19 ï 7.06 (m, 2H), 7.08 ï 6.96 (m, 2H), 4.02 (s, 2H), 2.70 

(s, 2H), 2.22 ï 2.06 (bs, 1H), 1.89 ï 1.43 (m, 8H). 

 

1',4'-Dihydro-2'H-spiro[cyclohexane-1,3'-isoquinoline] (93c). According to the general 

procedure GP2, the title compound was obtained by reducing the isoquinolone 92c (150 

mg, 0.70 mmol) with LiAlH4 (92 mg, 2.44 mmol) in anhydrous 1,4-dioxane (3.5 mL). 

The crude was filtered through a small plug of silica gel with EtOAc to give the desired 

tetrahydroisoquinoline as yellow solid (144 mg, quantative yield). 1H NMR (300 MHz, 

CDCl3) ŭ 7.20 ï 7.04 (m, 2H), 7.11 ï 6.96 (m, 2H), 4.00 (s, 2H), 2.64 (s, 2H), 1.99 ï 1.75 

(bs, 1H), 1.74 ï 1.30 (m, 10H). 

 

(Ñ)-1'-Methyl-1,4-dihydro-2H-spiro[isoquinoline-3,3'-pyrrolidine] (93d). According to 

the general procedure GP2, the title compound was obtained by reducing the isoquinolone 

92d (142.0 mg, 0.47 mmol) with LiAlH4 (89 mg, 2.35 mmol) in anhydrous 1,4-dioxane 

(2.4 mL). The crude was filtered through a small plug of silica gel with 

DCM/MeOH/NH4OH, 10:1:0.1 to give the desired tetrahydroisoquinoline as orange oil 

(56 mg, 59% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.18 ï 7.02 (m, 2H), 7.10 ï 6.94 (m, 
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2H), 4.07 (s, 2H), 2.84 ï 2.77 (m, 1H), 2.75 ï 2.70 (m, 1H), 2.62 ï 2.55 (m, 2H), 2.42 (d, 

J = 9.4 Hz, 2H), 2.33 (s, 3H), 1.95 ï 1.69 (m, 2H). 

 

1'-Methyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidine] (93e). According to the 

general procedure GP2, the title compound was obtained by reducing the isoquinolone 

92e (70 mg, 0.304 mmol) with LiAlH4 (40 mg, 1.06 mmol) in anhydrous 1,4-dioxane (1.5 

mL). The crude was purified by column chromatography on silica gel (DCM/ 

MeOH/NH4OH, from 30:1:0 to 10:1:0.1) to give the desired tetrahydroisoquinoline as 

yellow oil (55 mg, 83% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.08 ï 6.95 (m, 2H), 7.01 

ï 6.86 (m, 2H), 3.87 (s, 2H), 2.53 (s, 2H), 2.50 ï 2.32 (m, 5H), 2.25 (s, 3H), 1.67 ï 1.47 

(m, 4H). 

 

1'-Benzyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidine] (93f). According to the 

general procedure GP2, the title compound was obtained by reducing the isoquinolone 

92f (500 mg, 1.63 mmol) with LiAlH4 (309 mg, 1.63 mmol) in anhydrous 1,4-dioxane 

(8.2 mL). The crude was purified by column chromatography on silica gel (DCM/ MeOH, 

from 40:1 to 10:1) to give the desired tetrahydroisoquinoline as yellow oil (420 mg, 89% 

yield). 1H NMR (300 MHz, CDCl3) ŭ 7.40 ï 7.20 (m, 5H), 7.21 ï 7.06 (m, 2H), 7.12 ï 

6.97 (m, 2H), 4.97 ï 4.90 (bs, 1H), 4.06 (s, 2H), 3.59 (s, 2H), 2.76 (s, 2H), 2.63 (dt, J = 

11.9, 5.4 Hz, 2H), 2.50 (dt, J = 11.3, 5.1 Hz, 2H), 1.81 ï 1.66 (m, 4H). 

 

1,2',3',4,5',6'-Hexahydro-2H-spiro[isoquinoline-3,4'-pyran] (93g). According to the 

general procedure GP2, the title compound was obtained by reducing the isoquinolone 

92g (220 mg, 1.01 mmol) with LiAlH4 (134 mg, 3.54 mmol) in anhydrous 1,4-dioxane (5 

mL). The crude was filtered through a small plug of silica gel with EtOAc to give the 

desired tetrahydroisoquinoline as light-yellow oil (144 mg, 70% yield). 1H NMR (300 

MHz, CDCl3) ŭ 7.18 ï 7.04 (m, 2H), 7.10 ï 6.96 (m, 2H), 3.99 (s, 2H), 3.91 ï 3.78 (m, 

2H), 3.72 ï 3.59 (m, 2H), 2.68 (s, 2H), 2.41 ï 2.26 (bs, 1H), 1.66 ï 1.53 (m, 4H). 

 

2-Benzyl-2H-spiro[isoquinoline-3,4'-piperidin]-1(4H)-one (98). To a solution of 96 (130 

mg, 0.37 mmol, 1.0 eq.) in MeOH/EtOAc 1:1 (60 mL), a catalytic amount of palladium 

on carbon was added under N2. The reaction mixture was stirred under H2 atmosphere at 

r.t. for 2 h. After that, the catalyst was removed by filtration on a paper filter, and the 

filtrate was concentrated until dryness, affording the title compound as yellowish oil (94 

mg, 84% yield). 1H NMR (300 MHz, Acetone-d6) ŭ 8.03 (d, J = 7.6 Hz, 1H), 7.50 (t, J = 

7.6 Hz, 1H), 7.44 ï 7.15 (m, 7H), 4.95 (s, 2H), 3.29 ï 3.16 (m, 2H), 2.74 ï 2.59 (m, 2H), 

2.34 ï 2.15 (m, 2H), 2.11 ï 1.95 (m, 2H), 1.47 (d, J = 11.6 Hz, 2H). ESI MS m/z: [M+H]+ 

307.  

 

2-Benzyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidine] (100). According to the 

general procedure GP2, the title compound was obtained by reducing the isoquinolone 98 

(94 mg, 0.31 mmol) with LiAlH4 (41 mg, 1.0.7 mmol) in anhydrous 1,4-dioxane (1.6 

mL). The crude was filtered through a small plug of silica gel with DCM/MeOH/NH4OH, 

8:1:0.1 to give the desired tetrahydroisoquinoline as orange oil (62 mg, 69% yield). 1H 

NMR (300 MHz, CDCl3) ŭ 7.42 ï 7.28 (m, 5H), 7.19 ï 7.07 (m, 3H), 6.94 (d, J = 6.9 Hz, 

1H), 3.78 ï 3.68 (m, 4H), 3.66 (s, 2H), 2.93 ï 2.76 (m, 2H), 2.72 (s, 2H), 2.06 ï 1.89 (m, 

2H), 1.72 ï 1.57 (m, 2H). ESI MS m/z: [M+H]+ 293.  

 



мнс 
 

2-(4-Chlorobenzyl)-2H-spiro[isoquinoline-3,4'-piperidin]-1(4H)-one (99). To a solution 

of 97 (145 mg, 0.329 mmol, 1.0 eq) in MeOH (10 mL) a solution of 1N HCl in MeOH 

was dropwise added (3 mL). Solvent was removed under reduced pressure at 40 ÁC, and 

this procedure was repeated for 3 times. The residue was treated with saturated NaHCO3 

solution, and then extracted with DCM (3 x 10 mL). The combined organic layers were 

dried over anhydrous Na2SO4, filtered, and dried in vacuo. Title compound was obtained 

as yellow oil without any further purification (quantitative yield). 1H NMR (300 MHz, 

CDCl3) ŭ 8.09 (dd, J = 7.7, 1.5 Hz, 1H), 7.44 (td, J = 7.4, 1.5 Hz, 1H), 7.35 (td, J = 7.5, 

1.3 Hz, 1H), 7.23 (s, 5H), 4.87 (s, 2H), 3.17 (s, 2H), 2.94 ï 2.83 (m, 2H), 2.74 (td, J = 

12.5, 2.4 Hz, 2H), 1.85 (td, J = 12.8, 4.9 Hz, 2H), 1.55 ï 1.44 (m, 2H). ESI MS m/z: 

[M+H]+ 341. 

 

2-(4-Chlorobenzyl)-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidine] (101). 

According to the general procedure GP2, the title compound was obtained by reducing 

the isoquinolone 97 (112 mg, 0.329 mmol) with LiAlH4 (44 mg, 1.15 mmol) in anhydrous 

1,4-dioxane (1 mL). The crude was filtered through a small plug of silica gel with 

DCM/MeOH/NH4OH, 8:1:0.1 to give the desired tetrahydroisoquinoline as yellow oil 

(75 mg, 70% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.40 ï 7.24 (m, 4H), 7.22 ï 7.05 (m, 

3H), 6.93 (d, J = 6.2 Hz, 1H), 4.59 ï 4.41 (m, 1H), 3.70 (s, 2H), 3.62 (d, J = 2.4 Hz, 2H), 

3.28 ï 3.15 (m, 1H), 2.96 ï 2.82 (m, 1H), 2.71 (s, 2H), 1.94 (d, J = 11.5 Hz, 2H), 1.73 ï 

1.60 (m, 2H), 1.32 ï 1.20 (m, 2H). ESI MS m/z: [M+H]+ 327.  

 

10.3.3 General procedure for the synthesis of compounds 94a-c, 94f,g, and 102 (GP3) 

To a solution of the appropriate tetrahydroisoquinoline (93a-c, 93f,g, and 100, 1.0 eq.) in 

dry DMF (0.1 M) in an oven-dried two-necked round-bottom flask, potassium carbonate 

(3.0 eq) and methyl 4-(bromomethyl)benzoate (1.2 eq.). were added under a positive 

anhydrous nitrogen pressure. The reaction mixture was left under stirring at 75 ÁC for 16 

h, under N2. After cooling to r.t., saturated ammonium chloride solution was added, and 

the mixture was extracted with EtOAc (3x). The combined organic layers were washed 

with saturated ammonium chloride solution (1x), saturated sodium bicarbonate solution 

(1x), and brine (1x) to get rid of DMF. The organic phase was dried over anhydrous 

sodium sulfate, filtered and concentrated in vacuo. The crude was purified by column 

chromatography on silica gel (PE/EtOAc) to give the title compound.  

 

Methyl 4-((3,3-dimethyl-3,4-dihydroisoquinolin-2(1H)-yl)methyl)benzoate (94a). The 

title compound was prepared following the general procedure GP3, starting from 93a (67 

mg, 0.42 mmol), potassium carbonate (172 mg, 1.25 mmol) and methyl 4-

(bromomethyl)benzoate (114 mg, 0.5 mmol) in dry DMF (4.2 mL). The crude was 

purified by column chromatography on silica gel (PE/EtOAc, from 10:1 to 5:1) to furnish 

the desired product as white solid (59 mg, 46% yield). 1H NMR (300 MHz, CDCl3) ŭ 8.02 

(d, J = 7.7 Hz, 2H), 7.51 (d, J = 7.9 Hz, 2H), 7.21 ï 7.05 (m, 3H), 6.93 (d, J = 7.2 Hz, 

1H), 3.93 (s, 3H), 3.79 (s, 2H), 3.63 (s, 2H), 2.82 (s, 2H), 1.24 (s, 6H). 

 

Methyl 4-((1',4'-dihydro-2'H-spiro[cyclopentane-1,3'-isoquinolin]-2'-

yl)methyl)benzoatebenzoate (94b). The title compound was prepared following the 

general procedure GP3, starting from 93b (70 mg, 0.37 mmol), potassium carbonate (155 

mg, 1.12 mmol) and methyl 4-(bromomethyl)benzoate (103 mg, 0.45 mmol) in dry DMF 

(3.7 mL). The crude was purified by column chromatography on silica gel (PE/EtOAc, 

from 10:1 to 5:1) to furnish the desired product as colourless oil (76 mg, 61% yield). 1H 
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NMR (300 MHz, CDCl3) ŭ 8.00 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 7.20 ï 7.06 

(m, 3H), 6.95 (d, J = 7.0 Hz, 1H), 3.92 (s, 3H), 3.74 (s, 2H), 3.69 (s, 2H), 2.78 (s, 2H), 

1.94 ï 1.60 (m, 8H). 

 

Methyl 4-((1',4'-dihydro-2'H-spiro[cyclohexane-1,3'-isoquinolin]-2'-yl)methyl)benzoate 

(94c). The title compound was prepared following the general procedure GP3, starting 

from 93c (80 mg, 0.40 mmol), potassium carbonate (165 mg, 1.19 mmol) and methyl 4-

(bromomethyl)benzoate (104 mg, 0.48 mmol) in dry DMF (4 mL). The crude was purified 

by column chromatography on silica gel (PE/EtOAc, from 10:1 to 6:1) to furnish the 

desired product as light-yellow oil (71 mg, 51% yield). 1H NMR (300 MHz, CDCl3) ŭ 

8.02 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 7.23 ï 7.06 (m, 3H), 6.93 (d, J = 7.4 

Hz, 1H), 3.93 (s, 3H), 3.73 (d, J = 3.3 Hz, 4H), 2.69 (s, 2H), 1.94 ï 1.75 (m, 4H), 1.71 ï 

1.59 (m, 1H), 1.57 ï 1.38 (m, 5H). 

 

Methyl 4-((1'-benzyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidin]-2-

yl)methyl)benzoate (94f). The title compound was prepared following the general 

procedure GP3, starting from 93f (100 mg, 0.34 mmol), potassium carbonate (142 mg, 

1.03 mmol) and methyl 4-(bromomethyl)benzoate (94 mg, 0.41 mmol) in dry DMF (3.4 

mL). The crude was purified by column chromatography on silica gel (DCM/MeOH, 

from 50:1 to 20:1) to furnish the desired product as light-yellow oil (81 mg, 54% yield). 
1H NMR (300 MHz, CDCl3) ŭ 7.99 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 7.38 ï 

7.24 (m, 5H), 7.19 ï 7.05 (m, 3H), 6.91 (d, J = 7.6 Hz, 1H), 3.93 (s, 3H), 3.70 (s, 4H), 

3.64 (s, 2H), 2.81 ï 2.63 (m, 4H), 2.54 ï 2.41 (m, 2H), 2.03 ï 1.89 (m, 2H), 1.69 (ddd, J 

= 13.0, 8.7, 3.3 Hz, 2H). 

 

Methyl 4-((1,2',3',4,5',6'-hexahydro-2H-spiro[isoquinoline-3,4'-pyran]-2-

yl)methyl)benzoate (94g). The title compound was prepared following the general 

procedure GP3, starting from 93g (35 mg, 0.17 mmol), potassium carbonate (71 mg, 0.52 

mmol) and methyl 4-(bromomethyl)benzoate (47 mg, 0.21 mmol) in dry DMF (1.7 mL). 

The crude was purified by column chromatography on silica gel (PE/EtOAc, from 6:1 to 

2:1) to furnish the desired product as yellow oil (42 mg, 70% yield). 1H NMR (300 MHz, 

CDCl3) ŭ 8.00 (d, J = 8.0 Hz, 2H), 7.46 (d, J = 7.9 Hz, 2H), 7.23 ï 7.08 (m, 3H), 6.94 (d, 

J = 5.5 Hz, 1H), 4.08 ï 3.94 (m, 2H), 3.92 (s, 3H), 3.79 ï 3.59 (m, 6H), 2.79 (s, 2H), 2.01 

ï 1.86 (m, 2H), 1.74 ï 1.60 (m, 2H). 

 

Methyl 4-((2-benzyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidin]-1'-

yl)methyl)benzoate (102). The title compound was prepared following the general 

procedure GP3, starting from 100 (31 mg, 0.11 mmol), potassium carbonate (44 mg, 3.18 

mmol) and methyl 4-(bromomethyl)benzoate (29 mg, 0.13 mmol) in dry DMF (1.1 mL). 

The crude was purified by column chromatography on silica gel (DCM/MeOH, from 40:1 

to 10:1) to furnish the desired product as orange oil (34 mg, 70% yield). 1H NMR (300 

MHz, CD3OD) ŭ 8.08 (d, J = 7.7 Hz, 2H), 7.79 (d, J = 7.8 Hz, 2H), 7.29 (dt, J = 11.8, 6.2 

Hz, 4H), 4.58 (s, 2H), 4.45 (s, 2H), 3.90 (s, 3H), 3.58 ï 3.44 (m, 6H), 2.51 ï 2.33 (m, 2H), 

2.20 (d, J = 14.0 Hz, 2H). 

 

Methyl-4-isocyanatobenzoate. To a solution of methyl 4-(aminomethyl)benzoate (1.0 eq) 

in dry dichloromethane (0.2 M), saturated sodium bicarbonate solution were added to 

form a biphasic system. After cooling to 0 ÁC, phosgene (2.0 eq.) was added to the organic 

phase, without stirring. After that, the reaction mixture was stirred at r.t., under N2 for 1 

h, and then the two phases were separated with the dropping funnel. The aqueous layer 
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was extracted with fresh DCM (3 x 100 mL) and the organic layers were combined, dried 

over anhydrous sodium sulfate, filtered and dried in vacuo at 30 ÁC to afford the title 

compound as white solid.  

 

10.3.4 General procedure for the synthesis of compounds 95a-g, 103, and 104(GP4) 

To a solution of the appropriate tetrahydroisoquinoline (93a-g, 100, and 101, 1.0 eq.) and 

methyl-4-isocyanatobenzoate (2.0 eq.) in dry THF (0.1 M), TEA (4.0 eq.) was added 

dropwise. The solution was stirred at r.t., under N2, until the full conversion of the starting 

material (12 h), and after that, the solvent was removed under reduced pressure. The crude 

was purified by column chromatography on silica gel (PE/EtOAc) to furnish the pure 

product.  

 

Methyl 4-((3,3-dimethyl-1,2,3,4-tetrahydroisoquinoline-2-carboxamido)methyl)benzoate 

(95a). The title compound was prepared following the general procedure GP4, starting 

from 93a (98 mg, 0.61 mmol), isocyanate (232 mg, 1.21 mmol), and TEA (254 ɛL, 2.42 

mmol) in dry THF (6.1 mL). The crude was purified by column chromatography on silica 

gel (PE/EtOAc, from 6:1 to 2:1) to give the desired product as white solid (77 mg, 36% 

yield). 1H NMR (300 MHz, CDCl3) ŭ 7.96 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.3 Hz, 2H), 

7.29 ï 7.06 (m, 4H), 4.99 (t, J = 5.7 Hz, 1H), 4.47 (d, J = 5.6 Hz, 2H), 4.41 (s, 2H), 3.88 

(s, 3H), 2.76 (s, 2H), 1.43 (s, 6H). 

 

Methyl 4-((3,3-dimethyl-1,2,3,4-tetrahydroisoquinoline-2-carboxamido)methyl)benzoate 

(95b). Title compound was prepared following the general procedure GP4, starting from 

93b (50 mg, 0.27 mmol), isocyanate (102 mg, 0.53 mmol), and TEA (147 ɛL, 1.06 mmol) 

in dry THF (6.1 mL). The crude was purified by column chromatography on silica gel 

(PE/EtOAc, from 7:1 to 2:1) to give the desired product as light-yellow oil (82 mg, 81% 

yield). 1H NMR (300 MHz, CDCl3) ŭ 7.94 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 

7.24 ï 7.08 (m, 3H), 7.06 (dd, J = 7.0, 1.8 Hz, 1H), 5.05 (t, J = 5.6 Hz, 1H), 4.53 (s, 2H), 

4.43 (d, J = 5.6 Hz, 2H), 3.88 (s, 3H), 2.85 (s, 2H), 2.20 ï 2.05 (m, 2H), 1.88 ï 1.77 (m, 

2H), 1.76 ï 1.55 (m, 4H). 

 

Methyl 4-((1',4'-dihydro-2'H-spiro[cyclohexane-1,3'-isoquinoline]-2'-

carboxamido)methyl)benzoate (95c). The title compound was prepared following the 

general procedure GP4, starting from 93c (43 mg, 0.21 mmol), isocyanate (80 mg, 0.42 

mmol), and TEA (119 ɛL, 0.84 mmol) in dry THF (2.1 mL). The crude was purified by 

column chromatography on silica gel (PE/EtOAc, from 8:1 to 2:1) to give the desired 

product as white oil (75 mg, 90% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.95 (d, J = 8.1 

Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H), 7.27 ï 7.09 (m, 3H), 7.05 (d, J = 6.9 Hz, 1H), 5.09 (t, 

J = 5.7 Hz, 1H), 4.46 ï 4.38 (m, 4H), 3.88 (s, 3H), 2.92 (s, 2H), 2.65 (t, J = 11.1 Hz, 2H), 

1.63 ï 1.39 (m, 6H), 1.35 ï 1.19 (m, 4H). 

 

 

(Ñ)-Methyl 4-((1'-methyl-1,4-dihydro-2H-spiro[isoquinoline-3,3'-pyrrolidine]-2-

carboxamido)methyl)benzoate (95d). The title compound was prepared following the 

general procedure GP4, starting from 93d (56 mg, 0.28 mmol), isocyanate (107 mg, 0.56 

mmol), TEA (154 ɛL, 1.12 mmol) in dry THF (3 mL). The crude was purified by column 

chromatography on silica gel (DCM/MeOH/NH4OH, from 30:1:0 to 10:1:0.1) to give the 

desired product as yellow oil (66 mg, 60% yield). 1H NMR (300 MHz, CDCl3) ŭ 9.18 ï 

9.12 (m, 1H), 7.95 (d, J = 8.1 Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H), 7.24 ï 7.12 (m, 4H), 4.92 
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(d, J = 15.0 Hz, 1H), 4.63 ï 4.20 (m, 3H), 3.87 (s, 3H), 3.08 (d, J = 10.4 Hz, 1H), 3.01 ï 

2.87 (m, 2H), 2.77 (d, J = 14.3 Hz, 1H), 2.33 ï 1.93 (m, 6H), 1.69 ï 1.57 (m, 1H). 

 

Methyl 4-((1'-methyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidine]-2-

carboxamido)methyl)benzoate (95e). The title compound was prepared following the 

general procedure GP4, starting from 93e (55 mg, 0.25 mmol), isocyanate (96 mg, 0.50 

mmol), TEA (141 ɛL, 1.00 mmol) in dry THF (2.5 mL). The crude was purified by 

column chromatography on silica gel (DCM/MeOH/NH4OH, from 30:1:0.1 to 10:1:0.1) 

to give the desired product as orange oil (83 mg, 80% yield). 1H NMR (300 MHz, CDCl3) 

ŭ 7.85 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 7.19 ï 7.00 (m, 3H), 6.98 (d, J = 6.9 

Hz, 1H), 6.03 (t, J = 5.9 Hz, 1H), 4.49 (s, 2H), 4.32 (d, J = 5.8 Hz, 2H), 3.81 (s, 3H), 2.88 

(s, 2H), 2.65 (d, J = 8.3 Hz, 6H), 2.38 (s, 3H), 1.72 ï 1.50 (m, 2H). 

 

Methyl 4-((1'-benzyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidine]-2-

carboxamido)methyl)benzoate (95f). The title compound was prepared following the 

general procedure GP4, starting from 93f (119 mg, 0.41 mmol), isocyanate (156 mg, 0.82 

mmol), TEA (227 ɛL, 1.64 mmol) in dry THF (4.1 mL). The crude was purified by 

column chromatography on silica gel (PE/EtOAc, from 2:1 to 0:1) to give the desired 

product as light-yellow oil (107 mg, 54% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.99 (d, 

J = 8.3 Hz, 2H), 7.36 (d, J = 8.2 Hz, 2H), 7.34 ï 7.21 (m, 5H), 7.25 ï 7.09 (m, 3H), 7.07 

(d, J = 7.8 Hz, 1H), 5.06 (t, J = 5.7 Hz, 1H), 4.51 (s, 2H), 4.46 (d, J = 5.6 Hz, 2H), 3.91 

(s, 3H), 3.55 (s, 2H), 2.98 (s, 2H), 2.75 ï 2.53 (m, 4H), 2.50 ï 2.37 (m, 2H), 1.59 ï 1.45 

(m, 2H). 

 

Methyl 4-((1,2',3',4,5',6'-hexahydro-2H-spiro[isoquinoline-3,4'-pyran]-2-

carboxamido)methyl)benzoate (95g). The title compound was prepared following the 

general procedure GP4, starting from 93g (73 mg, 0.36 mmol), isocyanate (137 mg, 0.72 

mmol), and TEA (200 ɛL, 1.44 mmol) in dry THF (3.6 mL). The crude was purified by 

column chromatography on silica gel (PE/EtOAc, from 2:1 to 0:1) to give the desired 

product as a white solid (126 mg, 89% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.95 (d, J = 

8.1 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 7.26 ï 7.08 (m, 3H), 7.03 (d, J = 6.2 Hz, 1H), 5.17 

(t, J = 5.7 Hz, 1H), 4.50 (s, 2H), 4.41 (d, J = 5.7 Hz, 2H), 3.88 (s, 3H), 3.81 ï 3.58 (m, 

4H), 3.03 (s, 2H), 2.70 ï 2.56 (m, 2H), 1.60 ï 1.47 (m, 2H). 

 

Methyl 4-((2-benzyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidine]-1'-

carboxamido)methyl)benzoate (103). The title compound was prepared following the 

general procedure GP4, starting from 100 (31 mg, 0.11 mmol), isocyanate (42 mg, 0.22 

mmol), TEA (59 ɛL, 0.44 mmol) in dry THF (1.1 mL). The crude was purified by column 

chromatography on silica gel (DCM/MeOH from 70:1 to 30:1) to give the desired product 

as yellow oil (42 mg, 79% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.97 (d, J = 8.0 Hz, 2H), 

7.40 ï 7.20 (m, 7H), 7.20 ï 7.06 (m, 3H), 6.98 ï 6.89 (m, 1H), 5.24 (t, J = 5.8 Hz, 1H), 

4.48 (d, J = 5.5 Hz, 2H), 3.89 (s, 3H), 3.73 (s, 2H), 3.64 (s, 2H), 3.61 ï 3.51 (m, 4H), 2.69 

(s, 2H), 1.98 (d, J = 14.5 Hz, 2H), 1.63 ï 1.47 (m, 2H). 

 

Methyl 4-((2-(4-chlorobenzyl)-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidine]-1'-

carboxamido)methyl)benzoate (104). The title compound was prepared following the 

general procedure GP4, starting from 101 (75 mg, 0.23 mmol), isocyanate (88 mg, 0.46 

mmol), TEA (128 ɛL, 0.92 mmol) in dry THF (2.3 mL). The crude was purified by 

column chromatography on silica gel (PE/EtOAc, from 6:1 to 1:1) to give the desired 



мол 
 

product as light-yellow oil (50 mg, 42% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.97 (d, J 

= 8.2 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 7.29 ï 7.22 (m, 4H), 7.23 ï 7.05 (m, 3H), 6.97 ï 

6.88 (m, 1H), 5.17 (t, J = 5.7 Hz, 1H), 4.47 (d, J = 5.5 Hz, 2H), 3.89 (s, 3H), 3.69 (s, 2H), 

3.60 (s, 2H), 3.53 (q, J = 3.8, 3.4 Hz, 4H), 2.68 (s, 2H), 1.96 (d, J = 14.2 Hz, 2H), 1.63 ï 

1.47 (m, 2H). 

 

10.3.5 General procedure for the synthesis of compounds 32a-c, 32f,h, 33a-h (GP5) 

To a solution of the corresponding 3 or 4 (1.0 eq.) in methanol (0.017 M), a 4 M KOH 

solution in methanol (50 eq.) was added dropwise at 0 ÁC, followed by the addition of a 

NH2OH 50% aqueous solution (100 eq.). The reaction mixture was stirred at r.t. for 3 h, 

and then 6N HCl solution was added until the pH was 6. Subsequently, solvents were 

removed in vacuo. The crude was purified column chromatography on silica gel 

(DCM/MeOH + 0.1 NH4OH %) to afford the final compound.  

 

4-((3,3-Dimethyl-3,4-dihydroisoquinolin-2(1H)-yl)methyl)-N-hydroxybenzamide (32a). 

The title compound was obtained according to the general procedure GP5, starting from 

94a (28 mg, 0.09 mmol), a 4 M KOH in methanol (1.125 mL, 4.50 mmol), and a NH2OH 

50% aqueous solution (595 ɛL, 9.00 mmol) in methanol (5.3 mL). Purification by column 

chromatography on silica gel (DCM/MeOH/NH4OH, from 40:1:0 to 20:1:0.1) afforded 

the final compound as orange oil (21 mg, 74% yield). 1H NMR (300 MHz, CD3OD) ŭ 

7.72 (d, J = 7.4 Hz, 2H), 7.47 (d, J = 7.4 Hz, 2H), 7.14 ï 6.98 (m, 3H), 6.86 (d, J = 6.7 

Hz, 1H), 3.76 (s, 2H), 3.58 (s, 2H), 2.77 (s, 2H), 1.21 (s, 6H). 13C NMR (75 MHz, 

CD3OD) ŭ 166.7, 143.9, 133.8, 133.4, 130.8, 128.9, 128.4, 126.7, 125.81, 125.5, 125.3, 

53.0, 52.7, 50.1, 42.3, 22.7. ESI-MS m/z: [M+H]+ 311. 

 

4-((1',4'-Dihydro-2'H-spiro[cyclopentane-1,3'-isoquinolin]-2'-yl)methyl)-N-

hydroxybenzamide (32b). The title compound was obtained according to the general 

procedure GP5, starting from 94b (29 mg, 0.086 mmol), a 4 M KOH in methanol (1.075 

mL, 4.300 mmol), and a NH2OH 50% aqueous solution (568 ɛL, 8.600 mmol) in 

methanol (5 mL). Purification by column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 40:1:0 to 10:1:0.1) afforded the final compound as white 

solid (23 mg, 78% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.15 (s, 1H), 8.99 (s, 1H), 

7.68 (d, J = 7.8 Hz, 2H), 7.37 (d, J = 7.8 Hz, 2H), 7.13 ï 7.06 (m, 3H), 6.96 (d, J = 6.8 

Hz, 1H), 3.59 (s, 4H), 2.71 (s, 2H), 1.74 ï 1.68 (m, 6H), 1.58 ï 1.50 (m, 2H).13C NMR 

(75 MHz, DMSO-d6) ŭ 164.7, 144.4, 134.8, 133.8, 131.7, 129.6, 128.6, 127.3, 127.2, 

126.3, 65.2, 53.6, 50.3, 36.7, 35.5, 24.3. ESI-MS m/z: [M+H]- 335. 

 

4-((1',4'-Dihydro-2'H-spiro[cyclohexane-1,3'-isoquinolin]-2'-yl)methyl)-N-

hydroxybenzamide (32c). The title compound was obtained according to the general 

procedure GP5, starting from 94c (31 mg, 0.088 mmol), a 4 M KOH in methanol (1.108 

mL, 4.440 mmol), and a NH2OH 50% aqueous solution (586 ɛL, 8.880 mmol) in 

methanol (5 mL). Purification by column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 40:1:0 to 10:1:0.1) afforded the final compound as white 

solid (21 mg, 70% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.14 (s, 1H), 8.99 (s, 1H), 

7.68 (d, J = 8.2 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 7.16 ï 7.01 (m, 3H), 6.94 (d, J = 6.6 

Hz, 1H), 3.61 (d, J = 5.9 Hz, 4H), 1.76 ï 1.67 (m, 4H), 1.56 ï 1.50 (m, 1H), 1.42 ï 1.28 

(m, 5H). 13C NMR (75 MHz, CDCl3) ŭ 168.7, 149.8, 139.1, 138.5, 136.4, 134.5, 133.1, 

132.1, 131.9, 131.1, 130.9, 59.06, 55.0, 52.7, 39.7, 39.1, 31.3, 26.3. ESI-MS m/z: [M+H]- 

349. 



мом 
 

 

4-((1'-Benzyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidin]-2-yl)methyl)-N-

hydroxybenzamide (32f). The title compound was obtained according to the general 

procedure GP5, starting from 94f (27 mg, 0.061 mmol), a 4 M KOH in methanol (766 

ɛL, 3.064 mmol), and a NH2OH 50% aqueous solution (404 ɛL, 6.100 mmol) in methanol 

(7 mL). Purification by column chromatography on silica gel (DCM/MeOH/NH4OH, 

from 40:1:0 to 10:1:0.1) afforded the final compound as light-yellow oil (16 mg, 60% 

yield). 1H NMR (300 MHz, CD3OD) ŭ 7.67 (d, J = 7.8 Hz, 2H), 7.40 ï 7.24 (m, 7H), 7.14 

ï 7.02 (m, 3H), 6.87 (d, J = 6.8 Hz, 1H), 3.77 (s, 2H), 3.69 ï 3.61 (m, 4H), 2.88 (t, J = 

10.2 Hz, 2H), 2.70 (s, 2H), 2.67 ï 2.57 (m, 2H), 2.07 ï 1.95 (m, 2H), 1.68 (t, J = 11.8 Hz, 

2H). 13C NMR (75 MHz, CD3OD) ŭ 166.7, 144.7, 135.1, 133.2, 132.6, 130.6, 130.0, 

129.1, 128.2, 128.1, 127.7, 126.8, 126.6, 125.9, 125.9, 62.0, 53.4, 52.4, 49.8, 32.8. ESI-

MS m/z: [M+H]+ 442. 

 

4-((1,2',3',4,5',6'-Hexahydro-2H-spiro[isoquinoline-3,4'-pyran]-2-yl)methyl)-N-

hydroxybenzamide (32g). The title compound was obtained according to the general 

procedure GP5, starting from 94g (42 mg, 0.119 mmol), a 4 M KOH in methanol (1.492 

mL, 5.970 mmol), and a NH2OH 50% aqueous solution (787 ɛL, 11.900 mmol) in 

methanol (7 mL). Purification by column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 40:1:0 to 10:1:0.1) afforded the final compound as light-

yellow oil (21 mg, 50% yield). 1H NMR (300 MHz, CD3OD) ŭ 7.83 (d, J = 7.7 Hz, 2H), 

7.51 (d, J = 7.8 Hz, 2H), 7.41 ï 7.28 (m, 3H), 7.15 (d, J = 7.3 Hz, 1H), 4.25 ï 4.19 (m, 

2H), 3.71 (t, J = 11.8 Hz, 2H), 3.45 ï 3.39 (m, 2H), 2.26 ï 2.16 (m, 2H), 2.05 (d, 2H). 

ESI-MS m/z: [M+H]- 351. 

 

4-((2-Benzyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-piperidin]-1'-yl)methyl)-N-

hydroxybenzamide (32h). The title compound was obtained according to the general 

procedure GP5, starting from 102 (34 mg, 0.070 mmol), a 4 M KOH in methanol (878 

ɛL, 3.510 mmol), and a NH2OH 50% aqueous solution (463 ɛL, 7.010 mmol) in methanol 

(4 mL). Purification by column chromatography on silica gel (DCM/MeOH/NH4OH, 

from 40:1:0 to 9:1:0.1) afforded the final compound as light-yellow oil (18 mg, 58% 

yield). 1H NMR (300 MHz, CD3OD) ŭ 7.83 (d, J = 7.5 Hz, 2H), 7.59 (d, J = 7.8 Hz, 2H), 

7.34 ï 7.16 (m, 5H), 7.15 ï 7.07 (m, 3H), 6.92 (d, J = 7.2 Hz, 1H), 4.12 (s, 2H), 3.71 (s, 

2H), 3.65 (s, 2H), 3.19 (t, J = 10.2 Hz, 2H), 2.98 ï 2.92 (m, 2H), 2.77 (s, 2H), 2.22 ï 2.10 

(m, 2H), 1.80 (t, J = 13.2 Hz, 2H). ESI-MS m/z: [M+H]+ 442. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-3,3-dimethyl-3,4-dihydroisoquinoline-2(1H)-

carboxamide (33a). The title compound was obtained according to the general procedure 

GP5, starting from 95a (40 mg, 0.113 mmol), a 4 M KOH in methanol (1.419 mL, 5.67 

mmol), and a NH2OH 50% aqueous solution (746 ɛL, 11.30 mmol) in methanol (6.6 mL). 

Purification by column chromatography on silica gel (DCM/MeOH/NH4OH, from 30:1:0 

to 10:1:0.1) afforded the final compound as white solid (28 mg, 71% yield). 1H NMR 

(300 MHz, DMSO-d6) ŭ 11.29 ï 10.85 (bs, 1H), 9.23 ï 8.72 (bs, 1H), 7.67 (d, J = 7.9 Hz, 

2H), 7.32 (d, J = 7.9 Hz, 2H), 7.26 ï 7.14 (m, 4H), 6.90 (t, J = 5.8 Hz, 1H), 4.37 (s, 2H), 

4.26 (d, J = 5.6 Hz, 2H), 2.75 (s, 2H), 1.31 (s, 6H). 13C NMR (75 MHz, DMSO-d6) ŭ 

164.6, 157.7, 145.2, 136.7, 136.0, 131.3, 127.7, 127.6, 127.3, 127.2, 126.7, 125.8, 55.2, 

46.3, 45.2, 43.7, 27.4. ESI-MS m/z: [M+H]- 352. 

 



мон 
 

N-(4-(Hydroxycarbamoyl)benzyl)-1',4'-dihydro-2'H-spiro[cyclopentane-1,3'-

isoquinoline]-2'-carboxamide (33b). The title compound was obtained according to the 

general procedure GP5, starting from 95b (40 mg, 0.106 mmol), a 4 M KOH in methanol 

(1.321 mL, 5.285 mmol), and a NH2OH 50% aqueous solution (698 ɛL, 1.060 mmol) in 

methanol (3 mL). Purification by column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 30:1:0 to 10:1:0.1) afforded the final compound as white 

solid (29 mg, 72% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.11 (s, 1H), 8.97 (s, 1H), 

7.63 (d, J = 7.9 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 7.19 ï 7.01 (m, 5H), 4.47 (s, 2H), 4.22 

(d, J = 5.6 Hz, 2H), 2.80 (s, 2H), 2.08 ï 1.89 (m, 2H), 1.74 ï 1.63 (m, 2H), 1.61 ï 1.41 

(m, 4H). 13C NMR (75 MHz, DMSO-d6) ŭ 169.3, 163.5, 149.7, 141.1, 140.6, 136.1, 133.6, 

131.9, 131.8, 131.1, 130.7, 69.8, 60.1, 52.68, 48.3, 42.7, 29.1. ESI-MS m/z: [M+H] - 378. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-1',4'-dihydro-2'H-spiro[cyclohexane-1,3'-

isoquinoline]-2'-carboxamide (33c). The title compound was obtained according to the 

general procedure GP5, starting from 95c (37 mg, 0.096 mmol), a 4 M KOH in methanol 

(1.194 mL, 4.775 mmol), and a NH2OH 50% aqueous solution (631 ɛL, 9.600 mmol) in 

methanol (3 mL). Purification by column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 30:1:0 to 10:1:0.1) afforded the final compound as white 

solid (16 mg, 42% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.12 (s, 1H), 8.93 (s, 1H), 

7.65 (d, J = 7.9 Hz, 2H), 7.29 (d, J = 7.9 Hz, 2H), 7.22 ï 7.12 (m, 4H), 7.08 (t, J = 6.0 

Hz, 1H), 4.40 (s, 2H), 4.22 (d, J = 5.6 Hz, 2H), 2.88 (s, 2H), 2.66 ï 2.51 (m, 2H), 1.52 ï 

1.35 (m, 5H), 1.28 ï 1.18 (m, 1H), 1.11 (d, J = 13.1 Hz, 2H). 13C NMR (75 MHz, DMSO-

d6) ŭ 164.6, 158.7, 145.1, 136.0, 135.9, 131.3, 128.4, 127.4, 127.2, 126.4, 125.7, 57.8, 

55.4, 47.2, 43.6, 37.2, 33.3, 25.6, 22.6, 21.6. ESI-MS m/z: [M+H]- 392. 

 

(Ñ)-N-(4-(Hydroxycarbamoyl)benzyl)-1'-methyl-1,4-dihydro-2H-spiro[isoquinoline-3,3'-

pyrrolidine]-2-carboxamide (33d). The title compound was obtained according to the 

general procedure GP5, starting from 95d (66 mg, 0.167 mmol), a 4 M KOH in methanol 

(2.097 mL, 8.39 mmol), and a NH2OH 50% aqueous solution (1.102 mL, 16.7 mmol) in 

methanol (5 mL). Purification by column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 20:1:0 to 9:1:0.1) afforded the final compound as pinkish 

solid (38 mg, 58% yield). 1H NMR (300 MHz, CD3OD) ŭ 7.71 (d, J = 7.8 Hz, 2H), 7.40 

(d, J = 7.8 Hz, 2H), 7.36 ï 7.21 (m, 4H), 4.64 (d, J = 14.5 Hz, 1H), 4.50 ï 4.42 (m, 3H), 

3.54 (d, J = 10.9 Hz, 2H), 3.18 (d, J = 14.7 Hz, 1H), 3.11 ï 2.98 (m, 2H), 2.86 (d, J = 11.6 

Hz, 1H), 2.69 (s, 3H), 2.43 ï 2.26 (m, 1H), 1.99 ï 1.86 (m, 1H). 13C NMR (75 MHz, 

CD3OD) ŭ 170.4, 162.7, 148.1, 139.7, 138.4, 134.6, 131.4, 131.3, 130.9, 130.8, 129.3, 

70.2, 67.5, 59.3, 49.9, 47.6, 45.3, 43.0, 40.9. ESI-MS m/z: [M+H]+ 395. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-1'-methyl-1,4-dihydro-2H-spiro[isoquinoline-3,4'-

piperidine]-2-carboxamide (33e). The title compound was obtained according to the 

general procedure GP5, starting from 95e (33 mg, 0.08 mmol), a 4 M KOH in methanol 

(1.0 mL, 4.00 mmol), and a NH2OH 50% aqueous solution (528 ɛL, 8.00 mmol) in 

methanol (4.7 mL). Purification by column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 20:1:0 to 9:1:0.1) afforded the final compound as pinkish 

oil (77 mg, 61% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.16 (s, 1H), 8.99 (s, 1H), 

7.65 (d, J = 7.9 Hz, 2H), 7.28 (d, J = 7.7 Hz, 2H), 7.24 ï 7.15 (m, 5H), 4.47 (s, 2H), 4.23 

(d, J = 5.3 Hz, 2H), 3.28 ï 3.18 (m, 2H), 3.14 (d, J = 4.9 Hz, 1H), 3.04 (d, J = 7.5 Hz, 

1H), 2.96 (s, 2H), 2.72 (s, 3H), 1.55 ï 1.49 (m, 2H). ESI-MS m/z: [M+H] + 409. 

 



моо 
 

1'-Benzyl-N-(4-(hydroxycarbamoyl)benzyl)-1,4-dihydro-2H-spiro[isoquinoline-3,4'-

piperidine]-2-carboxamide (33f). The title compound was obtained according to the 

general procedure GP5, starting from 95f (41 mg, 0.084 mmol), a 4 M KOH in methanol 

(1.05 mL, 4.20 mmol), and a NH2OH 50% aqueous solution (554 ɛL, 8.00 mmol) in 

methanol (5 mL). Purification by column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 20:1:0 to 9:1:0.1) afforded the final compound as white 

solid (8 mg, 20% yield). 1H NMR (300 MHz, CD3OD) ŭ 7.68 (d, J = 8.3 Hz, 2H), 7.40 ï 

7.23 (m, 7H), 7.23 ï 7.05 (m, 4H), 4.54 (s, 2H), 4.36 (s, 2H), 3.62 (s, 2H), 2.97 (s, 2H), 

2.69 (d, J = 12.8 Hz, 2H), 2.62 ï 2.49 (m, 4H), 1.54 ï 1.42 (m, 2H). ESI-MS m/z: [M+H]+ 

485. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-1,2',3',4,5',6'-hexahydro-2H-spiro[isoquinoline-3,4'-

pyran]-2-carboxamide (33g). The title compound was obtained according to the general 

procedure GP5, starting from 95g (126 mg, 0.319 mmol), a 4 M KOH in methanol (4.0 

mL, 15.970 mmol), and a NH2OH 50% aqueous solution (2.1 ml, 31.900 mmol) in 

methanol (18 mL). Purification by column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 30:1:0 to 10:1:0.1) afforded the final compound as white 

solid (77 mg, 61% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.11 (s, 1H), 8.95 (s, 1H), 

7.65 (d, J = 7.9 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 7.16 (d, J = 11.7 Hz, 5H), 4.45 (s, 2H), 

4.22 (d, J = 5.6 Hz, 2H), 3.61 ï 3.55 (m, 4H), 2.98 (s, 2H), 2.66 ï 2.55 (m, 2H), 1.28 (d, 

J = 13.6 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) ŭ 169.3, 164.0, 149.6, 140.1, 139.9, 

136.1, 133.7, 132.0, 131.9, 131.2, 130.6, 68.6, 59.8, 52.1, 48.3, 45.6, 45.3, 45.0, 44.7, 

44.4, 44.2, 43.9, 41.0, 38.9. ESI-MS m/z: [M+H] - 394. 

 

2-Benzyl-N-(4-(hydroxycarbamoyl)benzyl)-1,4-dihydro-2H-spiro[isoquinoline-3,4'-

piperidine]-1'-carboxamide (33h).The title compound was obtained according to the 

general procedure GP5, starting from 103 (42 mg, 0.086 mmol), a 4 M KOH in methanol 

(1.07 mL, 4.300 mmol), and a NH2OH 50% aqueous solution (568 ɛL, 8.600 mmol) in 

methanol (5 mL). Purification by column chromatography on silica gel 

(DCM/MeOH/NH4OH, from 20:1:0 to 9:1:0.1) afforded the final compound as pinkish 

solid (24 mg, 57% yield). 1H NMR (300 MHz, CD3OD) ŭ 7.70 (d, J = 7.7 Hz, 1H), 7.38 

(d, J = 7.9 Hz, 1H), 7.35 ï 7.16 (m, 5H), 7.11 (d, J = 5.1 Hz, 3H), 6.92 (d, J = 6.9 Hz, 

1H), 4.41 (s, 2H), 3.74 (s, 2H), 3.67 (s, 2H), 3.65 ï 3.48 (m, 4H), 2.77 (s, 2H), 2.03 ï 1.92 

(m, 2H), 1.67 ï 1.52 (m, 2H). ESI-MS m/z: [M+H]+ 485. 

 

2-(4-Chlorobenzyl)-N-(4-(hydroxycarbamoyl)benzyl)-1,4-dihydro-2H-

spiro[isoquinoline-3,4'-piperidine]-1'-carboxamide (33i). The title compound was 

obtained according to the general procedure GP5, starting from 104 (50 mg, 0.096 mmol), 

a 4 M KOH in methanol (1.206 mL, 4.825 mmol), and a NH2OH 50% aqueous solution 

(637 ɛL, 9.651 mmol) in methanol (5.6 mL). Purification by column chromatography on 

silica gel (DCM/MeOH/NH4OH, from 30:1:0 to 10:1:0.1) afforded the final compound 

as pink oil (32 mg, 64% yield). 1H NMR (300 MHz, CD3OD) ŭ 7.70 (d, J = 7.6 Hz, 2H), 

7.38 (d, J = 7.8 Hz, 2H), 7.34 ï 7.28 (m, 4H), 7.16 ï 7.08 (m, 3H), 6.98 ï 6.89 (m, 1H), 

4.41 (s, 2H), 3.74 (s, 2H), 3.67 (s, 2H), 3.59 ï 3.53 (m, 4H), 2.77 (s, 2H), 1.96 (d, J = 13.3 

Hz, 2H), 1.66 ï 1.57 (m, 2H). 13C NMR (75 MHz, CD3OD) ŭ 166.6, 158.8, 145.5, 144.5, 

138.7, 133.1, 132.3, 132.2, 130.6, 129.8, 129.8, 129.4, 129.2, 128.1, 126.9, 126.8, 126.7, 

126.6, 126.0, 126.0, 53.5, 49.6, 43.6, 39.4, 33.5, 33.0, 29.3. ESI-MS m/z: [M+H]+ 520. 

  



моп 
 

10.4 Experimental section of Tetrahydro-ɔ -carboline-based HDAC6i 34f 

 

tert-Butyl 1,3,4,5-tetrahydro-2H-pyrido[4,3-b]indole-2-carboxylate (105). To a solution 

91 (2.00 g, 10 mmol) in AcOH (20 mL) was added phenylhydrazine (47, 1.10 g, 10 

mmol), and then the reaction was stirred at 65 °C for 5 h. After that, the reaction mixture 

was carefully neutralized to pH 8, and extracted with EtOAc (3 x 40 mL). The combined 

organic layer were washed with saturated brine (3 x 120 mL), dried over anhydrous 

Na2SO4, filtered, and dried in vacuo. The crude was purified by chromatography on silica 

gel (DCM/MeOH, from 80:1 to 50:1) to give the title compound as brown solid (1.35 g, 

50%).1H NMR (300 MHz, CDCl3) ŭ 8.29 (s, 1H), 7.50 ï 7.44 (m, 1H), 7.31 (d, J = 7.3 

Hz, 1H), 7.19 ï 7.10 (m, 2H), 4.68 (s, 2H), 3.83 (s, 2H), 2.81 (d, J = 6.0 Hz, 2H), 1.55 (s, 

9H). ESI-MS m/z: [M+H] + 273. 

 

tert-Butyl 5-benzyl-1,3,4,5-tetrahydro-2H-pyrido[4,3-b]indole-2-carboxylate (106). To a 

solution of 105 (500 mg, 1.84 mmol, 1 eq) in dry DMF (10 mL), cooled at 0 °C, 60% 

NaH was added (66 mg, 2.75 mmol, 1.5 eq). After 1 h, the benzyl bromide (263 µL, 2.21 

mmol, 1.2 eq.) was added, and the resulting mixture was then stirred for 16 h at r.t. After 

that, the mixture was quenched with a saturated NH4Cl solution (20 mL), and then 

extracted with EtOAc (3 × 20 mL). The combined organic layers were dried over 

anhydrous Na2SO4, filtered and dried in vacuo. The crude was purified by column 

chromatography on silica gel (PE/EtOAc, from 6.1 to 5:1) to afford the title compound 

as orange oil (497 mg, 75% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.54 (d, J = 7.7 Hz, 

1H), 7.41 ï 7.06 (m, 6H), 7.03 (d, J = 6.5 Hz, 2H), 5.27 (s, 2H), 4.78 ï 4.72 (m, 2H), 4.02 

ï 3.67 (s, 2H), 2.83 ï 2.63 (m, 2H), 1.54 (s, 9H). ESI-MS m/z: [M + H]+ 363.  

 

5-Benzyl-2,3,4,5-tetrahydro-1H-pyrido[4,3-b]indole (107). To a solution of 106 (200 mg, 

1.143 mmol, 1.00 eq.) in dry DCM (10 mL) cooled at 0 °C, TFA (1.75 mL, 22.86 mmol, 

20 eq.) was added, and the mixture was allowed to stir at r.t. for 1 h. After that, solvent 

was removed in vacuo, and the residue was treated with saturated NaHCO3 solution (10 

mL). Then, the aqueous phase was extracted DCM (3 x 10 mL), and the combined organic 

layers were dried over anhydrous Na2SO4, filtered and dried in vacuo. The crude was 

purified by column chromatography on silica gel (PE/EtOAc, from 6.1 to 5:1) to afford 

the title compound as orange oil (quantitative yield). 1H NMR (500 MHz, DMSO-d6) ŭ 

9.25 (br, 1H), 7.53 (dd, J = 12.7, 8.0 Hz, 2H), 7.38 ï 7.22 (m, 3H), 7.20 ï 7.02 (m, 4H), 

5.44 (s, 2H), 4.37 (m, 2H), 3.52 (m, 2H), 3.05 (m, 2H). 

2-(4-(Methoxycarbonyl)phenyl)acetic acid (108). To a solution of ethyl 4-iodobenzoate 

(109, 285 mg, 1.09 mmol, 1.0 eq.) in AcOH (5 mL), silver acetate (273mg, 1.63 mmol, 

1.5 eq.), sodium acetate (445 mg, 5.43 mmol, 5 eq.) and palladium(II) chloride (19 mg, 

0.109 mmol, 0.1 eq.) were added. The suspension obtained was refluxed at 130 ÁC for 

24h under N2. Subsequently, the reaction mixture was cooled to r.t., and 1N HCl solution 

was added until the pH was about 3-4. After that, solvents were removed in vacuo, and 

the black residue was suspended in 5 mL of EtOAc, filtered, and then the filtrate was 

concentrated until dryness to obtain an orange oil. The crude was purified by column 

chromatography on silica gel (PE/ EtOAc, from 2:1 to 1:1) to give the title compound as 

yellow oil (55 mg, 26% yield). 1H NMR (300 MHz, Acetone-d6) ŭ 7.96 (d, J = 8.3 Hz, 

3H), 7.46 (d, J = 8.0 Hz, 2H), 5.80 ï 4.37 (bs, 1H), 3.87 (s, 3H), 3.73 (s, 2H). 



мор 
 

Methyl 4-(2-(5-benzyl-1,3,4,5-tetrahydro-2H-pyrido[4,3-b]indol-2-yl)-2-

oxoethyl)benzoate (110). To a solution of 2-(4-(methoxycarbonyl)phenyl)acetic acid 108 

(24 mg, 0.124 mmol, 1.0 eq.) in dry DMF (1.5 mL), EDCI-HCl (34 mg, 0.186 mmol, 1.5 

eq.), HOBt (1 mg, 0.002 mmol, 0.1 eq.), DIPEA (86 µL, 0.496 mmol, 4 eq), and 

intermediate 107 (39 mg, 0.148 mmol, 1.2 eq.) were added in this order. The reaction 

mixture was stirred at r.t. for 15 h. After that, saturated NH4Cl solution was added (5 mL), 

and the mixture was extracted with EtOAc (3 x 5 mL). The combined organic layers were 

washed with saturated NH4Cl solution (1 x 15 mL), saturated NaHCO3 solution (1 x 15 

mL), and brine (1 x 15 mL). After that, the organic phase was dried over anhydrous 

NaSO4, filtered, and dried in vacuo. The crude was purified by column chromatography 

on silica gel (PE/EtOAc, from 3:1 to 1:1), affording the title compound as orange oil (48 

mg, 88% yield). 1H NMR (300 MHz, Acetone-d6) ŭ 7.91 (t, J = 8.7 Hz, 2H), 7.56 ï 7.15 

(m, 7H), 7.05 (td, J = 20.5, 18.5, 7.1 Hz, 4H), 5.30 (d, J = 17.0 Hz, 2H), 4.81 (s, 2H), 4.00 

ï 3.81 (m, 6H), 2.81 ï 2.71 (m, 1H), 2.69 ï 2.59 (m, 1H), 1.21 (dt, J = 8.4, 4.2 Hz, 1H). 

 

4-(2-(5-Benzyl-1,3,4,5-tetrahydro-2H-pyrido[4,3-b]indol-2-yl)-2-oxoethyl)-N-

hydroxybenzamide (34f). To a solution of 110 (48 mg, 0.109 mmol, 1.0 eq.) in MeOH 

(6.4 mL), a 4 M KOH methanolic solution (1.368 mL, 5.472 mmol, 50 eq.) was added 

dropwise at 0 °C, followed by the addition of NH2OH aqueous solution (50% m/V, 720 

µL, 10.90 mmol, 100 eq.). The reaction mixture was stirred at r.t. for 3 h, and then 6N 

HCl solution was added until the pH was around 6. Subsequently, solvents were removed 

in vacuo. The crude was purified column chromatography on silica gel 

(CHCl3/MeOH/NH4OH, from 20:1:0 to 10:1:0.1) to afford the final compound as yellow 

oil (31 mg, 65% yield). 1H NMR (300 MHz, d-DMSO) ŭ 11.15 (s, 1H), 8.98 (s, 1H), 7.65 

(t, J = 8.6 Hz, 2H), 7.50 ï 7.36 (m, 2H), 7.27 (dt, J = 12.9, 6.6 Hz, 5H), 7.01 (p, J = 8.3, 

7.7 Hz, 4H), 5.32 (d, J = 10.6 Hz, 2H), 4.74 (d, J = 29.7 Hz, 2H), 3.89 (s, 4H), 2.69 (s, 

2H). 13C NMR (75 MHz, d-DMSO) ŭ 169.8, 169.5, 139.8, 138.7, 136.7, 134.6, 134.0, 

131.4, 129.7, 129.5, 129.1, 127.6, 127.3, 127.2, 126.9, 125.4, 125.2, 121.5, 119.5, 118.0, 

110.2, 106.8, 46.1, 43.5, 43.0, 23.2, 22.4. 

 

10.5 Experimental section of the HDAC1/LSD1 hybrid 35f 

 

Methyl 4-((4-oxopiperidin-1-yl)methyl)benzoate (112). To a solution of 4-piperidone 

monohydrate hydrochloride (111, 500 mg, 2.91 mmol, 1.0 eq.) in dry DMF (5 mL) in an 

oven-dried two-necked round-bottom flask, potassium carbonate (721 mg, 8.73 mmol, 

3.0 eq.) and methyl 4-(bromomethyl)benzoate 69 (801 mg, 3.49 mmol, 1.2 eq.). were 

added under a positive anhydrous nitrogen pressure. The reaction mixture was stirred at 

75 ÁC for 14 h, under N2. After cooling to r.t., saturated NH4Cl solution (10 mL) was 

added, and the mixture was extracted with EtOAc (3 x 10 mL). The combined organic 

layers were washed with saturated NH4Cl solution (1 x 30 mL), saturated NaHCO3 

solution (1 x 30 mL), and brine (1 x 30 mL) to get rid of DMF. The combined organic 

layers was dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

was purified by column chromatography on silica gel (PE/EtOAc, from 6:1 to 4:1) to give 

the title compound as yellow oil (535 mg, 74%). 1H NMR (300 MHz, CDCl3) ŭ 7.87 ï 

7.76 (m, 2H), 7.31 ï 7.20 (m, 2H), 3.72 (s, 3H), 3.48 (s, 2H), 2.61 ï 2.48 (m, 4H), 2.31 ï 

2.17 (m, 4H). ESI MS m/z: [M+H]+ 248. 

Methyl 4-((4-(((1R,2S)-2-phenylcyclopropyl)amino)piperidin-1-yl)methyl)benzoate 

(113). To a solution of trans-2-phenylcyclopropylamine (1, 235 mg, 1.768 mmol, 1.0 

eq.), and compound 112 (437 mg, 1.768 mmol, 1.0 eq.) in EtOH (8 mL), acetic acid (2.8 
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mL) was added dropwise, and the reaction was allowed to stir at r.t. for 14 h. After that, 

NaBH3CN (75 g, 1.20 mmol, 2.0 eq.) was added, and the mixture was stirred for 

additional 3 h at r.t. The reaction was then quenched with few drops of saturated NaHCO3 

solution until the pH was around 7, and then solvents were removed. The resulting residue 

was suspended in 10 mL of H2O and extracted with EtOAc (3 × 25 mL). The combined 

organic layers were dried over anhydrous Na2SO4, filtered, and dried in vacuo. The crude 

was purified by column chromatography on silica gel (DCM/MeOH, from 70:1 to 40:1) 

to afford the title compound as orange oil (351 mg, 54%). 1H NMR (300 MHz, CDCl3) ŭ 

7.99 (dd, J = 8.2, 2.4 Hz, 2H), 7.44 ï 7.35 (m, 2H), 7.30 ï 7.20 (m, 2H), 7.25 ï 7.11 (m, 

1H), 7.02 (d, J = 7.5 Hz, 2H), 3.92 (s, 3H), 3.54 (s, 2H), 2.82 (d, J = 11.4 Hz, 2H), 2.68 

ï 2.62 (m, 1H), 2.40 ï 2.28 (m, 1H), 1.97 ï 1.83 (m, 3H), 1.81 ï 1.76 (m, 1H), 1.44 (q, J 

= 12.3 Hz, 2H), 1.27 (td, J = 7.1, 2.4 Hz, 1H), 1.13 ï 0.93 (m, 2H). ESI MS m/z: [M+H]+ 

365. 

4-((4-(((1R,2S)-2-Phenylcyclopropyl)amino)piperidin-1-yl)methyl)benzoic acid 

hydrochloride (114). Compound 113 (395 mg, 1.12 mmol, 1.0 eq.) was suspended in a 

mixture of MeOH/H2O 1:1 (6 mL), followed by the addition of NaOH (58 mg, 1.444 

mmol, 1.5 eq.). The mixture was stirred at r.t. for 14 h, and then was quenched with 6N 

HCl until the pH was around 2/3. After that, solvents were removed under reduced 

pressure, affording the title compound as orange solid which was used in the next step 

without any further purification (quantitative yield). 1H NMR (300 MHz, CD3OD) ŭ 8.08 

(d, J = 7.8 Hz, 2H), 7.61 (d, J = 7.9 Hz, 2H), 7.35 ï 7.25 (m, 2H), 7.22 (d, J = 6.8 Hz, 

1H), 7.16 (d, J = 7.6 Hz, 2H), 4.17 (s, 2H), 3.60 ï 3.35 (m, 3H), 2.90 ï 2.84 (m, 3H), 2.45 

ï 2.39 (m, 1H), 2.34 ï 2.24 (m, 2H), 2.04 ï 1.87 (m, 2H), 1.52 ï 1.43 (m, 1H), 1.43 ï 

1.32 (m, 1H). ESI MS m/z: [M]- 322. 

 

N-(2-Aminophenyl)-4-((4-(((1R,2S)-2-phenylcyclopropyl)amino)piperidin-1-

yl)methyl)benzamide (35F). To a solution of compound 114 (60 mg, 0.155 mmol, 1.0 eq.) 

in dry DMF (775 µL), HBTU (71 mg, 0.186 mmol, 1.2 eq.), and TEA (43 µL, 0.310 

mmol, 4 eq.) were added, and the resulting solution was stirred at r.t. under N2 for 30 

minutes. Then 1,2-phenylenediamine (115, 18 mg, 0.171 mmol, 1.1 eq.) was added, and 

the reaction mixture was stirred for additional 6 h. After that, saturated NH4Cl solution 

was added (5 mL), and the mixture was extracted with EtOAc (3 x 5 mL). The combined 

organic layers were washed with saturated NH4Cl solution (1 x 15 mL), saturated 

NaHCO3 solution (1 x 10 mL), and brine (1 x 15 mL). The organic phase was dried over 

anhydrous NaSO4, filtered, and dried in vacuo. The crude was purified by column 

chromatography on silica gel (DCM/MeOH, from 50:1 to 10:1), affording the title 

compound as yellow oil (15 mg, 22% yield). 1H NMR (300 MHz, CDCl3) ŭ 7.95 (s, 1H), 

7.86 (d, J = 6.7 Hz, 2H), 7.45 (d, J = 6.2 Hz, 2H), 7.32 (d, J = 7.8 Hz, 1H), 7.29 ï 7.18 

(m, 3H), 7.18 ï 7.06 (m, 2H), 7.01 (d, J = 7.4 Hz, 2H), 6.85 (d, J = 7.5 Hz, 2H), 3.58 (s, 

2H), 2.85 (d, J = 11.5 Hz, 2H), 2.71 ï 2.65 (m, 1H), 2.39 ï 2.29 (m, 1H), 2.14 ï 2.01 (m, 

2H), 1.96 ï 1.85 (m, 3H), 1.56 ï 1.40 (m, 2H), 1.14 ï 0.95 (m, 2H). 13C NMR (75 MHz, 

CDCl3) ŭ 165.7, 142.9, 142.2, 140.7, 132.9, 129.4, 128.6, 128.3, 127.3, 125.7, 125.5, 

125.2, 124.6, 119.8, 118.4, 62.5, 55.0, 52.4, 39.6, 32.7, 25.5, 16.9. ESI MS m/z: [M+H]+ 

441. 
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10.6 Experimental section of the potential dual-acting HDAC1/FAAH compound 37 

 

tert-Butyl 4-methylenepiperidine-1-carboxylate (116). A suspension of 

methyltriphenylphosphonium bromide (500 mg, 1.40 mmol, 1.00 eq.) in dry THF (2 mL) 

was cooled down to 0 °C, and then a solution of n-BuLi in dry THF (1.7 M, 864 µL, 1.47 

mmol, 1.05 eq.) was added dropwise. The resulting mixture was stirred at 0 °C under N2 

for 15 minutes, followed by the addition of a solution of 1-Boc-4-piperidone (91, 293 mg, 

1.47 mmol, 1.05 eq.) in dry THF (2.5 mL). After stirring at 0 °C for 2 h, the reaction was 

allowed to stir at r.t. for additional 6 h. After that, the mixture was quenched with a 

saturated NH4Cl solution (25 mL), and then extracted with EtOAc (3 × 20 mL). The 

combined organic layers were dried over anhydrous Na2SO4, filtered and dried in vacuo. 

The crude was purified by column chromatography on silica gel (PE/EtOAc, from 80.1 

to 50:1) to afford the title compound as light-yellow oil (223 mg, 62% yield). 1H NMR 

(300 MHz, Acetone-d6) ŭ 4.73 (s, 2H), 3.38 (s, 4H), 2.14 (s, 4H), 1.44 (s, 9H). ESI-MS 

m/z: [M + Na]+ 220. 

 

tert-Butyl 4-(benzo[d][1,3]dioxol-5-ylmethyl)piperidine-1-carboxylate (118). To a 

solution of compound 116 (50 mg, 0.258 mmol, 1.00 eq.) in dry THF (516 µL), a solution 

of 9-BBN (0.5 M, 612 µL, 0.306 mmol, 1.18 eq.) was added, and the resulting solution 

was stirred at r.t. under N2 for 1 h. After that, the mixture was transferred in a pre-prepared 

solution of compound 117 (36 µL, 0.297 mmol, 1.15 eq.), K2CO3 (42 mg, 0.306 mmol, 

1.18 eq.), and Pd(dppf)Cl2 (4 mg, 0.005 mmol, 0.02 eq.) in a mixture of DMF/H2O 5:1 

(859 µL). The solution was heated at 60 °C and allowed to stir for 14 h. The reaction was 

quenched by the addition of 1 M NaOH, extracted with EtOAc (3x 15 mL), and then the 

combined organic layers were dried over anhydrous Na2SO4, filtered and dried in vacuo. 

The crude was purified by column chromatography on silica gel (PE/EtOAc, from 80.1 

to 30:1) to afford the title compound as light-yellow oil (67 mg, 81% yield). 1H NMR 

(300 MHz, Acetone-d6) ŭ 6.79 ï 6.68 (m, 2H), 6.63 (dd, J = 7.8, 1.7 Hz, 1H), 5.94 (s, 

2H), 4.03 (d, J = 13.1 Hz, 2H), 2.47 (d, J = 7.0 Hz, 2H), 2.40 ï 2.29 (m, 1H), 1.92 ï 1.71 

(m, 1H), 1.64 ï 1.53 (m, 2H), 1.42 (s, 9H), 1.06 (qd, J = 12.7, 4.3 Hz, 2H).ESI-MS m/z:[M 

+ Na]+ 342. 

4-(Benzo[d][1,3]dioxol-5-ylmethyl)piperidine (119). To a solution of 118 (67 mg, 0.209 

mmol, 1.0 eq) in MeOH (10 mL) a solution of 1N HCl in MeOH was dropwise added (3 

mL). Solvent was removed under reduced pressure at 40 ÁC, and this procedure was 

repeated for 3 times. The residue was treated with saturated NaHCO3 solution, and then 

extracted with EtOAc (3 x 10 mL). The combined organic layers were dried over 

anhydrous Na2SO4, filtered, and dried in vacuo. Title compound was obtained as orangish 

oil without any further purification (20 mg, 43% yield). 1H NMR (300 MHz, Acetone-d6) 

ŭ 6.78 ï 6.66 (m, 2H), 6.62 (dd, J = 7.9, 1.7 Hz, 1H), 5.93 (s, 2H), 2.96 (d, J = 11.9 Hz, 

2H), 2.81 ï 2.71 (m, 1H), 2.54 ï 2.38 (bs, 4H), 1.64 ï 1.48 (m, 2H), 1.16 ï 1.00 (m, 2H). 

ESI MS m/z: [M+H]+ 220. 

 

N-(2-aminophenyl)-4-(benzo[d][1,3]dioxol-5-ylmethyl)piperidine-1-carboxamide (37). 

To a solution of compound 119 (20 mg, 0.091 mmol, 1.0 eq) in dry DCM (910 µL), a 

saturated NaHCO3 solution (3 mL) were added. After that, the biphasic system was cooled 

down to 0 °C, and a solution of phosgene was added without stirring (20 % m/V, 90 µL, 

0.182 mmol, 2.00 eq.). The mixture was allowed to reach the r.t. for 1 h, and then it was 

transferred in a separatory funnel, and partitioned. The aqueous phase was further 

extracted twice with EtOAc (2 x 3 mL). The combined organic layers were dried over 
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anhydrous Na2SO4, filtered, and dried in vacuo at 30 °C, to give the metastable carbomoyl 

chloride. This latter was immediately dissolved in dry THF (910 µL), followed by the 

addition of 1,2-phenylenediamine (115, 11 mg, 0.101 mmol, 1.1 eq.), and dry TEA (25 

µL, 0.182 mmol, 1.15 eq.). The solution was stirred at r.t. under N2 for 6h, and after that, 

solvent was removed under reduced pressure. The crude was purified by column 

chromatography on silica gel (PE/EtOAc, from 5:1 to 1:1) to furnish the title compound 

as orange oil (15 mg, 46% yield). 1H NMR (300 MHz, Acetone-d6) ŭ 8.25 (s, 1H), 7.40 

(dt, J = 7.3, 3.7 Hz, 1H), 7.10 ï 6.96 (m, 1H), 6.80 ï 6.69 (m, 2H), 6.70 ï 6.62 (m, 1H), 

5.94 (s, 2H), 4.16 (d, J = 13.1 Hz, 2H), 2.79 ï 2.74 (m, 1H), 2.51 (d, J = 7.1 Hz, 2H), 1.88 

ï 1.72 (m, 1H), 1.67 (dd, J = 12.9, 3.0 Hz, 2H), 1.17 (qd, J = 12.3, 4.2 Hz, 2H). ESI MS 

m/z: [M+H]+ 354.  

 

 

10.7 Experimental section of the indolizine-based HDAC6is 38a-l 

 

10.7.1 Synthesis of 2-(pyridin-2-yl) acetates 124-126 

Methyl(2-pyridin-2-yl)acetate) (124). To a solution of 2-(pyridin-2-yl)-acetic acid 

hydrochloride (123, 200 mg, 1.15 mmol, 1 eq.) in MeOH (1.4 mL), precooled to 0 °C, 

TMSCl (292 µL, 2.304 mmol, 2 eq.) was added dropwise. The mixture was allowed to 

reach r.t., and then was stirred for 15 h. After that, solvent was removed in vacuo, and the 

residue was treated with saturated NaHCO3 solution. The resulting aqueous solution was 

extracted with DCM (3 x 10 mL), and then the combined organic layers were dried over 

anhydrous Na2SO4, filtered, and dried in vacuo to afford the product as yellow oil (143 

mg, 97% yield). 1H NMR (300 MHz, CD3OD) ŭ 8.47 ï 8.41 (m, 1H), 7.76 (td, J = 7.7, 

1.8 Hz, 1H), 7.38 (d, J = 7.8 Hz, 1H), 7.32 ï 7.25 (m, 1H), 3.84 (s, 2H), 3.67 (s, 3H).  

 

Allyl 2-(pyridin-2-yl)acetate (125). To a suspension of 2-(pyridin-2-yl) acetic acid 

hydrochloride (123, 4.00 g, 23.05 mmol, 1.0 eq.) in dry DCM (46 mL), TEA (9.64 mL, 

69.15 mmol, 3.0 eq.), DCC (7.13 g, 34.58 mmol, 1.5 eq.), DMAP (141 mg, 1.15 mmol, 

0.05 eq.), and allyl alcohol (2.35 mL, 34.58 mmol, 1.5 eq.) were added. The reaction 

mixture was stirred at 40 °C for 16 h, and then was filtered under vacuum on a pad of 

celite. The filtrate was washed with saturated NaHCO3 solution (3 x 30 mL), and then 

with brine (1 x 30 mL). The resulting organic phase was dried over Na2SO4, filtered, and 

dried in vacuo. The crude was purified by column chromatography on silica gel 

(PE/EtOAc, from 2:1 to 1:1), to afford the product as yellow oil (2.33 mg, 57% yield). 1H 

NMR (400 MHz, CDCl3) ŭ 8.55 (s, 1H), 7.65 (t, J = 7.4 Hz, 1H), 7.35 ï 7.22 (m, 1H), 

7.22 ï 7.11 (m, 1H), 5.90 (ddt, J = 16.2, 10.5, 5.3 Hz, 1H), 5.27 (d, J = 17.2 Hz, 1H), 

5.20 (d, J = 10.4 Hz, 1H), 4.62 (d, J = 4.4 Hz, 2H), 3.87 (s, 2H). 

 

tert-Butyl 2-(pyridin-2-yl) acetate (126). To a suspension of 2-(pyridin-2-yl) acetic acid 

hydrochloride (123, 61, 1 g, 5.76 mmol, 1 eq.) in dry DCM (23 mL, 0.25 M), TEA (1.165 

g, 11.52 mmol, 2 eq.), DCC (1.188 mg, 5.76 mmol, , 1 eq.), DMAP (35 mg, 0.28 mmol, 

0.05 eq.), and tert-butanol (622 µL, 11.52 mmol, 2 eq.) were added. The reaction mixture 

was stirred at r.t. for 16 h, and then was filtered under vacuo on a pad of celite. The filtrate 

was washed with saturated NaHCO3 solution (3 x 30 mL), and then with brine (1 x 30 

mL). The resulting organic phase was dried over Na2SO4, filtered, and dried in vacuo. 

The crude was purified by column chromatography on silica gel (PE/EtOAc, from 5:1 to 

2:1), to afford the product as yellow oil (504 mg, 45% yield). 1H NMR (300 MHz, 

Acetone-d6) ŭ 8.49 (d, J = 4.1 Hz, 1H), 7.71 (d, J = 7.6 Hz, 1H), 7.34 (d, J = 7.8 Hz, 1H), 

7.27 ï 7.19 (m, 1H), 3.73 (s, 2H), 1.43 (s, 9H).   
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10.7.2 Synthesis of the key intermediates 120-122, and their corresponding 

monocarboxylic acid 127-129 

 

General procedure for the synthesis of 1,3-diester-indolizine 120-122 (GP-A) 

A solution of the appropriate 2-(pyridin-2-yl) acetate (124-126, 1.0 eq.), and DMF-DMA 

(1.5 eq.) in DMF (0.3 M) was placed in a tube which was sealed with a PTFE cap and 

heated at 130 °C for 4 h until the complete conversion into the corresponding acrylate 

intermediate. After cooling to r.t., the reaction mixture was treated with the appropriate 

bromoacetate ester (2.0 eq.), and then allowed to stir at 60  for 6 hours. The reaction 

was cooled down to r.t., and saturated NH4Cl solution was added, followed by extraction 

with EtOAc (3 x). The combined organic layers were washed with saturated NH4Cl 

solution (1 x), saturated NaHCO3 solution (1x), and brine (1x) to get rid of DMF. The 

organic phase was dried over anhydrous sodium sulfate, filtered and concentrated in 

vacuo. The crude was purified by column chromatography on silica gel (PE/EtOAc) to 

give the title compound. 

 

3-Benzyl-1-methyl-indolizine-1,3-dicarboxylate (120). Starting from 124 (635 mg, 4.20 

mmol, 1 eq.), and benzyl 2-bromoacetate (798 µL, 5.04 mmol, 1.2 eq.), title compound 

was obtained according to the general procedure GP-A. Purification by column 

chromatography on silica gel (PE/EtOAc 10:1) afforded the desired product as green oil 

(400 mg, 31% yield). 1H NMR (300 MHz, Acetone-d6) ŭ 9.32 (d, J = 7.0 Hz, 1H), 8.13 

(d, J = 9.0 Hz, 1H), 7.69 (s, 1H), 7.50 (d, J = 7.1 Hz, 2H), 7.43 ï 7.31 (m, 3H), 7.28 ï 

7.20 (m, 1H), 7.02 ï 6.90 (m, 1H), 5.34 (s, 2H), 3.82 (s, 3H). 

 

1-Allyl 3-ethyl indolizine-1,3-dicarboxylate (121). Starting from 125 (2.33 g mg, 13.17 

mmol), and ethyl 2-bromoacetate (2.08 mL, 26.34 mmol), title compound was obtained 

according to the general procedure GP-A. Purification by column chromatography on 

silica gel (PE/EtOAc 10:1) afforded the desired product as brownish solid (1.134 g, 32% 

yield). 1H NMR (300 MHz, CDCl3) ŭ 9.53 (dt, J = 7.1, 1.2 Hz, 1H), 8.34 (dt, J = 9.0, 1.3 

Hz, 1H), 8.02 (s, 1H), 7.32 (ddd, J = 9.1, 6.8, 1.2 Hz, 1H), 6.99 (td, J = 6.9, 1.4 Hz, 1H), 

6.17 ï 5.98 (m, 1H), 5.49 ï 5.36 (m, 1H), 5.35 ï 5.24 (m, 1H), 4.84 (dt, J = 5.6, 1.5 Hz, 

2H), 4.39 (q, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H). 

 

3-Benzyl 1-(tert-butyl) indolizine-1,3-dicarboxylate (122). Starting from 126 (504 mg, 

2.60 mmol), and benzyl 2-bromoacetate (495 µL, 3.13 mmol.), title compound was 

obtained according to the general procedure GP-A. Purification by column 

chromatography on silica gel (PE/EtOAc 10:1) afforded the desired product as yellow oil 

(124 mg, 12% yield). 1H NMR (300 MHz, Acetone-d6) ŭ 9.50 (d, J = 7.1 Hz, 1H), 8.30 

(d, J = 9.0 Hz, 1H), 7.85 (s, 1H), 7.51 (d, J = 7.1 Hz, 2H), 7.45 ï 7.30 (m, 4H), 7.11 (td, 

J = 7.0, 1.2 Hz, 1H), 5.40 (s, 2H), 1.60 (s, 9H). 

 

1-(Methoxycarbonyl)-indolizine-3-carboxylic acid (127). To a suspension of compound 

120 (82 mg, 0.65 mmol, 1 eq.) in MeOH (2.65 mL, 0.1 M), under N2, a catalytic amount 

of Pd/C (0.28 mg, 0.0065 mmol, 0.01 eq.) was added. After that, the reaction mixture was 

stirred under H2, until the full conversion of the starting material (3 h), which was 

monitored by TLC and ESI-MS. Then, the suspension was filtered on a paper filter and 

dried in vacuo to obtain the title compound as dusty brownish solid (58 mg, quantitative 

yield). 1H NMR (300 MHz, CD3OD) ŭ 9.54 (d, J = 7.1 Hz, 1H), 8.29 (d, J = 9.0 Hz, 1H), 

7.92 (s, 1H), 7.44 ï 7.36 (m, 1H), 7.08 (t, J = 6.5 Hz, 1H), 3.89 (s, 3H). ESI MS m/z: [M-

H]- 218. 
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3-(Ethoxycarbonyl)indolizine-1-carboxylic acid (128). To a solution of compound 121 

(567 mg, 2.07 mmol, 1.00 eq.) in dry DCM (22 mL), Pd(PPh3)4 (216 mg, 0.19 mmol, 0.09 

eq.), PPh3 (81 mg, 0.31 mmol, 0.15 eq.), and piperidine (215 ɛL, 2.18 mmol, 1.05 eq.) 

were sequentially added under a positive anhydrous N2 pressure. The resulting solution 

was stirred at r.t. under N2 for 4 h until the full conversion of the starting material, and 

then was treated with 1N HCl to adjust the pH to 5. The biphasic system was transferred 

in a separatory funnel, and the aqueous phase was extracted with DCM (25 mL x 3). The 

combined organic layers were further washed with saturated NaHCO3 solution, dried over 

anhydrous Na2SO4, filtered, and dried in vacuo. The crude was purified by column 

chromatography on silica gel (DCM/MeOH, from 60:1 to 30:1) to afford the title 

compound as light-yellow solid (quantitative yield). 1H NMR (300 MHz, Acetone-d6) ŭ 

9.55 (dt, J = 7.1, 1.1 Hz, 1H), 8.36 (d, J = 9.0 Hz, 1H), 7.91 (s, 1H), 7.47 (ddd, J = 9.1, 

6.8, 1.2 Hz, 1H), 7.18 (dd, J = 7.6, 6.3 Hz, 1H), 4.39 (q, J = 7.1 Hz, 2H), 1.40 (t, J = 7.1 

Hz, 3H).ESI MS m/z: [M-H]- 232. 

 

3-((Benzyloxy)carbonyl) indolizine-1-carboxylic acid (129). Compound 122 (62 mg, 

0.176 mmol, 1 eq,) was dissolved in dry DCM (1.54 mL, 0.114 M), and then TFA (135 

µL, 1.76 mmol, 10 eq.) was added dropwise, and the reaction mixture was stirred at r.t. 

for 48 h. The mixture was quenched with few drops of saturated NaHCO3 solution. After 

that, solvents were removed in vacuo. The residue was purified by column 

chromatography on silica gel (DCM/MeOH from 60:1 to 30:1), affording the compound 

as white-violet solid (27 mg, 52%). 1H NMR (300 MHz, Acetone-d6) ŭ 9.55 (d, J = 7.1 

Hz, 1H), 8.36 (d, J = 9.0 Hz, 1H), 7.96 (s, 1H), 7.57 ï 7.31 (m, 6H), 7.19 (dd, J = 6.9, 6.0 

Hz, 1H), 5.42 (s, 2H), 3.66 ï 2.61 (bs, 1H). ESI MS m/z: [M-H]- 294. 

 

10.7.3 Synthesis of the amines 130, and 138 

4-(Bromomethyl)-N-((tetrahydro-2H-pyran-2-yl)-oxy)benzamide (132). To a solution of 

4-(bromomethyl)benzoic acid (131, 400 mg, 1.86 mmol, 1 eq.) in a mixture of dry DMF 

(1.8 mL, 1.03 M,) and dry DCM (13.3 mL, 0.14 M), O-(tetrahydro-2H-pyran-2-

yl)hydroxylamine (218 mg, 1.86 mmol, 1 eq.) and EDCI-HCl (428 mg, 2.23 mmol, 1.2 

eq.) were added, under N2. The reaction mixture was allowed to stir at r.t. for 15 h. The 

reaction mixture was evaporated in vacuo, in order to remove DCM. The residue was 

diluted with EtOAc and washed with saturated NH4Cl solution (2 x 15 mL), saturated 

NaHCO3 solution (1 x 15 mL), and brine (1 x 15 mL). The organic phase was dried over 

anhydrous Na2SO4, filtered, and concentrated until dryness. The crude was purified by 

column chromatography on silica gel (petroleum ether/EtOAc, from 2:1 to 1:1), giving 

the title compound as transparent oil (428 mg, 73% yield). 1H NMR (300 MHz, CDCl3) 

ŭ 8.79 (s, 1H), 7.75 (d, J = 8.2 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 5.08 (s, 1H), 4.60 (s, 

2H), 4.05 ï 3.95 (m, 1H), 3.72 ï 3.61 (m, 1H), 1.96 ï 1.81 (m, 3H), 1.74 ï 1.60 (m, 3H). 

ESI MS m/z: [M + Na]+ 337.  

 

4-(Azidomethyl)-N-((tetrahydro-2H-pyran-2-yl)-oxy) benzamide (133). To a solution of 

compound 132 (428 mg, 1.36 mmol, 1 eq.) in dry DMF (3 mL, 0.45 M), NaN3 (354 mg, 

5.44 mmol, 4 eq.) and TBAI (5 mg, 0.014 mmol, 0.01 eq.) were added. The mixture was 

stirred at 60°C for 15 h. After that, saturated NH4Cl solution, was added, and the mixture 

was extracted three times with EtOAc. The collected organic layers were washed twice 

with brine, dried over anhydrous Na2SO4, filtered, and dried in vacuo, affording the 

desired product as opalescent oil (264 mg, 70% yield). 1H NMR (300 MHz, CDCl3) ŭ 

10.74 (s, 1H), 7.66 (d, J = 8.0 Hz, 2H), 7.13 (d, J = 7.9 Hz, 2H), 4.92 (s, 1H), 4.17 (s, 
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2H), 3.88 (t, J = 10.0 Hz, 1H), 3.38 (d, J = 10.7 Hz, 1H), 1.70 ï 1.54 (m, 3H), 1.47 ï 1.32 

(m, 3H). ESI MS m/z: [M + Na]+ 299  

 

4-(Aminomethyl)-N-((tetrahydro-2H-pyran-2-yl)-oxy)benzamide (130). To a solution of 

compound 133 (264 mg, 0.95 mmol, 1 eq.) in dry THF (4 mL, 0.23 M), PPh3 (276 mg, 

1.05 mmol, 1.1 eq.) was added at 0°C, followed by the dropwise addition of H2O (0.68 

mL, 1.39 M). The reaction mixture was allowed to stir at r.t. for 5 h. After that, THF was 

removed in vacuo, and the aqueous phase was washed with EtOAc (1 x 10 mL), and then 

the organic phase was extracted three times with water. The aqueous layers were dried in 

vacuo, to obtain the title compound as white solid (239 mg, quantitative yield.). 1H NMR 

(300 MHz, CD3OD) ŭ 7.76 (d, J = 8.3 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 5.05 (s, 1H), 

4.13 (dd, J = 16.7, 7.0 Hz, 1H), 3.91 (s, 2H), 3.68 ï 3.54 (m, 1H), 1.87 ï 1.76 (m, 3H), 

1.71 ï 1.55 (m, 3H). ESI MS m/z: [M + Na]+ 273. 

 

tert-Butyl 3-(benzylamino)azetidine-1-carboxylate (145). A solution of (144, 100 mg, 

0.584 mmol, 1.0 eq.), and benzylamine (70 µL, ,0.642 mmol, 1.1 eq.) in dry toluene (6 

mL) were stirred at 120 °C for 2 h by using the Dean-Stark apparatus. After that, solvent 

was removed under reduced pressure, and the residue was immediately dissolved in 

MeOH (6 mL), and treated with NaBH4 (44 mg, 1.168 mmol, 2.0 eq.). The resulting 

mixture was stirred for 5 h at r.t., under N2. Then, the reaction mixture was quenched with 

a saturated NaHCO3 solution, and concentrated until dryness. The residue was suspended 

in EtOAc and washed with saturated NaHCO3 solution (15 mL x 3), and saturated NH4Cl 

solution (15 mL x 1). The organic phase was dried over anhydrous Na2SO4, filtered, and 

dried in vacuo. The crude was purified by column chromatography on silica gel 

(PE/EtOAc, 1:1) to afford the title compound as pale-yellow oil (128 mg, 83% yield). 1H 

NMR (300 MHz, Acetone-d6) ŭ 7.41 ï 7.19 (m, 5H), 4.01 ï 3.92 (m, 2H), 3.72 (s, 2H), 

3.65 ï 3.52 (m, 3H), 1.40 (s, 4H). ESI MS m/z: [M + Na]+ 285. 

 

tert-Butyl 3-aminoazetidine-1-carboxylate (138). To a solution of 145 (55 mg, 0.209 

mmol, 1.0 eq.), in MeOH (3 mL), ammonium formate (105 mg, ,1.672 mmol, 8.0 eq.), 

and a catalytic amount of Pd(OH)2 were sequentially added. The resulting suspension was 

stirred at 80 °C for 1 h. After that, the catalyst was removed by filtration, and the resulting 

filtrate was concentrated until dryness to give the desired product as transparent oil 

(quantitative yield). 1H NMR (300 MHz, Acetone-d6) ŭ 4.22 ï 4.11 (m, 1H), 4.09 ï 4.01 

(m, 1H), 3.98 ï 3.88 (m, 1H), 3.88 ï 3.70 (m, 2H), 1.40 (s, 9H). ESI MS m/z: [M + H]+ 

174. 

 

10.7.4 Synthesis of the indolizine-based intermediates 

General procedure for the synthesis of the amide intermediates (GP-B) 

The appropriate carboxylic acid (1 eq.) was dissolved in dry DMF (0.1 M), under N2, and 

then EDCI-HCl (1.5 eq.), HOBt (1.5 eq.), DIPEA (4 eq.) and the appropriate amine (1.0-

1.5 eq.) were sequentially added, and then the resulting mixture was allowed to stir at r.t 

for 16 h. After that, saturated NH4Cl solution was added and the mixture was extracted 

with EtOAc (3 x). The combined organic layers were washed with saturated NH4Cl 

solution (1 x), saturated NaHCO3 solution (1 x), and brine (1 x). The organic phase was 

dried over anhydrous NaSO4, filtered, and dried in vacuo. The crude was purified by 

column chromatography on silica gel (PE/EtOAc or DCM/MeOH), affording the title 

compound.   
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General procedure for the saponification of the ester derivatives (GP-C) 

To a solution of the appropriate ester (1 eq.) in MeOH (0.1 M), 4M NaOH aqueous 

solution (5 eq.) was added dropwise. The reaction was heated at 80 °C for 4 h, and then 

6 N HCl solution was added at 0 °C, until the pH was around 5. Solvents were 

concentrated until dryness, and the resulting residue was suspended with H2O, and 

extracted with EtOAc. The organic layers were dried over anhydrous Na2SO4, filtered, 

and then evaporated under reduced pressure, affording the desired product without further 

purification. 

 

Methyl-3-((4-(((tetrahydro-2H-pyran-2-yl)oxy)carbamoyl)benzyl)carbamoyl)indolizine-

1-carboxylate (134). Starting from the carboxylic acid 127 (35 mg, 0.159 mmol) and the 

amine 130 (40 mg, 0.159 mmol, 1 eq.), the title compound was obtained as yellow oil (47 

mg, 65% yield), following the general procedure GP-B. 1H NMR (300 MHz, Acetone-

d6) ŭ 10.91 (s, 1H), 9.74 (d, J = 7.0 Hz, 1H), 8.43 (t, J = 5.5 Hz, 1H), 8.21 (d, J = 8.9 Hz, 

1H), 8.02 (s, 1H), 7.79 (d, J = 7.8 Hz, 2H), 7.44 (d, J = 7.9 Hz, 2H), 7.34 ï 7.25 (m, 1H), 

6.97 (t, J = 6.9 Hz, 1H), 5.09 (s, 1H), 4.65 (d, J = 5.8 Hz, 2H), 4.12 ï 3.98 (m, 1H), 3.82 

(s, 3H), 3.50 (d, J = 11.1 Hz, 1H), 1.83 ï 1.67 (m, 4H), 1.63 ï 1.41 (m, 3H). ESI MS m/z: 

[M + Na]+ 474.  

 

3-((4-(((Tetrahydro-2H-pyran-2-yl) oxy) carbamoyl)benzyl)carbamoyl)indolizine-1-

carboxylic acid (135). Starting from the compound 134 (195 mg, 0.43 mmol, 1 eq.), title 

compound was obtained as white solid (162 mg, 86% yield), following the general 

procedure GP-C. 1H NMR (300 MHz, CD3OD) ŭ 9.63 (d, J = 7.0 Hz, 1H), 8.27 (d, J = 

9.0 Hz, 1H), 7.97 (s, 1H), 7.75 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.37 ï 7.26 

(m, 1H), 6.98 (t, J = 6.7 Hz, 1H), 5.04 (s, 1H), 4.63 (s, 2H), 4.11 (t, J = 9.5 Hz, 1H), 3.61 

(d, J = 10.7 Hz, 1H), 1.94 ï 1.76 (m, 3H), 1.70 ï 1.54 (m, 3H). ESI MS m/z: [M - H]- 436. 

 

1-(Morpholine-4-carbonyl)-N-(4-(((tetrahydro-2H-pyran-2-

yl)oxy)carbamoyl)benzyl)indolizine-3-carboxamide (136). Starting from the carboxylic 

acid 135 (35 mg, 0.159 mmol) and morpholine (40 mg, 0.159 mmol, 1 eq.), title 

compound was obtained as white solid (46 mg, 79% yield), following the general 

procedure GP-B. 1H NMR (300 MHz, CD3OD) ŭ 10.79 (d, J = 10.8 Hz, 1H), 9.70 (d, J = 

7.1 Hz, 1H), 8.28 (s, 1H), 7.91 (d, J = 9.0 Hz, 1H), 7.79 (s, 1H), 7.71 (d, J = 7.9 Hz, 2H), 

7.38 (d, J = 7.9 Hz, 2H), 7.21 ï 7.11 (m, 1H), 6.90 (t, J = 6.9 Hz, 1H), 5.04 (s, 1H), 4.59 

(d, J = 5.6 Hz, 2H), 4.03 (dd, J = 14.9, 6.0 Hz, 1H), 3.63 (dd, J = 13.3, 4.3 Hz, 8H), 3.49 

(d, J = 11.3 Hz, 1H), 1.81 ï 1.63 (m, 3H), 1.63 ï 1.45 (m, 3H). ESI MS m/z: [M + Na]+ 

529. 

 

1-(4-Methylpiperazine-1-carbonyl)-N-(4-(((tetrahydro-2H-pyran-2-

yl)oxy)carbamoyl)benzyl)indolizine-3-carboxamide (137). Starting form the carboxylic 

acid 135 (35 mg, 0.159 mmol) and 1-methylpiperazine (40 mg, 0.159 mmol, 1 eq.) the 

title compound was obtained as white solid (34 mg, 57% yield), following the general 

procedure GP-B. 1H NMR (300 MHz, Acetone-d6) ŭ 10.81 (s, 1H), 9.72 (d, J = 7.2 Hz, 

1H), 8.37 (t, J = 5.9 Hz, 1H), 7.90 (d, J = 9.0 Hz, 1H), 7.80 (s, 1H), 7.74 (d, J = 8.2 Hz, 

2H), 7.40 (d, J = 8.2 Hz, 2H), 7.17 (ddd, J = 9.0, 6.7, 0.8 Hz, 1H), 6.96 ï 6.87 (m, 1H), 

5.07 (s, 1H), 4.61 (d, J = 6.0 Hz, 2H), 4.14 ï 3.99 (m, 1H), 3.73 ï 3.62 (m, 4H), 3.57 ï 

3.46 (m, 1H), 2.37 ï 2.29  (m, 4H), 2.19 (s, 3H), 1.84 ï 1.69 (m, 3H), 1.67 ï 1.47 (m, 

3H). ESI MS m/z: [M + Na]+ 542.  

 



мпо 
 

Ethyl 1-(4-(tert-butoxycarbonyl)piperazine-1-carbonyl)indolizine-3-carboxylate (139). 

Starting from the carboxylic acid 128 (57 mg, 0.244 mmol) and 1-Boc-piperazine (50 mg, 

0.268 mmol), the title was obtained as transparent oil (53 mg, 54% yield), following the 

general procedure GP-B. 1H NMR (300 MHz, Acetone-d6) ŭ 9.46 (dt, J = 7.1, 1.1 Hz, 

1H), 7.98 (dt, J = 9.0, 1.3 Hz, 1H), 7.63 (s, 1H), 7.37 ï 7.23 (m, 1H), 7.06 (td, J = 7.0, 

1.4 Hz, 1H), 4.37 (q, J = 7.1 Hz, 2H), 3.76 ï 3.66 (m, 4H), 3.54 ï 3.44 (m, 4H), 1.46 (s, 

9H), 1.37 (t, J = 7.1 Hz, 3H). ESI MS m/z: [M + Na]+ 424. 

 

1-(4-(tert-Butoxycarbonyl)piperazine-1-carbonyl)indolizine-3-carboxylic acid (146). 

Starting from the ethyl ester 139 (53 mg, 0.132 mmol), the title compound was obtained 

as white solid (quantitative yield) following the general procedure GP-C. 1H NMR (300 

MHz, Acetone-d6) ŭ 9.51 (d, J = 7.0 Hz, 1H), 8.00 (d, J = 9.0 Hz, 1H), 7.66 (s, 1H), 7.34 

ï 7.23 (m, 1H), 7.09 ï 6.98 (m, 1H), 3.77 ï 3.68 (m, 4H), 3.57 ï 3.46 (m, 4H), 1.46 (s, 

9H). ESI MS m/z: [M - H]- 372. 

 

tert-Butyl 4-(3-((4-(methoxycarbonyl)benzyl)carbamoyl)indolizine-1-

carbonyl)piperazine-1-carboxylate (151). Starting from the carboxylic acid 146 (49 mg, 

0.131 mmol) and methyl 4-(aminomethyl)benzoate (32 mg, 0.197 mmol), the title was 

obtained as transparent oil (51 mg, 75% yield), following the general procedure GP-B. 
1H NMR (300 MHz, Acetone-d6) ŭ 9.73 (d, J = 7.8 Hz, 1H), 8.35 (t, J = 6.2 Hz, 1H), 7.98 

ï 7.88 (m, 3H), 7.81 (s, 1H), 7.48 (d, J = 8.2 Hz, 1H), 7.24 ï 7.12 (m, 1H), 6.93 (tt, J = 

6.9, 1.6 Hz, 1H), 4.66 (d, J = 5.9 Hz, 2H), 3.86 (s, 3H), 3.68 (dd, J = 6.4, 4.0 Hz, 4H), 

3.45 (t, J = 5.1 Hz, 4H), 1.44 (s, 9H). ESI MS m/z: [M + Na]+ 553. 

 

Ethyl 1-(piperidine-1-carbonyl)indolizine-3-carboxylate (140). Starting from the 

carboxylic acid 128 (60 mg, 0.257 mmol) and piperidine (30 µL, 0.309 mmol), the title 

compound was obtained as orange oil (45 mg, 58% yield), following the general 

procedure GP-B. 1H NMR (300 MHz, Acetone-d6) ŭ 9.45 (dt, J = 7.1, 1.1 Hz, 1H), 7.93 

(d, J = 9.0 Hz, 1H), 7.57 (s, 1H), 7.27 (ddt, J = 9.0, 6.8, 1.1 Hz, 1H), 7.04 (t, J = 6.9 Hz, 

1H), 4.36 (q, J = 7.1 Hz, 2H), 3.65 (t, J = 5.4 Hz, 4H), 1.75 ï 1.53 (m, 6H), 1.37 (t, J = 

7.1 Hz, 3H). ESI MS m/z: [M + Na]+ 323. 

 

1-(Piperidine-1-carbonyl)indolizine-3-carboxylic acid (147). Starting from the ethyl 

ester 140 (45 mg, 0.149 mmol), the title compound was obtained as orangish solid (37 

mg, 94% yield) following the general procedure GP-C. 1H NMR (300 MHz, CDCl3) ŭ 

9.41 (d, J = 7.1 Hz, 1H), 7.97 (d, J = 9.0 Hz, 1H), 7.66 (s, 1H), 7.24 ï 7.13 (m, 1H), 6.94 

ï 6.85 (m, 1H), 3.69 (s, 4H), 1.80 ï 1.51 (bs, 6H). ESI MS m/z: [M - H]- 271. 

 

Methyl 4-((1-(piperidine-1-carbonyl)indolizine-3-carboxamido)methyl)benzoate (152). 

Starting from the carboxylic acid 147 (37 mg, 0.14 mmol) and methyl 4-

(aminomethyl)benzoate (34 mg, 0.20 mmol), the title was obtained as yellow oil (33 mg, 

56% yield), following the general procedure GP-B. 1H NMR (300 MHz, CDCl3) ŭ 9.58 

(d, J = 7.2 Hz, 1H), 7.91 (d, J = 8.2 Hz, 2H), 7.64 ï 7.49 (m, 3H), 7.33 (d, J = 8.1 Hz, 

2H), 7.06 ï 6.99 (m, 1H), 6.75 (t, J = 6.9 Hz, 1H), 4.59 (d, J = 5.9 Hz, 2H), 3.88 (s, 3H), 

3.58 ï 3.49 (BS, 4H), 1.58 (dq, J = 25.2, 6.6, 5.4 Hz, 6H). ESI MS m/z: [M + Na]+ 442. 

 

Ethyl 1-(3-hydroxyazetidine-1-carbonyl)indolizine-3-carboxylate (141). Starting from 

the carboxylic acid 128 (100 mg, 0.43 mmol) and 3-hydroxyazetidine trifluoroacetate 

(160 mg, 0.86 mmol), the title compound was obtained as orange oil (75 mg, 61% yield), 

following the general procedure GP-B. 1H NMR (300 MHz, Acetone-d6) ŭ 9.50 (dt, J = 
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7.2, 1.1 Hz, 1H), 8.51 (dt, J = 9.0, 1.3 Hz, 1H), 7.63 ï 7.58 (m, 1H), 7.35 (ddd, J = 9.1, 

6.8, 1.2 Hz, 1H), 7.12 (td, J = 6.9, 1.5 Hz, 1H), 4.96 ï 4.88 (m, 1H), 4.78 ï 4.65 (m, 1H), 

4.64 ï 4.44 (bs, 2H), 4.37 (q, J = 7.1 Hz, 2H), 4.23 ï 3.97 (bs, 2H), 1.38 (t, J = 7.1 Hz, 

3H). ESI MS m/z: [M + Na]+ 311. 

 

1-(3-Hydroxyazetidine-1-carbonyl)indolizine-3-carboxylic acid (148). Starting from the 

ethyl ester 141 (75 mg, 0.26 mmol), the title compound was obtained as white solid 

(quantitative yield) following the general procedure GP-C. 1H NMR (300 MHz, CD3OD) 

ŭ 9.51 (d, J = 7.1 Hz, 1H), 8.36 (d, J = 9.0 Hz, 1H), 7.70 (s, 1H), 7.39 ï 7.28 (m, 1H), 

7.05 (t, J = 6.8 Hz, 1H), 4.79 ï 4.58 (bs, 2H), 4.58 ï 4.13 (bs, 2H), 4.14 ï 3.85 (bs, 1H). 

ESI MS m/z: [M - H]- 259. 

Methyl 4-((1-(3-hydroxyazetidine-1-carbonyl)indolizine-3-

carboxamido)methyl)benzoate (153). Starting from the carboxylic acid 148 (68 mg, 0.26 

mmol) and methyl 4-(aminomethyl)benzoate (64 mg, 0.39 mmol), the title was obtained 

as white solid (70 mg, 66% yield), following the general procedure GP-B. 1H NMR (300 

MHz, DMSO-d6) ŭ 9.68 (d, J = 7.2 Hz, 1H), 8.99 (t, J = 6.0 Hz, 1H), 8.33 (d, J = 9.2 Hz, 

1H), 7.98 ï 7.86 (m, 3H), 7.47 (d, J = 8.3 Hz, 2H), 7.26 (ddd, J = 9.1, 6.7, 1.2 Hz, 1H), 

7.00 (td, J = 6.9, 1.5 Hz, 1H), 5.74 (d, J = 5.9 Hz, 1H), 4.62 ï 4.47 (bs, 4H), 4.47 ï 3.85 

(bs, 3H), 3.82 (s, 3H).ESI MS m/z: [M + Na]+ 430. 

 

Ethyl 1-(2-oxa-6-azaspiro[3.3]heptane-6-carbonyl)indolizine-3-carboxylate (142). 

Starting from the carboxylic acid 128 (100 mg, 0.43 mmol) and 2-oxa-6-

azaspiro[3.3]heptane oxalate (162 mg, 0.86 mmol), the title compound was obtained as 

white solid (51 mg, 38% yield), following the general procedure GP-B. 1H NMR (300 

MHz, CDCl3) ŭ 9.46 (d, J = 7.1 Hz, 1H), 8.48 (d, J = 8.8 Hz, 1H), 7.56 (s, 1H), 7.31 ï 

7.19 (m, 1H), 6.95 (td, J = 6.9, 1.4 Hz, 1H), 4.83 (s, 4H), 4.76 ï 4.22 (m, 6H), 1.40 (t, J 

= 7.1 Hz, 3H). ESI MS m/z: [M + Na]+ 337. 

 

1-(2-Oxa-6-azaspiro[3.3]heptane-6-carbonyl)indolizine-3-carboxylic acid (149). 

Starting from the ethyl ester 142 (51 mg, 0.16 mmol), the title compound was obtained 

as white solid (quantitative yield) following the general procedure GP-C. 1H NMR (300 

MHz, CD3OD) ŭ 9.52 (d, J = 7.2 Hz, 1H), 8.36 (d, J = 9.0 Hz, 1H), 7.75 (s, 1H), 7.34 (t, 

J = 7.9 Hz, 1H), 7.06 (t, J = 7.6 Hz, 1H), 4.85 (s, 4H), 4.79 ï 4.53 (bs, 2H), 4.48 ï 4.19 

(bs, 2H). ESI MS m/z: [M - H]- 285. 

 

Methyl 4-((1-(2-oxa-6-azaspiro[3.3]heptane-6-carbonyl)indolizine-3-

carboxamido)methyl)benzoate (154). Starting from the carboxylic acid 149 (46 mg, 0.16 

mmol) and methyl 4-(aminomethyl)benzoate (48 mg, 0.24 mmol), the title was obtained 

as white solid (41 mg, 59% yield), following the general procedure GP-B. 1H NMR (300 

MHz, DMSO-d6) ŭ 9.64 (d, J = 7.1 Hz, 1H), 8.30 (d, J = 9.0 Hz, 1H), 7.93 (d, J = 8.2 Hz, 

2H), 7.44 ï 7.33 (m, 4H), 7.15 (ddd, J = 9.1, 6.7, 1.2 Hz, 1H), 6.86 (td, J = 6.9, 1.4 Hz, 

1H), 4.63 (d, J = 5.9 Hz, 2H), 4.59 (s, 4H), 4.38 ï 4.11 (bs, 4H), 3.86 (s, 3H). ESI MS 

m/z: [M + Na]+ 456. 

 

Ethyl 1-((1-(tert-butoxycarbonyl)azetidin-3-yl)carbamoyl)indolizine-3-carboxylate 

(143). Following the general procedure GP-B, the carboxylic acid 128 (173 mg, 0.74 

mmol) and the amine 138 (153 mg, 0.89 mmol) were reacted to give the title compound 

was obtained as orange oil (263 mg, 92% yield). 1H NMR (300 MHz, CDCl3) ŭ 9.37 (d, 

J = 7.0 Hz, 1H), 8.40 (d, J = 8.9 Hz, 1H), 7.86 (s, 1H), 7.36 (d, J = 7.3 Hz, 1H), 7.16 (ddd, 

J = 9.1, 6.7, 1.2 Hz, 1H), 6.85 (td, J = 7.0, 1.4 Hz, 1H), 4.89 ï 4.72 (m, 1H), 4.35 ï 4.21 
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(m, 4H), 4.00 ï 3.84 (m, 2H), 1.38 (s, 9H), 1.30 (t, J = 7.1 Hz, 3H). ESI MS m/z: [M + 

Na]+ 410. 

 

1-((1-(tert-Butoxycarbonyl)azetidin-3-yl)carbamoyl)indolizine-3-carboxylic acid (150). 

Starting from the ethyl ester 143 (263 mg, 0.68 mmol), the title compound was obtained 

as yellow oil (174 mg, 71 % yield) following the general procedure GP-C. 1H NMR (300 

MHz, CD3OD) ŭ 9.52 (d, J = 7.1 Hz, 1H), 8.38 (d, J = 9.1 Hz, 1H), 8.07 (s, 1H), 7.32 (t, 

J = 7.9 Hz, 1H), 7.03 (t, J = 7.0 Hz, 1H), 4.79 ï 4.69 (m, 1H), 4.27 (t, J = 8.5 Hz, 2H), 

4.02 ï 3.91 (m, 2H), 1.45 (s, 9H). ESI MS m/z: [M - H]- 358. 

 

Methyl 4-((1-(2-oxa-6-azaspiro[3.3]heptane-6-carbonyl)indolizine-3-

carboxamido)methyl)benzoate (155). Starting from the carboxylic acid 150 (174 mg, 0.48 

mmol) and methyl 4-(aminomethyl)benzoate (122 mg, 0.73 mmol), the title was obtained 

as white solid (190 mg, 78% yield), following the general procedure GP-B. 1H NMR (300 

MHz, Acetone-d6) ŭ 9.64 (d, J = 7.0 Hz, 1H), 8.37 (d, J = 8.9 Hz, 1H), 8.12 (t, J = 6.2 

Hz, 1H), 7.99 (d, J = 7.9 Hz, 2H), 7.96 ï 7.82 (m, 3H), 7.47 (d, J = 7.9 Hz, 2H), 7.24 ï 

7.13 (m, 1H), 6.92 (t, J = 6.9 Hz, 1H), 4.79 (ddt, J = 12.1, 7.9, 3.9 Hz, 1H), 4.67 (d, J = 

6.0 Hz, 2H), 4.18 (t, J = 8.3 Hz, 2H), 3.87 (d, J = 7.8 Hz, 5H), 1.40 (s, 9H). ESI MS m/z: 

[M + Na]+ 529. 

 

Methyl 3-(morpholine-4-carbonyl)indolizine-1-carboxylate (156). Starting from the 

carboxylic acid 127 (50 mg, 0.228 mmol) and morpholine (27 АL, 0.273 mmol), title 

compound was obtained as white solid (53 mg, 81% yield), following the general 

procedure GP-B. 1H NMR (300 MHz, Acetone-d6) ŭ 8.95 (d, J = 7.2 Hz, 1H), 8.23 (d, J 

= 9.0 Hz, 1H), 7.46 (s, 1H), 7.32 (ddd, J = 9.0, 6.7, 1.0 Hz, 1H), 6.99 (td, J = 7.0, 1.2 Hz, 

1H), 3.86 ï 3.79 (m, 7H), 3.72 (dd, J = 7.7, 2.8 Hz, 4H). ESI MS m/z: 311 [M + Na]+ 

 

3-(Morpholine-4-carbonyl)-indolizine-1-carboxylic acid (157). Starting from the methyl 

ester 156 (92 mg, 0.318 mmol) the title compound was obtained as white-grey pale solid 

(64 mg, 76% yield), following the general procedure GP-C. 1H NMR (300 MHz, CD3OD) 

ŭ 8.83 (d, J = 7.2 Hz, 1H), 8.22 (d, J = 9.0 Hz, 1H), 7.52 (s, 1H), 7.29 (ddd, J = 9.0, 6.8, 

0.9 Hz, 1H), 6.95 (td, J = 7.0, 1.2 Hz, 1H), 3.78 (dt, J = 9.2, 4.1 Hz, 8H). ESI MS m/z: 

[M] - 273. 

 

Methyl 4-((3-(morpholine-4-carbonyl)-indolizine-1-carboxamido)methyl)benzoate 

(158). Starting from the carboxylic acid 157 (64 mg, 0.233 mmol) and methyl 4-

(aminomethyl)benzoate (46 mg, 0.280 mmol), the title was obtained as orange oil (28 mg, 

39% yield), following the general procedure GP-B. 1H NMR (300 MHz, CD2Cl2) ŭ 8.86 

(d, J = 6.7 Hz, 1H), 8.37 (d, J = 8.9 Hz, 1H), 7.92 (d, J = 6.9 Hz, 2H), 7.43 ï 7.30 (m, 

3H), 7.14 (t, J = 7.2 Hz, 1H), 7.01 (s, 1H), 6.83 (s, 1H), 4.61 (s, 2H), 3.87 (s, 3H), 3.69 

(d, J = 23.0 Hz, 8H). ESI MS m/z: [M + Na]+ 444.  

 

Benzyl 1-((4-(methoxycarbonyl)benzyl)carbamoyl)indolizine-3-carboxylate (159). 

Starting from the carboxylic acid 129 (27 mg, 0.091 mmol) and methyl 4-

(aminomethyl)benzoate (8 mg, 0.109 mmol), the title was obtained as white solid (31 mg, 

77% yield), following the general procedure GP-B. 1H NMR (300 MHz, Acetone-d6) ŭ 

9.51 (d, J = 7.1 Hz, 1H), 8.60 (d, J = 9.0 Hz, 1H), 8.20 (s, 1H), 8.11 (s, 1H), 7.94 (d, J = 

7.9 Hz, 2H), 7.50 (d, J = 7.8 Hz, 4H), 7.39 (dd, J = 15.6, 7.8 Hz, 4H), 7.12 (t, J = 6.8 Hz, 

1H), 5.37 (s, 2H), 4.67 (d, J = 6.0 Hz, 2H), 3.85 (s, 3H). ESI MS m/z: [M + Na]+ 465.  
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1-((4-(Methoxycarbonyl)benzyl)carbamoyl)indolizine-3-carboxylic acid (160). To a 

suspension of compound 159 (31 mg, 0.07 mmol, 1 eq.) in MeOH (0.26 mL, 0.24 M), 

Et3Si (112 µL, 0.70 mmol, 10 eq.) and palladium on carbon (0.74 mg, 0.0007 mmol, 0.01 

eq.) were added under N2, and then the reaction was stirred at r.t. for 2 h. The suspension 

was filtered off, and the filtrate was evaporated in vacuo, yielding the product as white 

solid (22 mg, 89% yield). 1H NMR (300 MHz, Acetone-d6) ŭ 9.51 (d, J = 7.1 Hz, 1H), 

8.60 (d, J = 9.0 Hz, 1H), 8.20 (s, 1H), 8.11 (s, 1H), 7.94 (d, J = 7.9 Hz, 2H), 7.50 (d, J = 

7.8 Hz, 4H), 7.39 (dd, J = 15.6, 7.8 Hz, 4H), 7.12 (t, J = 6.8 Hz, 1H), 5.37 (s, 2H), 4.67 

(d, J = 6.0 Hz, 2H), 3.85 (s, 3H). ESI MS m/z: [M + Na]+ 375. 

 

Methyl 4-((3-(4-methylpiperazine-1-carbonyl)indolizine-1-

carboxamido)methyl)benzoate (161). Starting from the carboxylic acid 160 (22 mg, 0.062 

mmol) and 1-methyl-piperazine (8.29 µL, 0.074 mmol), title compound was obtained as 

white solid (20 mg, 72% yield), following the general procedure GP-B. 1H NMR (300 

MHz, Acetone-d6) ŭ 8.92 (d, J = 7.2 Hz, 1H), 8.52 ï 8.46 (m, 1H), 8.02 (d, J = 5.6 Hz, 

1H), 7.95 (d, J = 8.3 Hz, 2H), 7.68 (s, 1H), 7.50 (d, J = 8.3 Hz, 2H), 7.20 (ddd, J = 9.0, 

6.7, 1.0 Hz, 1H), 6.91 (td, J = 7.0, 1.3 Hz, 1H), 4.67 (d, J = 6.1 Hz, 2H), 3.86 (s, 3H), 

3.81 ï 3.74 (m, 4H), 2.46 ï 2.39 (m, 4H), 2.25 (s, 3H). ESI MS m/z: [M + Na]+ 457. 

 

10.3.5 Synthesis of the final compounds 38a-6 

 

General procedure for the coversione of the methyl ester derivatives into the hydroxamate 

(GP-D) 

To a solution of the corresponding 3 or 4 (1.0 eq.) in methanol (0.017 M), a 4 M KOH 

solution in methanol (50 eq.) was added dropwise at 0 ÁC, followed by the addition of a 

NH2OH 50% aqueous solution (100 eq.). The reaction mixture was stirred at r.t. for 3 h, 

and then 6N HCl solution was added until the pH was 6. Subsequently, solvents were 

removed in vacuo. The crude was purified column chromatography on silica gel 

(DCM/MeOH + 0.1 NH4OH %) to afford the final compound.  

Methyl-3-((4-(hydroxycarbamoyl)benzyl)carbamoyl)indolizine-1-carboxylate (38a). To 

a solution of compound 134 (27 mg, 0.06 mmol, 1 eq.) in dry DCM (4 mL, 0.015 M), 

TFA (23 АL, 0.30 mmol, 5 eq.) was added at 0 °C, under N2. The reaction was stirred at 

r.t. for 3 h, and then was neutralized using saturated NaHCO3 solution. Solvents were 

evaporated under nitrogen flux. The crude was purified by column chromatography on 

silica gel (DCM/MeOH, from 60:1 to 10:1), to obtain the compound as white solid (7 mg, 

32% yield). 1H NMR (300 MHz, CD3OD) ŭ 9.64 (d, J = 7.0 Hz, 1H), 8.25 (d, J = 8.9 Hz, 

1H), 7.97 (s, 1H), 7.72 (d, J = 8.1 Hz, 2H), 7.48 ï 7.28 (m, 3H), 7.00 (t, J = 6.7 Hz, 1H), 

4.60 (s, 2H), 3.89 (s, 3H). ESI MS m/z: [M + Na]+ 390 . 

 

N-(4-(Hydroxycarbamoyl)benzyl)-1-(morpholine-4-carbonyl)indolizine-3-carboxamide 

(38b). According to the procedure described for 38a, starting from intermediate 136 (46 

mg, 0.09 mmol 1 eq.), the title compound was obtained as white solid (20 mg, 53% yield). 
1H NMR (300 MHz, CD3OD) ŭ 9.60 (d, J = 7.1 Hz, 1H), 7.84 (d, J = 9.0 Hz, 1H), 7.76 ï 

7.68 (m, 3H), 7.46 (d, J = 8.1 Hz, 2H), 7.28 ï 7.18 (m, 1H), 6.94 (s, 1H), 4.63 (s, 2H), 

3.74 (d, J = 4.3 Hz, 8H). 13C NMR (75 MHz, d-DMSO) ŭ 165.7, 161.4, 142.4, 136.3, 

129.8, 126.4, 126.3, 126.1, 122.7, 117.5, 116.6, 112.5, 105.4, 65.7, 47.6, 47.3, 47.1, 46.7, 

46.5, 46.2, 46.0, 41.2, 28.5. ESI MS m/z: [M + Na]+ 445.  
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N-(4-(Hydroxycarbamoyl)benzyl)-1-(4-methylpiperazine-1-carbonyl)indolizine-3-

carboxamide (38c). According to the procedure described for 38a, starting from 

intermediate 137 (46 mg, 0.09 mmol 1 eq.), the title compound was obtained as white 

solid (13 mg, 46 % yield). 1H NMR (300 MHz, CD3OD) ŭ 9.61 (d, J = 7.1 Hz, 1H), 7.90 

(d, J = 8.9 Hz, 1H), 7.72 (d, J = 7.3 Hz, 3H), 7.47 (d, J = 7.7 Hz, 2H), 7.32 ï 7.24 (m, 

1H), 6.98 (t, J = 6.9 Hz, 1H), 4.64 (s, 2H), 3.30 (dd, J = 3.1, 1.5 Hz, 8H), 2.96 (s, 3H). 

ESI MS m/z: [M + H]+ 436.  

 

tert-Butyl 4-(3-((4-(hydroxycarbamoyl)benzyl)carbamoyl)indolizine-1-

carbonyl)piperazine-1-carboxylate (38d). Starting from the intermediate 151 (51 mg, 

0.979 mmol), the title compound was obtained as pinkish solid (35 mg, 69% yield), 

following the general procedure GP-D. 1H NMR (300 MHz, DMSO-d6) ŭ 11.17 (s, 1H), 

9.63 (d, J = 6.9 Hz, 1H), 8.98 (s, 1H), 7.92 ï 7.80 (m, 2H), 7.71 (d, J = 7.8 Hz, 2H), 7.40 

(d, J = 7.8 Hz, 2H), 7.20 (t, J = 7.6 Hz, 1H), 6.96 (t, J = 6.9 Hz, 1H), 4.55 (s, 1H), 3.68 ï 

3.55 (bs, 3H), 3.49 ï 3.36 (bs, 4H), 1.40 (s, 9H). 13C NMR (75 MHz, DMSO-d6) ŭ 165.3, 

164.5, 161.6, 154.3, 143.5, 136.9, 131.8, 127.5, 127.4, 123.8, 119.3, 118.2, 116.4, 114.0, 

107.0, 79.6, 55.4, 42.1, 28.5. ESI MS m/z: [M - H]- 520. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-1-(piperazine-1-carbonyl)indolizine-3-carboxamide 

trifluoroacetate (38e). To a solution of compound 38d (22 mg, 0.04 mmol, 1 eq.) in dry 

DCM (0.420 mL), TFA (96 АL, 1.27 mmol, 30 eq.) was added at 0 ÁC, under N2. The 

reaction was allowed to reach the r.t., and then stirred for 2 h. Solvent was evaporated 

under nitrogen flux, and the crude was triturated in small volumes of Et2O (600 ɛL x 2), 

and then of THF (600 ɛL x 2). The residue was dried in vacuo to obtain an orange oil (18 

mg, 93% yield). 1H NMR (300 MHz, CD3OD) ŭ 9.60 (s, 1H), 7.89 ï 7.56 (m, 4H), 7.56 

ï 7.33 (bs, 2H), 7.27 ï 7.17 (bs, 1H), 7.00 ï 6.84 (bs, 1H), 4.63 (s, 2H), 3.87 ï 3.64 (m, 

4H), 2.96 ï 2.72 (m, 4H). 13C NMR (75 MHz, CD3OD) ŭ 165.3, 161.0, 160.6, 160.2, 

135.8, 126.0, 125.9, 125.6, 122.2, 117.5, 117.1, 116.2, 115.1, 113.6, 112.0, 105.3, 44.0, 

40.8, 28.1. ESI MS m/z: [M - H]+ 422. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-1-(piperidine-1-carbonyl)indolizine-3-carboxamide 

(38e). Starting from the intermediate 152 (33 mg, 0.079 mmol), the title compound was 

obtained as pinkish solid (9 mg, 27% yield), following the general procedure GP-D. 1H 

NMR (300 MHz, DMSO-d6) ŭ 9.62 (dd, J = 7.5, 2.9 Hz, 1H), 8.93 (s, 1H), 7.84 ï 7.75 

(m, 2H), 7.70 (d, J = 5.6 Hz, 2H), 7.37 (d, J = 5.2 Hz, 2H), 7.23 ï 7.11 (m, 1H), 6.99 ï 

6.88 (m, 1H), 4.51 (s, 2H), 3.57 (s, 4H), 1.69 ï 1.42 (m, 6H). 13C NMR (75 MHz, DMSO-

d6) ŭ 165.8, 165.2, 162.4, 144.2, 137.3, 132.8, 128.3, 128.1, 124.2, 120.0, 118.7, 117.0, 

114.6, 108.8, 42.9, 27.2, 25.5. ESI MS m/z: [M - H]- 419. 

 

1-(3-Hydroxyazetidine-1-carbonyl)-N-(4-(hydroxycarbamoyl)benzyl)indolizine-3-

carboxamide (38g). Starting from the intermediate 153 (70 mg, 0.172 mmol), the title 

compound was obtained as white solid (27 mg, 32% yield), following the general 

procedure GP-D. 1H NMR (300 MHz, DMSO-d6) ŭ 11.17 (s, 1H), 9.68 (d, J = 7.0 Hz, 

1H), 9.05 ï 8.95 (bs, 2H), 8.33 (d, J = 8.9 Hz, 2H), 7.91 (s, 1H), 7.71 (d, J = 7.9 Hz, 2H), 

7.40 (d, J = 7.9 Hz, 2H), 7.25 (t, J = 7.8 Hz, 1H), 7.00 (t, J = 6.9 Hz, 1H), 5.76 (d, J = 5.7 

Hz, 1H), 4.68 ï 4.46 (m, 4H), 4.45 ï 3.52 (bs, 3H). 13C NMR (75 MHz, DMSO-d6) ŭ 
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165.6, 164.6, 161.6, 143.6, 137.6, 131.8, 127.6, 127.5, 127.4, 124.5, 119.9, 117.8, 116.7, 

114.4, 105.6, 61.0, 42.1. ESI MS m/z: [M - H]- 407. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-1-(2-oxa-6-azaspiro[3.3]heptane-6-

carbonyl)indolizine-3-carboxamide (38h). Starting from the intermediate 154 (41 mg, 

0.095 mmol), the title compound was obtained as white solid (32 mg, 78% yield), 

following the general procedure GP-D. 1H NMR (300 MHz, DMSO-d6) ŭ 11.17 (s, 1H), 

9.69 (d, J = 5.9 Hz, 1H), 9.12 ï 8.86 (bs, 2H), 8.38 ï 8.27 (m, 1H), 7.91 (s, 1H), 7.72 (d, 

J = 7.7 Hz, 2H), 7.41 (d, J = 7.8 Hz, 2H), 7.26 (t, J = 8.0 Hz, 1H), 7.07 ï 6.93 (m, 1H), 

4.83 ï 4.62 (m, 4H), 4.60 ï 3.95 (bs, 6H). 13C NMR (75 MHz, DMSO-d6) ŭ 165.5, 164.5, 

161.6, 143.5, 137.7, 131.8, 127.6, 127.5, 127.4, 124.6, 119.9, 117.6, 116.8, 114.5, 105.4, 

80.3, 79.6, 42.1, 38.4. ESI MS m/z: [M - H]- 433. 

 

tert-Butyl 3-(3-((4-(hydroxycarbamoyl)benzyl)carbamoyl)indolizine-1-

carboxamido)azetidine-1-carboxylate (38i). Starting from the intermediate 155 (190 mg, 

0.375 mmol), the title compound was obtained as orange solid(87 mg, 46% yield), 

following the general procedure GP-D. 1H NMR (300 MHz, DMSO-d6) ŭ 9.52 (d, J = 6.7 

Hz, 1H), 9.03 ï 8.84 (m, 1H), 8.72 ï 8.53 (m, 1H), 8.27 (d, J = 8.7 Hz, 1H), 8.05 ï 7.93 

(m, 1H), 7.71 (d, J = 7.2 Hz, 2H), 7.40 (d, J = 7.6 Hz, 2H), 7.23 (t, J = 7.8 Hz, 1H), 6.97 

(t, J = 6.8 Hz, 1H), 4.79 ï 4.62 (m, 1H), 4.51 (s, 2H), 4.10 (d, J = 7.8 Hz, 2H), 3.83 (s, 

2H), 1.37 (s, 9H). 13C NMR (75 MHz, d-DMSO) ŭ 164.5, 164.1, 161.7, 156.1, 143.4, 

136.9, 131.8, 127.7, 127.5, 127.4, 124.3, 119.6, 117.5, 117.0, 114.1, 107.3, 79.0, 42.3, 

28.5. ESI MS m/z: [M - H]- 506. 

 

tert-Butyl 3-(3-((4-(hydroxycarbamoyl)benzyl)carbamoyl)indolizine-1-

carboxamido)azetidine-1-carboxylate (38j). Starting from the intermediate 38i (33 mg, 

0.07 mmol), the title compound was obtained as orange oil (18 mg, 49% yield), following 

the procedure described for 38e. 1H NMR (300 MHz, CD3OD) ŭ 9.56 (d, J = 45.8 Hz, 

1H), 8.35 ï 8.01 (m, 2H), 7.81 ï 7.32 (m, 5H), 7.32 ï 7.07 (bs, 1H), 7.08 ï 6.79 (m, 1H), 

5.45 ï 5.13 (m, 1H), 4.74 ï 4.53 (bs, 3H), 4.53 ï 4.13 (bs, 2H), 3.78 ï 3.39 bs, 1H). ESI 

MS m/z: [M - H]+ 408. 

N-(4-(Hydroxycarbamoyl)-benzyl)-3-(morpholine-4-carbonyl)indolizine-1-carboxamide 

(38k). To a solution of compound 158 (28 mg, 0.066 mmol, 1 eq.) in MeOH (3.9 mL, 

0.017 M), 4M KOH methanolic solution (830 µL, 3.34 mmol, 50 eq.) was added dropwise 

at 0 °C, followed by the addition of NH2OH aqueous solution (50% m/V, 435 µL, 6.6 

mmol, 100 eq.). The reaction was allowed to stir at r.t. for 3 h. After the full conversion 

of the starting material into the product, the reaction was quenched with 6 N HCl solution 

at 0°C, until the pH was around 5. Solvents were evaporated in vacuo, and the residue 

purified by column chromatography on silica gel (DCM/MeOH/NH4OH 10:1:0.1), 

yielding the title compound as white solid (15 mg, 53% yield). 1H NMR (300 MHz, 

DMSO-d6) ŭ 11.12 (s, 1H), 8.98 (s, 1H), 8.83 (d, J = 7.0 Hz, 1H), 8.69 (s, 1H), 8.34 (d, J 

= 8.9 Hz, 1H), 7.76 ï 7.66 (m, 3H), 7.38 (d, J = 7.9 Hz, 2H), 7.25 ï 7.16 (m, 1H), 6.92 (t, 

J = 6.6 Hz, 1H), 4.51 (s, 2H), 3.68 (d, J = 5.8 Hz, 8H). 13C NMR (75 MHz, DMSO-d6) ŭ 

164.1, 161.8, 136.7, 124.0, 119.7, 117.4, 116.1, 113.6, 106.9, 66.7, 45.6, 42.1. ESI MS 

m/z: [M + Na]+ 445. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-3-(4-methylpiperazine-1-carbonyl)indolizine-1-

carboxamide (47e). To a solution of compound 86 (20 mg, 0.046 mmol, 1 eq.) in MeOH 

(2.94 mL, 0.017 M), 4M MeOH methanolic solution (in MeOH, 622 µL, 2.49 mmol, 50 
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eq.) was added dropwise, followed by the addition of NH2OH aqueous solution (50% 

m/V, 329 µL, 4.982 mmol, 100 eq.). The mixture was stirred at r.t. for 4 h. After that, the 

mixture was quenched with 6 N HCl solution at 0 °C, until the pH was around 7. Solvents 

were evaporated in vacuo, and the residue was purified by column chromatography on 

silica gel (DCM/MeOH/NH4OH, from 30:1:0 to 9:1:0.1), affording the title compound as 

white solid (10 mg, 50% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.17 (s, 1H), 9.00 (s, 

1H), 8.79 (d, J = 7.1 Hz, 1H), 8.73 (t, J = 5.9 Hz, 1H), 8.34 (d, J = 9.0 Hz, 1H), 7.74 ï 

7.67 (m, 3H), 7.37 (d, J = 8.2 Hz, 2H), 7.24 ï 7.15 (m, 1H), 6.91 (dd, J = 9.8, 4.0 Hz, 

1H), 4.50 (d, J = 5.8 Hz, 2H), 3.71 (s, 4H), 2.45 (s, 4H), 2.25 (s, 3H). 13C NMR (75 MHz, 

Acetone-d6) ŭ 163.7, 161.2, 143.5, 136.2, 131.2, 123.6, 119.3, 116.9, 116.1, 115.9, 113.2, 

106.4, 79.2, 54.5, 45.4, 41.6. ESI MS m/z: [M + Na]+ 458. 

 

 

10.8 Experimental section of aryl piperazine-based HDAC6i 39n,o 

Methyl 3-((4-(4-nitrophenyl)piperazine-1-carboxamido)methyl)benzoate (164). To a 

solution of 162 (150 mg, 0.723 mmol, 1.0 eq.) and methyl-3-isocyanatobenzoate (215 

mg, 1.085 mmol, 1.5 eq.) in dry THF (8 mL), TEA (207 ÕL, 1.45 mmol, 2.0 eq.) was 

added dropwise. The solution was stirred at r.t. under N2 for 6 h, and after that, solvent 

was removed under reduced pressure. The crude was purified by column chromatography 

on silica gel (PE/EtOAc, from 2:1 to 1:2) to furnish title compound as yellow solid (216 

mg, 75% yield). 1H NMR (300 MHz, Acetone-d6) ŭ 8.09 (d, J = 9.5 Hz, 2H), 8.01 ï 7.92 

(m, 1H), 7.86 (d, J = 7.7 Hz, 1H), 7.76 ï 7.61 (m, 1H), 7.43 (t, J = 7.7 Hz, 1H), 7.03 (d, 

J = 9.4 Hz, 2H), 6.73 ï 6.67 (m, 1H), 4.46 (d, J = 5.9 Hz, 2H), 3.86 (s, 3H), 3.71 ï 3.60 

(m, 4H), 3.58 ï 3.47 (m, 4H). ESI MS m/z: [M+Na]+ 421. 

 

Methyl 3-((4-(3-hydroxyphenyl)piperazine-1-carboxamido)methyl)benzoate (165). as a 

colourless oil (193 mg, 70 % yield). Starting from compound 163 (146 mg, 0.818 mmol, 

1.1 eq.) and methyl-3-isocyanatobenzoate (147 mg, 0.744 mmol, 1.0 eq.), the title 

compound was obtained following the procedure described for the preparation of 164. 

Purification by column chromatography on silica gel (PE/EtOAc, from 2:1 to 1:2) 

afforded the title compound as colourless oil (193 mg, 70% yield). 1H NMR (300 MHz, 

Acetone-d6) ŭ 8.64 (s, 1H), 7.99 (s, 1H), 7.86 (d, J = 7.8 Hz, 1H), 7.76 ï 7.64 (m, 1H), 

7.63 ï 7.50 (m, 2H), 7.40 (t, J = 7.7 Hz, 1H), 7.02 (t, J = 8.1 Hz, 1H), 6.95 ï 6.85 (m, 

1H), 6.41 ï 6.32 (m, 1H), 4.47 (d, J = 5.6 Hz, 2H), 3.83 (s, 3H), 3.61 ï 3.52 (m, 4H), 3.12 

ï 3.02 (m, 4H). ESI MS m/z: [M+Na]+ 392. 

 

N-(3-(hydroxycarbamoyl)benzyl)-4-(4-nitrophenyl)piperazine-1-carboxamide (39n). To 

a solution of 164 (216 mg, 0.54 mmol, 1.0 eq.) in MeOH (6.5 mL), a 4 M KOH methanolic 

solution (6.77 mL, 27.10 mmol, 50 eq.) was added dropwise at 0 ÁC, followed by the 

addition of NH2OH aqueous solution (50% m/V, 3.58 mL, 54.20 mmol, 100 eq.). The 

reaction mixture was stirred at r.t. for 3 h, and then 6N HCl solution was added until the 

pH was around 6. Subsequently, solvents were removed in vacuo. The crude was purified 

column chromatography on silica gel (DCM/MeOH/NH4OH, from 30:1:0 to 10:1:0.1) to 

afford the final compound as orange solid (185 mg, 85% yield). 1H NMR (300 MHz, 

DMSO-d6) ŭ 11.17 (s, 1H), 8.97 (s, 1H), 8.05 (d, J = 9.4 Hz, 2H), 7.66 (s, 1H), 7.56 (d, J 

= 7.0 Hz, 1H), 7.44 ï 7.29 (m, 2H), 7.25 (t, J = 5.8 Hz, 1H), 7.02 (d, J = 9.5 Hz, 2H), 4.27 

(d, J = 5.5 Hz, 2H), 3.48 (s, 4H), 3.30 (s, 4H). 13C NMR (75 MHz, DMSO-d6) ŭ 164.8, 

157.7, 154.9, 141.7, 137.3, 133.1, 130.3, 128.5, 126.4, 126.1, 125.3, 112.9, 46.4, 43.8, 

43.2. 
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N-(3-(hydroxycarbamoyl)benzyl)-4-(3-hydroxyphenyl)piperazine-1-carboxamide (39o). 

Starting from compound 165 (193 mg, 0.52 mmol) the title compound was obtained 

following the procedure described for the preparation of 39n. Purification by column 

chromatography on silica gel (DCM/MeOH/NH4OH, from 30:1:0 to 10:1:0.1) afforded 

final compound as white solid (46 mg, 24% yield).1H NMR (300 MHz, CD3OD) ŭ 7.68 

(s, 1H), 7.60 (d, J = 7.5 Hz, 1H), 7.48 (d, J = 7.7 Hz, 1H), 7.39 (d, J = 7.3 Hz, 1H), 7.21 

(s, 1H), 7.04 (t, J = 8.1 Hz, 1H), 6.47 (d, J = 8.3 Hz, 1H), 6.40 (s, 1H), 6.31 (dd, J = 8.5, 

2.1 Hz, 1H), 4.41 (d, J = 4.7 Hz, 2H), 3.61 ï 3.52 (m, 4H), 3.16 ï 3.02 (m, 4H). 13C NMR 

(75 MHz, CD3OD) ŭ 165.6, 159.4, 158.7, 153.6, 142.6, 133.9, 131.1, 130.8, 129.4, 127.1, 

126.0, 108.2, 107.7, 104.0, 49.6, 44.6. 

 

10.9 Experimental section of o-aminoanilide-based HDAC1is 40d,e, and 40k, and 

compound 10 

 

N-(2-Aminophenyl)-2-(3,4-dichlorophenyl)acetamide (40d). To a solution of 2-(3,4-

dichlorophenyl)acetic acid (166, 100 mg, 0.487 mmol, 1.0 eq.) in dry DMF (2 mL), 

HBTU (222 mg, 0.584 mmol, 1.2 eq.), and TEA (271 µL, 1.948 mmol, 4 eq) were added, 

and the resulting solution was stirred at r.t. under N2 for 30 minutes. Then 1,2-

phenylenediamine (115, 58 mg, 0.576 mmol, 1.1 eq.) was added, and the reaction mixture 

was stirred for additional 6 h. After that, saturated NH4Cl solution was added (5 mL), and 

the mixture was extracted with EtOAc (3 x 5 mL). The combined organic layers were 

washed with saturated NH4Cl solution (1 x 15 mL), saturated NaHCO3 solution (1 x 15 

mL), and brine (1 x 15 mL). The organic phase was dried over anhydrous NaSO4, filtered, 

and dried in vacuo. The crude was purified by column chromatography on silica gel 

(DCM/MeOH, from 50:1 to 10:1), affording the title compound as white solid (75 mg, 

52% yield). 1H NMR (300 MHz, CD3OD) ŭ 7.57 (s, 1H), 7.48 (d, J = 8.3 Hz, 1H), 7.31 

(dd, J = 8.3, 2.1 Hz, 1H), 7.04 (ddd, J = 18.8, 7.7, 1.5 Hz, 2H), 6.83 (dd, J = 8.0, 1.4 Hz, 

1H), 6.70 (td, J = 7.6, 1.5 Hz, 1H), 3.72 (s, 3H). ESI MS m/z: [M+H]+ 296. 

 

N-(2-Amino-4,5-dichlorophenyl)-2-(3,4-dichlorophenyl)acetamide (40e). Starting from 

2-(3,4-dichlorophenyl)acetic acid (166, 200 mg, 0.975 mmol), and 4,5-dichlorobenzene-

1,2-diamine (190 mg, 1.073 mmol), the title compound was obtained following the 

procedure described for the preparation of 40d. Purification by column chromatography 

on silica gel (DCM/MeOH, from 80:1 to 50:1) afforded the title compound as white solid 

(185 mg, 85% yield). 1H NMR (300 MHz, CD3OD) ŭ 7.53 (d, J = 2.1 Hz, 1H), 7.47 (d, J 

= 8.3 Hz, 1H), 7.27 (d, J = 6.5 Hz, 2H), 6.92 (s, 1H), 3.71 (s, 2H). 13C NMR (75 MHz, 

CD3OD) ŭ 174.4, 146.3, 139.9, 135.8, 135.0, 134.5, 134.1, 133.5, 132.8, 130.8, 126.5, 

122.6, 120.7, 45.1. ESI MS m/z: [M+H]+ 365. 

 

Methyl 4-((2-(3,4-dichlorophenyl)acetamido)methyl)benzoate (167). To a solution of 2-

(3,4-dichlorophenyl)acetic acid (166, 300 mg, 1.46 mmol, 1.0 eq.)in dry DMF (7.3 mL), 

EDCI-HCl (420 mg, 2.19 mmol, 1.5 eq.), HOBt (296 mg, 2.19 mmol, 1.5 eq.), DIPEA (1 

mL, 5.84 mmol, 4 eq), and intermediate 66 (353 mg, 0.17 mmol, 1.2 eq.) were added in 

this order. The reaction mixture was stirred at r.t. under N2 for 15 h. After that, saturated 

NH4Cl solution was added (10 mL), and the mixture was extracted with EtOAc (3 x 10 

mL). The combined organic layers were washed with saturated NH4Cl solution (1 x 30 

mL), saturated NaHCO3 solution (1 x 30 mL), and brine (1 x 30 mL). After that, the 
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organic phase was dried over anhydrous NaSO4, filtered, and dried in vacuo. The crude 

was purified by column chromatography on silica gel (PE/EtOAc, from 6:1 to 2:1), 

affording the title compound as white solid (395 mg, 77% yield). 1H NMR (300 MHz, 

CDCl3) ŭ 7.99 (d, J = 8.1 Hz, 2H), 7.47 ï 7.35 (m, 2H), 7.33 ï 7.23 (m, 2H), 7.19 ï 7.09 

(m, 1H), 4.49 (d, J = 6.0 Hz, 2H), 3.92 (s, 3H), 3.57 (s, 2H). ESI MS m/z: [M+Na]+ 374. 

 

4-((2-(3,4-Dichlorophenyl)acetamido)methyl)benzoic acid (168). Compound 167 (395 

mg, 1.12 mmol, 1.0 eq.) was suspended in a mixture of THF/H2O 1:1 (2.24 mL), followed 

by the addition of NaOH (224 mg, 5.6 mmol, 5 eq.). The mixture was stirred at 40 ÁC for 

16 h, and then was quenched with 6N HCl until the pH was around 5. After that, THF 

was removed under reduced pressure, and the aqueous suspension was filtered. The solid 

residue was collected, washed several times with H2O, and then dried under reduced 

pressure, affording the title compound as white solid (quantitative yield). 1H NMR (300 

MHz, CD3OD) ŭ 7.96 (d, J = 8.2 Hz, 2H), 7.52 ï 7.46 (m, 1H), 7.47 ï 7.40 (m, 1H), 7.34 

(d, J = 8.0 Hz, 2H), 7.23 (dd, J = 8.3, 2.1 Hz, 1H), 4.43 (s, 2H), 3.57 (s, 2H). ESI MS m/z: 

[M+H]- 337. 

 

N-(2-Aminophenyl)-4-((2-(3,4-dichlorophenyl)acetamido)methyl)benzamide (40k). 

Starting from compound 168 (70 mg, 0.206 mmol), and 1,2-phenylenediamine (115, 24 

mg, 0.227 mmol), the title compound was obtained following the procedure described for 

the preparation of 40d. Purification by column chromatography on silica gel 

(DCM/MeOH, from 60:1 to 20:1) afforded the title compound as white solid (63 mg, 71% 

yield). 1H NMR (300 MHz, CD3OD) ŭ 7.93 (d, J = 7.9 Hz, 2H), 7.53 ï 7.43 (m, 2H), 7.39 

(d, J = 7.9 Hz, 2H), 7.21 (dd, J = 18.2, 8.3 Hz, 2H), 7.08 (t, J = 7.7 Hz, 1H), 6.90 (d, J = 

8.0 Hz, 1H), 6.77 (t, J = 7.6 Hz, 1H), 4.45 (s, 2H), 3.57 (s, 2H). ESI MS m/z: [M+H]+ 

429. 

 

Pyridin-3-ylmethanol (169). A solution of 3-pyridinecarboxaldehyde (54, 300 mg, 2.80 

mmol, 1.0 eq.) in methanol (7 mL) was cooled down to 0 ÁC, followed by the addition of 

NaBH4 (300 mg, 2.80 mmol, 1.0 eq.). The resulting suspension was allowed to stir at r.t. 

for 2 h under N2. After that, the reaction was quenched with saturated NaHCO3 solution, 

and then MeOH was removed under reduced pressure. The residual aqueous phase was 

extracted with EtOAc (3 x 10 mL), and the combined layers was dried over anhydrous 

NaSO4, filtered, and dried in vacuo to afford the title compound as yellow oil (300 mg, 

91%). 1H NMR (300 MHz, CDCl3): ŭ 8.53 (d, J = 4.9 Hz, 1H), 7.67 (td, J = 7.7, 1.7 Hz, 

1H), 7.27 (d, J = 7.8 Hz, 1H), 7.21-7.16 (m, 1H), 4.75 (s, 2H).  

 

4-((((Pyridin-3-ylmethoxy)carbonyl)amino)methyl)benzoic acid (170). To a suspension 

of CDI (445 mg, 2.75 mmol, 1.0 eq.) in dry THF (2.75 mL), cooled to 0 ÁC, a solution of 

3-pyridinemethanol 169 (300 mg, 2.75 mmol, 1.0 eq.) in dry THF (50 mL) was added, 

and the mixture was stirred at 10 ÁC under N2 for 1 h. The resulting solution was added 

to a suspension of 4-(aminomethyl)benzoic acid (418 mg, 2.75 mmol, 1.0 eq.), DBU (410 

ÕL, 2.75 mmol, 1.0 eq.), and TEA (383 ÕL, 2.75 mmol, 1.0 eq.) in dry THF (5.5 mL). 

The mixture was stirred for 5 h at r.t., and then THF was removed under reduced pressure. 

The residue was suspended in H2O (6 mL), and then 1N HCl solution was added until the 

pH was around 5 to precipitate a white solid. This latter was recovered by filtration, then 

washed with H2O (6 mL) and methanol (1mL), respectively, and dried in vacuo to give 

the title compound as white solid (437 mg, 56% yield). 1H NMR (300 MHz, DMSO-d6) 
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ŭ 4.28 (d, 2H, J = 5.9 Hz), 5.10 (s, 2H), 7.3ï7.5 (m, 3H), 7.7ï8.1 (m, 4H), 8.5ï8.7 (m, 

2H). ESI MS m/z: [M+H]- 285. 

 

Pyridin-3-ylmethyl (4-((2-aminophenyl)carbamoyl)benzyl)carbamate (10).To a 

suspension of 170 (200 mg, 0.70 mmol, 1.0 eq.) in dry THF (4 mL), CDI (125 mg, 0.77 

mmol, 1.1 eq.) was added, and then the mixture was stirred for 3 h at 60 °C. The clear 

solution was cooled to r.t., and 1,2-phenylenediamine (75 mg, 0.7 mmol, 1.0 eq.) and 

TFA (48 µL, 0.63 mmol, 0.9 eq.) were added, the resulting solution was stirred for 16 h 

at r.t. After that, THF was removed under reduced pressure, and then the crude was 

purified by column chromatography on silica gel (DCM/MeOH, from 50:1 to 10:1), 

affording the title compound as white solid (125 mg, 47% yield). 1H NMR (300 MHz, 

DMSO-d6) ŭ 4.28 (d, 2H, J = 5.9 Hz), 4.86 (s, 2H), 5.10 (s, 2H), 6.60 (t, 1H, J = 7.3 Hz), 

6.78 (d, 1H, J = 7 Hz), 6.97 (t, 1H, J = 7 Hz), 7.17 (d, 1H, J = 8 Hz), 7.3ï7.5(m, 3H), 

7.78 (d, 1H, J = 8 Hz), 7.93 (d, 2H, J = 8 Hz), 8.53 (d, 1H, J = 3.7 Hz), 8.59 (s, 1H), 9.61 

(s, 1H). ESI MS m/z: [M+H]+ 377. 

 

10.1 Experimental section of azetidine-2-one-based HDAC6/8 inhibitors 40a-c 

 

N-(1-Benzylpiperidin-4-yl)-1-phenylmethanimine (172). A solution of 171 (476 mg, 

2.502 mmol, 1.0 eq.), and benzaldehyde (265 mg, 2.502 mmol, 1.0 eq.) in dry toluene (12 

mL) was stirred at 110 ÁC for 14 h. After that, solvent was removed under reduce pressure, 

to give the title compound as yellowish oil (quantitative yield). 1H NMR (300 MHz, 

DMSO-d6) ŭ 8.37 (s, 1H), 7.72 (dd, J = 6.4, 3.2 Hz, 2H), 7.33ï7.26 (m, 7H), 7.24ï7.21 

(m, 1H), 3.46 (s, 2H), 3.33ï3.28 (m, 1H), 2.89 (d, J = 9.8 Hz, 2H), 2.21 (t, J = 8.6 Hz, 

2H), 1.87ï1.82 (m, 4H). 

 

trans-1-(1-Benzylpiperidin-4-yl)-3,4-diphenylazetidin-2-one ((±)-173) To a solution of 

phenylacetic acid (1072 mg, 15.75 mmol, 3.0 eq.) in dry DCM (30 mL), triphosgene (778 

mg, 2.63 mmol, 0.5 eq.) was added and the resulting suspension was heated at 50 °C for 

30 min. Then, a solution of 172 (1461 mg, 5.25 mmol, 1.0 eq.) in dry DCM (30 mL) was 

added dropwise, followed by the addition of TEA (2.2 mL, 15.75 mmol, 3.0 eq.) and the 

mixture was allowed to stir at 50 °C for 12 h. Then, solvent was removed in vacuo, and 

the crude was purified by column chromatography on silica gel (PE/EtOAc 2:1), 

affording the title compound as yellow oil (1229 mg, 59% yield). 1H NMR (300 MHz, 

CDCl3) ŭ 7.53ï7.11 (m, 15H), 4.53 (d, J = 2.2 Hz, 1H), 4.11 (d, J = 2.0 Hz, 1H), 3.64 (m, 

1H), 3.47 (s, 2H), 2.84 (dd, J = 43.4, 11.4 Hz, 2H), 2.01 (m, 4H), 1.72 (dd, J = 12.8, 3.1 

Hz, 1H), 1.56ï1.50 (m, J = 11.7, 4.0 Hz, 1H). ESI-MS m/z: [M+H]+ 397.  

 

trans-3,4-Diphenyl-1-(Piperidin-4-yl)azetidin-2-one ((±)-174) To a solution of 173 (100 

mg, 0.25 mmol) in MeOH (2.5 mL), a catalytic amount of palladium on carbon was added 

under N2, and then the mixture was allowed to stir at r.t. in H2 atmosphere. After 6 h, the 

mixture catalyst was removed by filtration, and the resulting filtrate was evaporated to 

obtain the final compound in quantitative yield as yellow oil. 1H NMR (300 MHz, CDCl3) 

ŭ 7.45ï7.20 (m, 10H), 4.51 (d, J = 2.2 Hz, 1H), 4.10 (d, J = 2.2 Hz, 1H), 3.75ï3.61 (m, 

1H), 3.09 (dt, J = 12.8, 3.7 Hz, 1H), 2.96 (dt, J = 12.7, 3.9 Hz, 1H), 2.67ï2.45 (m, 2H), 

2.08ï1.94 (bs, 1H), 1.89ï1.66 (m, 2H), 1.43ï1.26 (m, 1H). ESI-MS m/z: [M+H]+ 307.  

trans-Methyl 4-(4-(2-oxo-3,4-diphenylazetidin-1-yl)piperidine-1-carboxamido)benzoate 

((±)-175a). Intermediate 174 (100 mg, 0.33 mmol,1.0 eq.) and methyl-4-

isocyanatobenzoate (231 mg, 1.31 mmol, 4.0 eq.) were dissolved in dry THF (12 mL) 
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under N2, followed by the addition of TEA (363 µL, 2.62 mmol, 8.0 eq.) was added 

dropwise. The solution was stirred at r.t. for 14 h, until the full conversion of the starting 

materials, and after that solvent was removed in vacuo. The crude product was purified 

by column chromatography on silica gel (PE/EtOAc, from 2:1 to 1:2) to obtain the pure 

product as light-yellow oil (93 mg, 59%). 1H NMR (300 MHz, CDCl3) ŭ 7.90 (d, J = 8.4 

Hz, 2H), 7.49 ï 7.18 (m, 12H), 4.50 (s, 1H), 4.13 ï 3.90 (m, 3H), 3.86 (s, 3H), 3.65 (t, J 

= 10.7 Hz, 1H), 2.88 (dd, J = 26.8, 12.8 Hz, 2H), 2.10 ï 1.40 (m, 4H). ESI-MS m/z: [M 

+ H]+ 484.  

 

trans-Ethyl 4-(2-oxo-2-(4-(2-oxo-3,4-diphenylazetidin-1-yl)piperidin-1-

yl)ethyl)benzoate) ((±)-175b). The carboxylic 64 (50 mg, 1.0 eq.) was dissolved in dry 

DCM (3 mL), under N2 and then EDCI-HCl (55 mg, 1.2 eq.), HOBt (48mg, 1.5 eq.), and 

DIPEA (167 µL, 4 eq.) were added at 0°C. The suspension was stirred at 0 °C for 15 

minutes and then a solution of the intermediate 174 in dry dichloromethane (3 mL) was 

added. The reaction was left to react at r.t. for 12 h, under N2. Subsequently, the mixture 

was washed with saturated NH4Cl solution (1 x 6 mL) and then with saturated NaHCO3 

solution (1 x 6 mL). The organic layers were combined, washed with brine, dried over 

anhydrous filtered and concentrated in vacuo. The crude product was purified by silica 

gel column chromatography (DCM/acetone, 30:1 to 10:1) to give the compound as yellow 

oil (67 mg, 56% yield). 1H NMR (300 MHz, CDCl3) ŭ: 7.95 (m, 2H), 7.47 ï 7.13 (m, 

12H), 4.59 (d, J = 13.7 Hz, 1H), 4.48 ï 4.27 (m, 4H), 4.11 (s, 1H), 3.76 (m, 4H), 3.13 ï 

2.83 (m, 1H), 2.76 ï 2.57 (m, 1H), 1.94 (m, 1H), 1.80 ï 1.54 (m, 2H), 1.39 (t, J = 9.7 Hz, 

3H). 

 

Methyl 4-((4-(2-oxo-3,4-diphenylazetidin-1-yl)piperidine-1- 

carboxamido)methyl)benzoate ((±)-10c). Following the general procedure for the 

synthesis of the compound 175a, starting from 174 (100 mg, 0.33 mmol), and methyl 4-

(isocyanatomethyl)benzoate (250 mg, 1.31 mmol), the title compound was obtained as 

white solid (109 mg, 67% yield. 1H NMR (300 MHz, CD3OD) ŭ 7.99ï7.86 (m, 2H), 

7.49ï7.20 (m, 12H), 4.64 (t, J = 4.9 Hz, 1H), 4.35 (s, 2H), 4.12 (t, J = 2.8 Hz, 1H), 4.08ï

3.85 (m, 5H), 3.71ï3.65 (m, 1H), 2.96ï2.70 (m, 2H), 2.05ï1.70 (m, 2H), 1.57ï1.23 (m, 

2H). ESI-MS m/z: [M+H] + 498.  

 

trans-N-(4-(hydroxycarbamoyl)phenyl)-4-(2-oxo-3,4-diphenylazetidin-1-yl)piperidine-

1-carboxamide ((±)-41a). To a solution of 175a (20 mg, 0.041 mmol, 1.0 eq.) in MeOH 

(6 mL), 4M methanolic KOH solution (516 µL, 0.20 mmol, 50 eq.) was added dropwise, 

followed by the addition of NH2OH 50% aqueous solution (271 µL, 0.41 mmol, 100 eq.). 

The reaction mixture was stirred at r.t. for 3 h, and then 6N HCl solution was added 

dropwise until the pH was 6. Subsequently, solvents were removed in vacuo. The crude 

was purified by column chromatography on silica gel (DCM/MeOH/HCOOH, from 

30:1:0 to 10:1:0.1) to afford the compound as orange oil (13 mg, 67%). 1H NMR (300 

MHz, CD3OD) ŭ 7.90 (d, J = 8.1 Hz, 1H), 7.65 (d, J = 8.2 Hz, 1H), 7.49 ï 7.18 (m, 12H), 

4.69 (s, 1H), 4.18 ï 3.99 (m, 3H), 3.73 (m, 1H), 2.95 (dd, J = 27.6, 13.3 Hz, 2H), 2.11 ï 

1.42 (m, 4H). 13C NMR (75 MHz, CD3OD) ŭ 169.65, 155.62, 155.54, 143.28, 138.30, 

134.84, 130.13, 128.81, 128.62, 128.56, 127.45, 127.29, 127.10, 126.47, 125.62, 119.22, 

118.78, 63.93, 63.22, 51.14, 42.86, 42.70, 30.03, 29.63. ESI-MS m/z: [M+Na]+ 506. 

 

trans-N-Hydroxy-4-(2-oxo-2-(4-(2-oxo-3,4-diphenylazetidin-1-yl)piperidin-1-

yl)ethyl)benzamide((±)-41b). To a solution of 175b (67 mg, 1.0 eq.) in 10 mL of absolute 

EtOH, 4M ethanolic solution (1.685 mL, 50 eq.) was added dropwise, followed by the 
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addition of NH2OH  aqueous solution (50%, 0.859 mL, 100 eq.). The reaction mixture 

was stirred at r.t. for 3 h, and then 6N HCl solution was added until the pH was 6. 

Subsequently, solvents were removed in vacuo. The crude was purified by column 

chromatography on silica gel (DCM/MeOH/HCOOH, from 30:1:0 to 10:1:0.1) to afford 

the compound as orange oil (15 mg, 24%). 1H NMR (300 MHz, DMSO-d6) ŭ 11.14 (s, 

1H), 8.97 (s, 1H), 7.83 ï 7.53 (m, 2H), 7.56 ï 7.12 (m, 12H), 4.65 (d, J = 9.8 Hz, 1H), 

4.34 ï 4.03 (m, 2H), 3.85 (m, 1H), 3.69 (d, J = 11.1 Hz, 2H), 3.58 (bs, 1H), 3.18 ï 2.87 

(m, 2H), 2.77 ï 2.56 (m, 1H), 1.96 ï 1.78 (m, 1H), 1.76 ï 1.56 (m, 2H). 13C NMR (75 

MHz, DMSO-d6) ŭ: 168.6, 168.0, 164.5, 139.7, 139.6, 139.4, 139.3, 135.7, 131.2, 129.3, 

129.2, 128.9, 127.9, 127.3, 127.1, 63.8, 61.8, 50.7, 44.4, 30.9, 30.4, 30.1, 29.8.  

 

trans-N-(4-(Hydroxycarbamoyl)benzyl)-4-(2-oxo-3,4- diphenylazetidin-1-yl)piperidine-

1-carboxamide ((±)-41c). Following the general procedure for the synthesis of the 41a, 

starting from 174c (109 mg, 0.22 mmol), title compound was obtained as pinkish solid 

(30 mg, 27% yield). 1H NMR (300 MHz, DMSO-d6) ŭ 11.12 (s, 1H), 8.95 (s, 1H), 7.64 

(d, J = 8.1 Hz, 2H), 7.51ï7.16 (m, 10H), 7.12ï6.98 (m, 2H), 4.71 (d, J = 2.0 Hz, 1H), 

4.19 (d, J = 5.5 Hz, 2H), 4.11 (s, 1H), 3.87 (dd, J = 33.8, 13.3 Hz, 2H), 3.63ï3.44 (m, 

1H), 2.71 (dd, J = 25.3, 12.0 Hz, 2H), 1.96ï1.55 (m, 4H). 13C NMR (75 MHz, d-DMSO) 

ŭ 168.1, 164.6, 157.4, 144.8, 139.5, 135.8, 131.4, 129.3, 129.2, 128.9, 127.9, 127.2, 63.9, 

61.8, 51.0, 43.7, 42.8, 42.7, 30.5, 30.0. ESI-MS m/z: [M + H]+ 497.  
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HPLC analisis 

A stock solution for each tested compound was prepared dissolving the sample in DMSO 

to achieve a10 mM concentration. The stock solution was used to prepare three samples: 

one was taken as the standard solution and the other two as the test solutions at pH 3.0 

and pH 7.4. The samples concentration was 250 mM with a DMSO content of 2.5% (v/v). 

The standard solution was prepared by diluting the stock solution in PBS-buffer solution 

(MeCN/water, 60:40); the dilution of the stock solution in 50 mM acetic acid furnished 

the samples solution at pH 3.0; and the dilution of the stock solution in 50 mM aqueous 

PBS-buffer gave the samples solution at pH 7.4. These suspension/solutions were sealed 

and left for 24 h at r.t. under orbital shaking to attain ñpseudothermodynamic 

equilibriumò. Then, the solutions were filtered through PTFE filters and diluted 1:2 with 

the buffer solution employed for the preparation of the samples. After that, they were 

analyzed by HPLC/UV/ DAD, utilizing UV detection at 254nm for quantitation. 

Solubility was calculated by comparing peak areas of the sample and of the standard: 

S = Asmp x FD x Cst  

            Ast 

 

S = solubility of the compound (mM); Asmp = UV area of the sample (250 mM); Ast = 

UV area of the standard solution. solution; FD = dilution factor (2); Cst = standard 

concentration.  

For each sample the analysis was performed in triplicate and the solubility data was 

calucalated taken into account the average of the three values. The same sample solutions 

were prepared to evaluate the chemical stability of the compounds after 24 h at 25 °C and 

analyzed by HPLC/UV/DAD, using UV detection at 254 nm for quantitation. Stability 

was calculated by comparing the peak area of the sample at t0 and the peak area of the 

same solution after 24 h. The stability percentage value was calculated at pH 3.0 and pH 

7.4 for each compound by applying the following formula: 

% remaining = AC24 

                         ACT0 

AC24 = area of the sample after 24 h at 25 °C; AcT0 = area of the sample at t0.  

For each sample the analysis was performed in triplicate and the stability data was 

obtained from the average of the three values.  
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11.2 Conference/School participation: 

11.2.1 PhD schools 

¶ ESMEC - European School of Medicinal Chemistry (40th Advanced Course of Medicinal 

Chemistry and ñE. Durantiò National Seminar for PhD student), virtual edition, 28/06/2021 

ï 01/07/2021.  

¶ ESMEC - European School of Medicinal Chemistry (42nd Advanced Course of Medicinal 

Chemistry), Urbino, 02/07/2023 ï 06/07/2023. Poster 1: " Exploiting the chemical space 
of the Castagnoli-Cushman reaction: development of novel tetrahydroisoquinoline-based 

hHDAC6 inhibitors as promising modulators of inflammation". 

11.2.2 Congresses and meetings 

¶ Merck Young Chemistsô Symposium (MYCS) 2021, Rimini, 22/11/2021 ï 24/11/2021. 

Poster 2: "Discovery of azetidin-2-one as new cap group for the development of selective 

HDAC6/8 inhibitors". 

 

¶ Autumn Meeting for Young Chemists in Biomedical Sciences (AMYC)-BIOMED 2022 

Napoli, 17/10/2022 ï 19/10/2022, 01/09/2022 ï 02/09/2022. 

Oral communication: "Identification of azetidin-2-one core for the development of dual 

hHDAC6/hHDAC8 inhibitors as antiproliferative agents".  

 

¶ XXXVIII Interregional Meeting of the Societ¨ Chimica Italiana - Sections of Toscana, 

Umbria, Marche, and Abruzzo (TUMA 2022).  

Poster 3: "Development of potent and selective hHDAC6 inhibitors as pharmacological 

tools for idiopathic pulmonary fibrosis".  
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3g

Rational design

IC50
hHDAC8

(nM)

IC50
hHDAC6

(nM)

IC50
hHDAC1

(ÕM)

ZBGXR3R2R1Cmp

-203.3Ñ10.41.27Ñ0.1-N-Ar-HAr-3a

42Ñ4.521Ñ14.2Ñ0.1-NCH2-Ar-HAr-3c

-39.9Ñ5.53.1Ñ0.2-NCH2-Ar-HH3e

113Ñ2.691Ñ79.7Ñ3.9-CH2-HAr-Ar-3f

99Ñ2.13.4Ñ0.84.3Ñ0.3-NCH2-HAr-Ar-3g

-18.5Ñ1.24.1Ñ0.1-OCH2-HAr-Ar-3h

-
10 80.1%

1 63.5%
3.8%

10 6.6%

1 2.5%
0.1 2.5%

-NCH2-HAr-Ar-3i

3h3g3f3e3bCpd

80404810048
TC50
(ÕM)

HDAC1/

HDAC6

hHDAC6

(IC50nM)

hHDAC1

(IC50nM)

12741.9Ñ6.05330

HDAC1/

HDAC8

hHDAC8

(IC50nM)

hHDAC1

(IC50nM)

400104000

(Ñ)-1 2, PCI-34051

azetidin-2-one,

privileged ring in

medicinal chemistry

selective HDAC6/8 inhibitors

best performing

spacersforhHDAC6

inhibitors

Histonedeacetylases(HDACs) areeraser

enzymeswhichcatalysethedeacetylationfromN-

acetyllysineonhistoneproteins,resultingin

decreasedgenetranscription.[1]

hHDAC6and8isoformsareemergingaspotential

targetthankstotheirabilitytointeractwithseveral

cytoplasmicnon-histonesubstratesoverexpressedin

specificpathologies(cancerandraredisease).[2]

Wefocusedontheresearchofselectivedual

actinghHDAC6/8inhibitorstoreducetheoff-

targetseffectsderivingfromthetherapywith

pan-HDACinhibitors(HDACis).[3]

Background

Chemistry

(a)EtOH,reflux,12h;(b)triphosgene,TEA,dryDCM,50ÁC,12h;(c))Pd-C,H2,MeOH,12h;d)i)appropriate

acid,DIPEA,EDCI,HOBt,dryDCM,0ÁCto25ÁC,12horii)appropriateisocyanate,TEA,dryTHF,65ÁC,1.5hor

iii)appropriatealcohol,CDI,DCM,0Áto25ÁC,6h;(e)i)NH2OH(50%inH2O),4MKOH(inMeOH),DCM/MeOH

1:2,25ÁC,2horii)forTFA,Et3SiH,DCM,0ÁCto25ÁC,6h;(f)i)malonicacid,NH4HCO2,EtOH,90ÁC,6h,ii)

SOCl2,MeOH,0ÁCto60ÁC,12h;(g)i)N-Boc-piperidone,DIPEA,AcOH,DMF,25ÁC,12hthenii)NaBH3CN,25

ÁC,12h;(h)i)LiOH,THF/MeOH/H2O1:1:1,25ÁC,12h,ii))2-Chloro-1-methylpyridiniumiodide,TEA,MeCN,80ÁC,

12h;(i)TFA,DCM,0ÁCto25ÁC,1h.(j)i)CS2,NaOH(20Maqueoussolution),toluene,0ÁC,5min;ii)MeI,TEBA,

toluene,25ÁC,30min;(k)triphosgene,TEA,dryDCM,50ÁC,12h;(l)NiCl26הH2O,NaBH4,MeOH,THF,25ÁC,12
h;(m)Pd-C,H2,MeOH,12h.

Synthesis of vicinal azetidin-2-one derivatives

3a-c

Synthesis of geminal azetidin-2-one derivatives

3f-i

SynthesisofC4-substitutedazetidin-2-onederivatives

Biological evaluation results for selected compounds

Assessment of the drug-like properties

References

In silicostudiesïMolecular docking (MD)

Conclusions and outlook

Compounds3a-i were

testedinenzymaticassays

todeterminetheirpotency

andselectivityforthe

hHDAC6isoformoverthe

nuclearenzymehHDAC1.

Urea and amide

derivativesofeachseries

showedthebestactivity

profiles,thustheirabilityto

inhibithHDAC8 was

evaluated. The assay

confirmedthattheureas

behaveasthemostpotent

andselectivedualtargeting

compounds.

Westernblottingstudieswereperformedfor

3c,3fand3gtoevaluatetheacetylation

levelsofŬ-tubulinandSMC3(non-histone

proteinsforHDAC6and8,respectively)on

HTC-116cellline.Whentestedat10ÕM,the

moleculesstronglyenhancedthelevelsthe

AcTubandAcSMC3,confirmingtheability

ofthebestperformingcompoundstoinhibit

thetwohHDACisoformsinthecellline.

Azetidin-2-one,asprivilegedringindrugdesign,ensuresthedruggabilityofthe

scaffoldinwhichitwasincorporated.Weidentifiedthiscoretodevelopnovel

selectiveHDAC6/8 inhibitorsendowedwitha goodactivityprofileand

acceptabledrug-likeproperties.Furtherstudieswillbeperformedtoassessthe

potentialtherapeuticprofileofthesenewpolypharmacologicaltools.

[1]M.Brindisi,etal.,J.Med.Chem,63(2020),23ï39;[2]A.P.Saraswati,etal.,

ACSMed.Chem.Lett.11(2020),2268ī2276;[3]M.Morgen,etal.,

ChemMedChem.15(2020),1163ï1174.

MDsimulationshighlightedthatthebestdualinhibitor3cestablishesahigher

numberandstrongerinteractionswiththeHDAC6/8ascomparedwithHDAC1.

3c 3f 3g

3c 3f 3g

Structural

simplification

removal of one

aromatic moiety

removal of a

stereocenter

achiral

compounds

3a-i

Moreover,exvivoexperimentonLangendorff-

isolatedratheartshaverevealedthat3gdonot

affectcardiacparametersup to10 ɛM

concentration.Incubationof3cand3ginhuman

livermicrosomesevidencedthatthese

compoundsaremetabolicallystable.

HLM3c

HLM3g

K3c=0.0129(min
-1)

K3g=0.0362(min
-1)

R1,R2,R3=Ar

X= N, CH2, NCH2,OCH2

Cellulartoxicitywasassessedonmouse

fibroblasts(NIH3T3cells)forthebestperforming

compounds,whoseTC50valuesrangedfrom40

to100ÕM.

HDAC1/

HDAC6

hHDAC6

(IC50nM)

hHDAC1

(IC50nM)

42Ñ4.521Ñ14.2Ñ0.1

Discovery of azetidin-2-one as new cap group for the

development of selective HDAC6/8 inhibitors

Anna Fontana, Sandra Gemma,StefaniaButini, and GiuseppeCampiani

Department of Biotechnology, Chemistry and Pharmacy, University of Siena, 53100 Siena, Italy;

e-mail:a.fontana5@student.unisi.it
PhD program in Chemical and pharmaceutical science-XXXVI cycle

Invivoexperimentsinzebrafish

embryosdemonstratedthat3cand

3garewelltoleratedupto75ɛM.

Westernblotanalyseshighlighted

thatthetreatmentswiththe

compoundsincreasedthelevelof

AcTub,confirmingtheefficacyof

HDACinhibitioninzebrafish.

3c

R1=R3=Ar

R2=H

3d-e

R1=R2=H

R3=Ar

R1=R2=Ar

R3=H
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Development of potent and selectivehHDAC6inhibitors as

pharmacological tools for idiopathic pulmonary fibrosis
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Background Target identification

Generalsynthesisofindoline-basedcompounds:a)suitablebenzaldehyde,Cs2CO3,1,4-dioxane,110ϲC,14h;b)suitablephenylhydrazine,H2SO4,1,4-dioxane,70ϲC,2hthen25ϲC,14h;c)
NaBH4,MeOH,25ϲC,12horH2/Pd,MeOH,25ϲC,12h;d)methyl4-formylbenzoateormethyl5-formylthiophene-2-carboxylate,NaBH3CN,EtOH,AcOH,70ϲC,14h;e)NH2OH(50%inH2O),
KOH,DCM/MeOHfrom0ϲCto25ϲC,12h.

Idiopathicpulmonaryfibrosis(IPF)isan
interstitiallungdiseasecharacterized
byaprogressive-fibrosingphenotype.

IPFfibroblastspossessacancerlike
ñmalignantòphenotyperelatedtothe
epithelial-mesenchimaltransition(EMT)
andinvolvingresistancetoapoptosis.

Histonedeacetylases(HDACs)are
eraserenzymeswhichcatalysethe
deacetylationfromN-acetyllysine
onhistoneproteins,resultingin
decreasedgenetranscription.

IPFhasbeenassociatedwith
aberrantHDACactivities.

Chemistry1

Target validation

Immunohistochemistrystudiesshowedthat
HDAC6isoverexpressedinIPFlungtissues.

normal lungIPF lung

hHDAC6expression

Hit identification

Bulkiercapgroupbyintroductionof:

ÅaromaticmoietyatC2position;

ÅaliphaticgroupatC3position.

best
performing
compound

Evaluation of the enzymatic inhibition3

Stereochemical characterization of(Ñ)-1g2

Drug design of selectivehHDAC6inhibitors

Assessment of drug-like properties5

ExvivoexperimentonLangendorff-isolatedrat

heartsrevealedthat(Ñ)-1g doesnotaffect

cardiacparametersupto10ɛMconcentration.

Incubationof(Ñ)-1dand(Ñ)-1g inhumanliver

microsomesevidencedthatthesecompounds

possessintermediatepropertiesintermsof

metabolicstability.Invivoexperimentsin

zebrafishembryosdemonstratedthat(Ñ)-1gis

well

WesternBlotstudieswereperformedforthebest

performingcompoundsinNB4andU87cellline.When

testedat5ÕM,themoleculesstronglyenhancedthe

levelsofacetylatedŬ-tubulin(abonafideHDAC6non-

histonetarget), confirmingtheselectivetarget
engagement.
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Conclusion7

Takentogether, theseresultsallowed

implementingthecurrentarsenalofvalidated

targetunderinvestigationforIPF,showing

thattheselectiveHDAC6inhibitioncouldbe

exploitedtocounterthisdisease.

Theenzymaticassayallowedidentifyingthemostpromisinginvitrohits((�s)-1d,(�s)-1g,(�s)-
1j).Theseweretestedfortheirabilitytoinhibitfibroticsphereformationandcellviabilityina3D
cellmodelderivedfromABCpatientcells,provingtobeeffectiveinrevertingtheIPFphenotype.

Evaluation of the antifibrotic activity in IPF model4

binding mode
(crystal of (S)-1gin complex

withzfHDAC6)
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Future perspective6

welltolerated
upto50ɛM.

Fluorinationof , ,

and mayprevent

themetabolicattacks

work in
progress

new

derivatives




