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PREFACE 

Project 1: "Development of autophagic modulators to improve the sensitivity of oral squamous 

cell carcinoma". 

Oral squamous cell carcinoma (OSCC) is the sixth most common cancer with 500,000 people 

affected annually worldwide. It is the predominant malignant neoplasm in the oral cavity and 

affects the floor of the mouth, tongue, buccal mucosa, alveolus, retromolar trigone, gingival, hard 

palate, and lip. Known etiological factors in OSCC are alcohol and tobacco consumption, genetic 

predispositions, chronic inflammations and viral infections. Depending on the stage of the tumor, 

chemotherapy (e.g., cisplatin and 5-fluorouracil), radiation therapy, chemoradiotherapy, surgical 

removal of the tumor and combination therapy are recommended. Unfortunately, late-stage 

diagnosis, the scarcity of effective therapeutic strategies, and drug resistance during chemotherapy 

are the main challenges in OSCC. Autophagy is a catabolic process to maintain the turnover of 

organelles and intracellular proteins for the conservation of cellular homeostasis. It is often 

stimulated in the presence of stress-mediated circumstances. It can play a dual role in 

tumorigenesis depending on the type and stage of the tumor. Generally, in the early stage of cancer, 

induction of autophagy can help to resist tumor progression by maintaining genetic integrity, 

mediating stress and hypoxia etc. On the other hand, in the advanced stage, the induction of 

autophagy can serve as a survival mechanism by overcoming the deprivation of nutrients and 

providing resistance to drugs for anticancer therapy etc. Over the past decade, stress-induced 

autophagy has been demonstrated to contribute in the drug resistance and malignant progression in 

preclinical and clinical studies. In addition, genetic knockdown or pharmacological impairment of 

autophagy has produced therapeutic benefits. Therefore, autophagy inhibitors (e.g., chloroquine 

and hydroxychloroquine) are being studied in different types of tumors despite their toxicity and 

high dose requirements in clinical trials. Interestingly, several studies have confirmed autophagy as 

one of the main drug resistance mechanisms in OSCC. Therefore, new autophagy inhibitors with 

improved potency and safety profiles are the need of the hour to evaluate the true therapeutic 

benefits of inhibiting autophagy in tumors, including OSCC Pyrrolobenzoxazepines (PBOXs) and 

Pyrrolonaphthoxazepines (PNOXs) are microtubule targeting anticancer agents that bind to the 

colchicine site. This has been confirmed by accurate X-ray crystallographic studies. They exert 

their anticancer activity on a wide range of tumor cell lines, including multidrug-resistant cells. The 

therapeutic potential of PBOX compounds in a group of in vivo and ex vivo cancer models and 

normal counterparts was also assessed. PBOXs show minimal toxicity to normal blood and bone 

marrow. Interestingly, PBOX-6 had autophagy inducing effects in human colon cancer cells. 

Treatment of PBOX-6 against pharmacological inhibition of late-stage autophagy with 

Bafilomycin A1 improved PBOX-6-induced apoptosis in cancer cells. Further characterizations 

have shown that PBOX-6-induced autophagy plays a cytoprotective role with respect to autophagic 

cell death. Motivated by this observation, we wanted to perform selective and rational structural 

modifications in the core structure of both PBOX/PNOX compounds to modify and subsequently 

produce an inverse (inhibiting) effect on the autophagic process. We focused on developing 

autophagy inhibitors in OSCC while maintaining the key profile as potent pro-apoptotic agents. 

Being a highly dynamic process, autophagy machines offer numerous numbers of drug targets. 

Unfortunately, these targets are often multifunctional and involved in many other cellular 

processes. Therefore, targeting one of them is not related only to autophagy and inhibition of 

autophagy always directs the path towards targeting the late stage, i.e. lysosomal fusion with the 

autophagosomes of the machinery. In this attempt, we converted two activity profiles, namely the 

autophagy inhibitory effect of chloroquine and the pro-apoptotic effect of PBOX/PNOX. 



Appropriate molecular modeling docking was performed to design a new series of PBOX/PNOX 

compounds. Regarding the inhibitory effect of autophagy, we focused on the mechanism of action 

of chloroquine. This is well known and supported by the fact that the underlying mechanism of 

action for chloroquine is the presence of the basic moiety and the subsequent changes of the 

lysosomal pH to compromise the lysosomal function. We explored the PBOX/PNOX class of 

compounds and described the development of a series of pro-apoptotic molecules. Structural 

adaptation to the binding pockets of the central structure was implemented using the mechanistic 

perception of the known inhibitor of autophagy and the molecular modeling approach. The 

compounds have been carefully characterized by biological and medicinal chemistry approaches. 

We evaluated their ability to inhibit the cell growth and induce apoptosis on several cancer cell 

lines. The selected compounds were tested for their effect on the resistance cells and the 

corresponding parent cells. The mutagenic safety profile was also inspected for the compounds. In 

addition, the pharmacokinetic properties and metabolic stability were calculated in vitro with the 

human liver microsome. Finally, the selected compounds were inspected for their effect on the 

autophagic process against SCC4 and HL-60 cell lines. The quantification of the LC3-II/LC3-I and 

p62 proteins both under basal and starvation mediation conditions was assessed using chloroquine 

as a positive control. These studies revealed the chloroquine-like mode of action for PNOX 

compounds on the autophagic process. The obtained data proposed a relevant therapeutic potential 

for the developed compounds as autophagy inhibitors with innate pro-apoptotic activity. 

Project 2: "Development of new β-lactam based HDAC6 inhibitors as anticancer agents". 

Several diseases including cancer have a fundamental epigenetic etiology. In eukaryotic cells, 

histone proteins play an essential role in organizing DNA structures. Histone acetylation and 

deacetylation include a key example of post-translational modifications that work in epigenetic 

regulation. Histone deacetylases (HDAC) belongs to the family of hydrolases that remove acetyl 

groups from lysine residues and therefore regulate the key processes like gene expression. They are 

classified into four different classes based on their yeast homology. Class I HDACs are made up of 

isoforms 1, 2, 3, and 8; while class II enzymes include isoforms 4, 5, 6, 7, 9, and 10. Class III 

HDACs are NAD+ dependent enzymes called sirtuins (SIRT 1-7). Class IV contains only isoform 

11. Classes I, II and IV are zinc dependent enzymes. A common structural feature of HDAC 

inhibitors (HDACi) is the presence of a zinc binding group (ZBG), a portion of linker and a group 

of caps. Many HDACi have been identified as therapeutic tools in the treatment of various ailments 

including cancer. Unfortunately, all the FDA-approved HDACis have proven to be non-selective or 

partially selective with several side effects. Significant research efforts are currently focused on the 

development of selective HDACi with less side effects. The β-lactam family has been used for 

many years to treat bacterial infections. Interestingly, β-lactams have also been explored for 

selective HDAC inhibition by several research papers. We focused on the development of selective 

HDAC6 inhibitors, with a β-lactam core structure. After performing a molecular modeling 

approach, we designed a series of compounds with different caps groups and linkers, keeping 

hydroxamic acid as a common ZBG. The newly developed structures were inspired by the scaffold 

of a previously developed inhibitor identified by our research group. All the compounds have been 

tested for the inhibitory effect on both the HDAC1 and HDAC6 isoforms. The best compound 

showed an IC50 value of 3.4 nM on HDAC6 with 1265-fold selectivity compared to the HDAC1 

isoform. 

 

 



PREFAZIONE 

Progetto 1: "Sviluppo di nuovi modulatori autofagici per migliorare la sensibilità del carcinoma 

orale a cellule squamose". 

Il carcinoma orale a cellule squamose (OSCC) è il sesto tumore più comune al mondo con 500.000 

persone colpite ogni anno al mondo. Fattori eziologici noti nell'OSCC sono il consumo di alcol e 

tabacco, predisposizioni genetiche, infiammazioni croniche e infezioni virali. A seconda dello 

stadio del tumore, si raccomanda la chemioterapia (Cisplatino e 5-fluorouracile), la radioterapia, la 

chemioradioterapia, la rimozione chirurgica del tumore e la terapia combinata. L’impossibilità di 

fare diagnosi in fase precoce, la scarsità di strategie terapeutiche efficaci e la resistenza ai farmaci 

durante la chemioterapia sono le principali sfide che si pongono per l’OSCC. L'autofagia è un 

processo catabolico per mantenere il turnover degli organelli e delle proteine intracellulari per la 

conservazione dell'omeostasi cellulare. Può svolgere un duplice ruolo nella tumorigenesi a seconda 

del tipo e dello stadio del tumore. Generalmente, nella fase iniziale del cancro, l'induzione 

dell'autofagia può aiutare a resistere alla progressione del tumore mantenendo l'integrità genetica, 

mediando lo stress e l'ipossia ecc. D'altra parte, nella fase avanzata, l'induzione dell'autofagia può 

servire come meccanismo di sopravvivenza superando la privazione dei nutrienti e fornendo 

resistenza ai farmaci per la terapia antitumorale ecc. Nell'ultimo decennio, è stato dimostrato che 

l'autofagia indotta dallo stress contribuisce alla resistenza ai farmaci e alla progressione maligna 

negli studi preclinici e clinici. Inoltre, il knockdown genetico o la compromissione farmacologica 

dell'autofagia ha prodotto benefici terapeutici. Pertanto, gli inibitori dell'autofagia (clorochina e 

idrossiclorochina) sono allo studio in diversi tipi di tumori nonostante la loro tossicità e le elevate 

esigenze di dose negli studi clinici. È interessante notare che diversi studi hanno confermato 

l'autofagia come uno dei principali meccanismi di resistenza ai farmaci nell'OSCC. D'ora in poi, 

nuovi inibitori con una migliore potenza e profili di sicurezza sono una necessità utile per valutare i 

veri benefici terapeutici dell'inibizione dell'autofagia nei tumori, incluso l'OSCC. Le 

pirrolobenzossazepine (PBOX) e le pirrolonaftossazazine (PNOX) sono molecole che agiscono 

come agenti pro-apototici legando la tubulina sul sito della colchicina e agiscono sui composti 

anticancro. Ciò è stato confermato da accurati studi cristallografici a raggi X. Tali composti la loro 

attività antitumorale su una vasta gamma di linee cellulari tumorali, comprese le cellule 

multiresistenti. È stato anche verificato il potenziale terapeutico dei composti della PBOX in un 

gruppo di modelli di cancro in vivo ed ex vivo e su linee cellulari normali. I PBOX mostrano una 

tossicità minima nei confronti di cellule enatiche normali e sul midollo osseo. È interessante notare 

che PBOX-6, una delle molecole prototipiche imnsieme a PBOX-15, ha mostrato effetti pro-

autofagici in cellule umane di tumore al colon. Ulteriori caratterizzazioni hanno mostrato che 

l'autofagia indotta da PBOX-6 svolge un ruolo citoprotettivo. Motivati da questa osservazione, 

volevamo effettuare modifiche strutturali selettive e razionali nella struttura centrale di entrambi i 

composti PBOX/PNOX per modificare e successivamente produrre un effetto inverso (inibendo) il 

processo autofagico. Ci siamo concentrati sullo sviluppo di inibitori dell'autofagia nell'OSCC 

mantenendo il profilo chiave di potenti agenti pro-apoptotici. Essendo un processo altamente 

dinamico, i meccanismi dell'autofagia offrono numerosi numeri di target farmacologici. Tali 

bersagli molacolari sono spesso polifunzionali essendo coinvolti in molti altri processi cellulari. 

Pertanto, il targeting di uno di essi può non essere correlato solo all'autofagia. Pertanto, abbiamo 

pensato di inibizione l'autofagia focalizzandoci allo stadio tardivo, cioè al porcesso di fusione 

lisosomiale con gli autofagosomi. per sviluppate tale obiettivo abbiamo pensato di unire i due 

profili di attività, ovvero l'effetto inibitorio dell'autofagia del CQ e l'effetto pro-apoptotico dei 



PBOX/PNOX sviluppando nuove molecole che possedessero le catatteristiche chimiche 

apporporiate tranedno spunto dalle strutture molecolari di riferimento. 

A tal fine sono stati eseguiti stidi compurazionali di docking di modellistica molecolare per 

progettare una nuova serie di composti a struttura PBOX/PNOX. Per quanto riguarda l'effetto 

inibitorio dell'autofagia, ci siamo concentrati sul meccanismo d'azione della CQ dove la presenza 

di strutture basiche compromette la funzione lisosomiale. Abbiamo pertando supportato sulla 

struttura PBOX/PNOX vari elementi farmacoforici chiave ottenedo nuove entità chimiche. Tali 

composti sono stati accuratamente caratterizzati da approcci di chimica biologica e medicinale. 

Abbiamo valutato la loro capacità di inibire la crescita cellulare e di indurre l'apoptosi su diverse 

linee cellulari tumorali. I composti selezionati sono stati testati per il loro effetto sulle cellule resisti 

e sulle cellule sane corrispondenti. Anche il profilo di mutagenicità è stato ispezionato. Inoltre, 

sono state calcolate le proprietà farmacocinetiche e la stabilità metabolica in vitro dopo 

incubazione con microsomi epatici umani. Infine, i composti selezionati sono stati studiati per 

valuatere il loro effetto sul processo autofagico contro le linee cellulari SCC4 e HL-60. La 

quantificazione delle proteine LC3-II / LC3-I e p62 sia in condizioni basali che in “Starvation” 

(deprivazione di nutrienti) è stata valutata usando la CQ come controllo positivo. Questi studi 

hanno svelato una modalità di azione simile alla CQ per i nuovi composti PNOX sul processo 

autofagico. Complessivamente i dati ottenuti hanno hanno permesso di iopotizzare epr i nuovi 

analoghi sviluppati un potenziale terapeutico rilevante come inibitori dell'autofagia dotati anche di 

attività pro-apoptotica. 

Progetto 2: "Sviluppo di nuovi inibitori dell'enzima HDAC6 a struttura di beta-lattica come agenti 

antitumorali". 

Diverse malattie tra cui il cancro hanno un'eziologia epigenetica. Nelle cellule eucariotiche, le 

proteine dell'istone svolgono un ruolo essenziale per organizzare le strutture del DNA. 

L'acetilazione e la deacetilazione dell'istone includono un esempio chiave di modificazioni post-

traduzionali che funzionano nella regolazione epigenetica. Gli enzimi della classe istone deacetilasi 

(HDAC) appartengono alla famiglia delle idrolasi che rimuovono i gruppi acetilici dai residui di 

lisina e regolano quindi i processi chiave come l'espressione genica. Sono raggruppati in 4 diverse 

classi (I-IV) in base alla loro omologia del lievito. Gli HDAC di classe I sono costituiti dalle 

isoforme 1, 2, 3 e 8; mentre gli enzimi di classe II includono le isoforme 4, 5, 6, 7, 9 e 10. Gli 

HDAC di classe III sono enzimi NAD + dipendenti chiamati sirtuine (isoforme SIRT 1-7). La 

classe IV contiene solo l’isoforma 11. Le classi I, II e IV sono enzimi zinco dipendenti. Una 

caratteristica strutturale comune degli inibitori dell'HDAC (HDACi) è la presenza di un gruppo 

legante lo zinco (ZBG), una porzione linker e una testa stericamente ingombrante. Molti HDACi 

sono stati identificati come strumenti terapeutici per il trattamento di vari disturbi tra cui il cancro. 

Sfortunatamente, tutti gli HDACi approvati dalla FDA hanno dimostrato di essere non selettivi o 

parzialmente selettivi indicendo  diversi effetti collaterali. Significativi sforzi di ricerca sono 

attualmente focalizzati sullo sviluppo di HDACi selettivi che producano minori effetti collaterali. 

Ci siamo concentrati sullo sviluppo di inibitori selettivi dell'HDAC6 a struttura β-lattamica. Dopo 

aver eseguito un approccio di modellistica molecolare, abbiamo progettato una serie di composti 

con diverse teste stericamente ingombranti e linker, mantenendo l'acido idrossamico come ZBG 

comune. Le strutture di nuova concezione sono state ispirate alla struttura molecolare di un 

inibitore precedentemente sviluppato dal nostro gruppo di ricerca. Tutti i composti sintetizzati sono 

stati testati per l'effetto inibitorio su entrambe le isoforme di HDAC1 e HDAC6. Il miglior 

composto ha mostrato un valore IC50 di 3,4 nM su HDAC6 con selettività 1265 volte rispetto 

all'isoforma HDAC1. 



 



PREFACE ABBREVIATIONS 

 

DNA Deoxyribonucleic acid 

FDA US food and drug administration 

HDAC Histone deacetylases 

HDACi Histone deacetylases inhibitors 

HL Human leukemia 

IC50 Half maximal inhibitory concentration 

LC3 Light chain 3 

NAD Nicotinamide adenine dinucleotide 

OSCC Oral squamous cell carcinoma 

PBOX Pyrrolobenzoxazepines 

PNOX Pyrrolonaphthoxazepines 

SIRT Sirtuins 

ZBG Zinc binding group 
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Part 1 

Development of pyrrolobenzoxazepines/pyrrolonaphthoxazepines 

as autophagy modulators 
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PART 1 CHAPTER I 

BACKGROUND 

1.1.1 Introduction 

1.1.1.1 Epidemiology of OSCC 

Oral squamous cell carcinoma (OSCC) is the major malignant neoplasm in the oral cavity 

after verrucous carcinoma, identical carcinoma, and the small salivary adenocarcinoma. 

OSCC represents more than 90% of all oral malignant lesions.1 It has been reported as the 

sixth most common cancers by the International Union Against Cancer, with an annual 

incidence of 275,000 cases worldwide.2,3 Early-stage OSCC detection displays an 80% 

survival rate at five years while advanced-stage detection leads to survival rates range of 

20% to 40%.4 The poor survival rate largely depends on the late development of the 

symptoms, the consequent late diagnosis, and the scarcity of effective treatments. 

Epidemiology of oral cancer, as well as OSCC, is not well documented since it is often 

included in the broader subgroup of oropharyngeal carcinomas.5 However, oral cancers are 

highly frequent in Southern Asia (e.g., India and Sri Lanka) and Pacific Islands (e.g., 

Papua New Guinea having the highest incidence rate worldwide for both male and female). 

It accounts for the leading cause of cancer death among men in India and Sri Lanka.6 The 

Indian subcontinent holds the one-third oral cancer burden worldwide, and it ranks among 

the top three forms of cancer in India. Annually 130,000 people succumb to oral cancer in 

this country, which translates into approximately 14 deaths per hour.7 
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FIGURE 1. Bar chart of region-specific incidence and age-standardized rates by sex for lip and 

oral cavity cancer in 2018. Source: GLOBOCAN 2018.6 

1.1.1.2 Genetic and molecular alternations in OSCC 

The most frequent chromosomal aberrations involved in OSCC are 3p, 4q, 5q21-22, 8p21-

23, 9p21-22, 11q13, 11q23, 13q, 14q, 17p, 18q, and 22q. These alternations are able to 

affect the expression and function of tumor regulating genes, p16 (9p21), APC (5q21-22), 

and p53 (17p13). Further genetic changes involved in OSCC are the polymorphisms in 

glutathione S-transferase M1, cytochrome P450 family 1 member A1, and aldehyde 

dehydrogenase.8 Epigenetic modifications, e.g., methylation of DNA and 

acetylation/methylation of histones can silence the tumor suppressor genes in OSCC.9 

OSCC metastasis has been reported as a complex process involving cell detachments from 

the tumor tissue and lymphatic system or blood vessels to facilitate their motility, invasion, 

and proliferation. Loss of E-cadherin reduces the intercellular adhesion, which results in 

the epithelial-mesenchymal transition process and molecular alterations in tumor cells.10 

The molecular-level understanding of OSCC has been developed extensively over a period 

of years. In general, chronic carcinogenic exposure induces a modification in the key 

genetic and epigenetic regulatory molecules to modify cell signaling pathways. Therefore, 

the identification of these modifying mechanisms via target-specific regulatory molecules 

is vital. In addition, cell adhesion molecules, interleukins, cytokines, vascular endothelial 

growth factor, and epidermal growth factor receptor are also correlated with OSCC. It has 
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been described that the p53 pathway is down-regulated in 80% of OSCC and accounts for 

almost 75% of DNA binding domain mutations. However, the alternative ways which lead 

to the inactivation of p53 include the overexpression of Human Papilloma Virus (HPV) E6, 

amplification of MDM2, and inhibition of cyclin-dependent kinase inhibitor 2A 

(CDKN2A) (Figure 2). Interestingly, mutated p53 bearing tumors are stated as more 

resistant to chemotherapy and radiotherapy than the wild type p53 bearing ones.8 So, the 

investigation of mutations and alternations in p53 requires a more detailed exploration.11 

The inactivation of CDKN2A also disturbs the retinoblastoma (Rb) pathway in more than 

70% of the cases of OSCC either by deletion or epigenetic modification.12 Overexpressed 

cyclin D1 (CCND1) provides the mechanistic evidence by the loss of CDKN2A and 

upregulation of CCND1 is strongly associated with its activation and ultimately to the cell 

cycle progression.8 

 

FIGURE 2. General schematic representation of tumor progression in OSCC due to CDKN2 

suppression 

1.1.1.3 Aetiology in OSCC 

 Tobacco products 

Several systematic reviews have strongly supported the association between exposure to 

smoked/smokeless tobacco with the insurgence of OSCC.13,14 Ten years of smoking 

cessation-period could diminish the risk of oral cancer to levels similar to that of a never-
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smoker.15,16 The continuous exposure to heat resulting from the tobacco combustion 

stimulates the aggression to the oral mucosa.17 Tobacco-related lesions are at risk of oral 

epithelial dysplasia 18 and potentially premalignant oral epithelial lesions (PPOELs, the 

most common being represented by leukoplakia).19,20 Chewing or smoking tobacco leads to 

the release of almost 300 carcinogenic molecules that are converted into reactive 

metabolites to interact with DNA by the oxidative enzymes. Polycyclic aromatic 

hydrocarbons, e.g., benzo[a]pyrene diol epoxide and N-nitrosamines, are considered as the 

most important toxic substances in tobacco smoke. In addition to these substances, 

radioactive elements (e.g., carbon-14 and polonium-210), and pesticide residues from 

tobacco cultivation have also been detected.21 Also, smokeless tobacco products contain 

several carcinogens, such as nitrosamines, that are abundantly found in the oral fluids of 

smokers as well as non-smokers.22 

 Alcohol Consumption 

Several epidemiologic studies, as well as reports from the International Agency for 

Research on Cancer and the World Cancer Research Fund, have confirmed alcohol 

ingestion as a variable risk factor for OSCC. In OSCC, the risk seems to be synergistically 

related to tobacco consumption, and it appears to be linked with overall alcohol 

consumption rather than to the number of drinks per day.23 Ingested ethanol is absorbed 

from the upper gastrointestinal tract, followed by its transportation to the liver to be 

metabolized into acetaldehyde by alcohol dehydrogenase 1B and the successive 

detoxification into acetic acid by aldehyde dehydrogenase 2. Acetaldehyde can also be 

produced in the human oral cavity by the interaction of microorganisms such as yeasts and 

bacteria with ethanol.  

 Viral Infections 

In the 1980s, the possible correlation of HPVs with oral cancer was evaluated for the first 

time. HPVs, a group of host-specific DNA viruses with remarkable epithelial cell 

specificity (keratinocytes), is the most common type of viruses in OSCC.24 The ability to 

insert the specific DNA fragments into the host cellular genome has provided HPV with 

oncogenic potential.25,26 In OSCC, the prevalence of HPV virus varies from 20% to 25% 

primarily because of the differences in demography and ethnicity.27,21 Moreover, the level 

of Herpes Simplex Virus (HSV) I antibodies is high in smokers and even higher in 

smokers with head and neck cancers, suggesting that prolonged exposure to HSV may 
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sensitize the mucosa to tobacco carcinogens.  

 Genetic Predispositions 

Understanding of the genetic origin of oral cancer has grown significantly as it is accepted 

that solid tumors are genetically not stable. It is mostly known that the accumulation of 

genetic variations in proto-oncogenes can lead to OSCC through a multi-step process.28 

Genetically determined diseases that interfere in DNA metabolism can give rise to 

PPOELs and/or OSCC. Inherited genetic polymorphisms in the p53 pathway affect tumor 

formation, progression, and/or response to therapy. Frequent CDKN2A gene mutations or 

the recurrent loss of gene expression in oral lesions have been suggested as an early step in 

OSCC.5 

 Other Factors 

Oral cancers have also been associated with a low intake of fruits, vegetables, and a 

protective role may be afforded by diets high in fruits, vegetables, and fiber.5 Consumption 

of yellow vegetables, cruciferous vegetables, and citrus fruits more than once a week 

showed a protective effect, whereas red meat intake more than once a week conferred an 

increased risk.29 In highly rare instances, it may be possible for Candida species to cause 

OSCC by the generation of carcinogenic agents from specific stains or perhaps from 

altered immune surveillance, independent of tobacco and/or alcohol exposure. Syphilis, 

caused by Treponema pallidum, has long been proposed as a risk factor of OSCC. Oral 

lichen planus, a chronic inflammatory condition, is considered a potential cause for 

inducing OSCC though the exact mechanism is not known yet. Hematinic deficiency can 

cause histopathologic and/or clinically detectable PPOELs, presumably by interfering with 

epithelial proliferation. There is some evidence that patients with scleroderma (systemic 

sclerosis) are at risk of a variety of malignancies, including OSCC.30  
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FIGURE 3. Predominant etiologic factors in OSCC progression 

1.1.1.4 Current Therapies 

The mode of OSCC treatment depends on various factors such as the stage of the disease, 

overall patient health status, and the site of the disease. Stages of OSCC are classified by 

the size of the tumor, its tissue invasion, and spread to the lymph nodes (Table 1).31  

Table 1. A general classification of OSCC stages 

Stages Tumor thickness Lymph node spread 
Lymph node 

bearing tumor 
Affected body parts 

0 Isolated none none none 

I < 2 cm none none none 

II 2-4 cm none none none 

III > 4 cm/any size 
One lymph node, same 

side of head and neck 
≥ 3 cm none 

IV any size 
> one lymph node, 

both sides of neck 
> 6 cm 

lips or oral cavity, penetrated 

deep inside facial tissues, 

muscles, jaws and other parts 

 

 Radiation therapy (RT) 

In OSCC, primary radiotherapy (RT) with/without chemotherapy (CT) may be deployed 

for: i) early-stage cases to avoid anticipated failure of surgery, ii) high operative risk 

patients due to comorbidity and/or poor health status, iii) cases of technically unconvincing 

surgery due to previous multiple surgeries. Postoperative radiotherapy, though desirable, 

requires careful planning and multidisciplinary collaboration and may not always be 
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attainable in the event of complicated surgeries. Considerable experience has been 

accumulated with effective low-dose-rate, high-dose-rate, and pulsed-dose rate 

brachytherapy in a large clinical series of OSCC. However, these techniques require 

expertise and resources, primarily to supply the operating room resources and radiotherapy 

protection requirements. In particular, the high sensitivity of OSCC to (chemo) 

radiotherapy leads to complete and durable pathological responses in a high proportion of 

patients following CRT, which may render surgery unnecessary in a subgroup of complete 

responders, and this is an area ripe for research. 32 

 Chemotherapy 

The first-line treatment of both very large and unresectable OSCC involves the use of 

drugs, such as cisplatin (1 Figure 1), carboplatin (2), 5-fluorouracil (3), methotrexate (4) 

and taxanes (paclitaxel, 5, docetaxel, 6).33–37 These therapies, however, did not show any 

significant increase in the level of overall survival (OS) over the past two decades. 

Association of CT and RT resulted in a synergistic benefit with a high level of response in 

inoperable stages of OSCC. It utilizes the potential delivery and the tumor radiosensitizing 

property of the drug along with the damage in genetic material (DNA) by the ionization 

energy of the radiation.38 However, both therapies face a significant drawback of 

nonspecific cell death resulting in mucositis, myelosuppression, and alopecia.31 A broad 

sample of patients with Union for International Cancer Control (UICC) stage IV OSCC of 

1-year OS for 69% of the oral cavity subgroup (n = 20) with single Cisplatin IaCh and 

multimodal treatment but 80% OS after Cis/5-FU IaCh treatment was described.39 In 2018, 

it was reported for the first time that the combined Cis/5-FU therapy had significantly 

better OS, with less adverse effects than the MTX/bleomycin treatment in both the uni- and 

multi-variable analyses.40 In patients with recurrent oral cancer, cisplatin IaCh can be 

considered for consecutive treatment after standard therapy, in order to deliver a higher 

dose to the tumor.39 The principal disadvantages of this approach are the feasibility of the 

protocol at only a few institutes with the infrastructure, resources for this specialized 

procedure, and its elevated costs.41 It was hypothesized that induction chemotherapy (ICT) 

would increase OS, disease-free survival, and progression-free survival by improving 

distant control.42 Shrinkage in the tumor volume before definitive treatment with ICT 

could enhance RT feasibility and tolerability whilst reducing the disfiguring effects of 

surgery and radiation.43 However, most OSCCs exhibit limited response to chemotherapy 
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involving cytotoxic drugs due to mechanisms that either block the intracellular transport of 

these agents or interfere with their intracellular molecular targets, e.g., autophagy.5 

 

FIGURE 4 Available chemotherapeutic drugs (1-6) for the treatment of OSCC 

 

 Surgical therapy 

Surgical resection is still the main therapy in most patients treated with curative intention. 

In OSCC, surgical removal of the tumor is performed alone on small size tumors with 

satisfactory outcomes except in the case of the inoperable tumor; CRT is often used with 

surgery for this. After the surgery, most patients depend on a feeding tube for their 

nutrition. Many patients suffer from disfiguration and long-term effects, including fatigue, 

speech problems, swallowing difficulties, weakness, dizziness, hearing loss, and sinus 

damage. Surgeries types include maxillectomy, mandibulectomies, glossectomies, radical 

neck-dissection Mohs surgery, and a combination of glossectomy and laryngectomy.44–47 

Additional reconstructive surgery such as bone grafting and surgical flaps from the forearm 

may be required to rebuild the structures removed during the excision of cancer.31 

1.1.2 Autophagy 

Eukaryote cells conceive two critical mechanisms to maintain the cellular homeostasis via 

protein degradation, namely the ubiquitin-proteasome system and autophagy.48 In 2016, 

Professor Yoshinori Ohsumi was awarded the Nobel Prize in Physiology or Medicine for 

his contribution to the discovery of autophagy regulatory mechanisms. Autophagy is 

involved in the recycling of nutrients such as amino acids and lipids in damaged or 
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superfluous macromolecules and organelles (e.g., mitochondria), in order to protect the cell 

from toxins and to maintain metabolism and energy homeostasis. It may occur in three 

different forms, macroautophagy (hereafter referred to as autophagy) or mitophagy if the 

digested organelle is a mitochondria, microautophagy, and chaperone-mediated autophagy. 

During autophagy, double-membraned autophagosomes engulf cytoplasm and proteins, 

which need to be degraded. Moreover, this mechanism can be used by the cell to digest 

damaged organelles, pathogens, and protein aggregates.49 In microautophagy, the 

degradation of the molecules takes place inside the lysosomes upon the invagination of 

their membrane. In chaperone-mediated autophagy heat shock proteins, such as Hsp70 are 

employed by the cell as markers for the proteins to be digested.50 Different stimulations, 

e.g., oxidative stress, hypoxia, organelle damage, and protein aggregation, can induce 

autophagy. A dysregulation in the autophagic process has been related to many human 

pathologies, such as cancer, cardiovascular disorders, neurodegeneration, infection, 

pulmonary and metabolic diseases.51 

 Regulatory mechanisms of the autophagy machinery 

Understanding the autophagy machinery is a prerequisite for identifying new diagnostic 

and therapeutic targets. The study of autophagy has accelerated in the past decade because 

of the discovery of more than 36 autophagy-related genes (ATGs), which are responsible 

for the core machinery as well as required for selective modes of autophagy. Autophagy 

can be divided into canonical and noncanonical pathways depending on the corresponding 

intervention of the proteins deriving from ATGs. The canonical pathway requires the 

hierarchical intervention of all ATG proteins, while the noncanonical autophagy requires 

only a subset of them. Schematically, autophagy involves several major steps: induction, 

nucleation, elongation and completion, autophagolysosome formation, degradation, and 

recycling (Figure 5).  

(I) Induction: It initiates with the deactivation of the mechanistic target of rapamycin 

complex 1 (mTORC1), an autophagy suppresser, by the inhibition of the autophagy 

activating kinase 1 complex (ULK1). mTORC1 gets deactivated by reduced upstream 

signaling from the phosphoinositide 3-kinase/Akt and the mitogen-activated protein kinase 

(PI3K/MAPK) pathway. 5’-adenosine monophosphate-activated protein kinase (AMPK), a 

key kinase regulating cellular energy homeostasis, can trigger ULK1 and inhibit 

mTORC1.52,53 Bcl-2 protein bind to the BH3 domain of Beclin-1 autophagy is inhibited, in 
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contrary when non-Bcl-2 protein bind with the BH3 domain the autophagy is induced.54–58 

The activation of ULK1 and beclin-1 can lead to the formation of the two-membraned 

phagophore. 

(II) Autophagosome maturation: Several ATGs and proteins take part in the phagophore 

nucleation and successive maturation to generate the autophagosome. ATG7 and ATG10 

facilitate the covalent binding of ATG12 to ATG5. Successively, ATG12-ATG5 conjugate 

gets non covalently linked to ATG16.59 The conversion of the protein light chain 3 (LC3) 

to LC3-I by the proteolytic action of ATG4 and the successive link to ATG7, allows the 

association of LC3-I with ATG-3. LC3-I becomes LC3-II after the conjugation with the 

lipid phosphatidylethanolamine (PE) mediated by the catalytic action of ATG-3 and the 

ATG5-ATG12-ATG16 complex. LC3-II gets incorporated into the membrane of the 

autophagosome. During the maturation of the vesicle, the organelles and proteins to be 

degraded are sequestered by p62/sequestosome 1 (p62).60  

(III) Autophagolysosome formation: The matured autophagosome is transported to the 

lysosome to get fused with and form the autophagolysosome. The formation of the 

autophagolysosome is determined by the action of two lysosome-associated proteins 

(LAMP-1 and LAMP-2), necessary also to keep the integrity of the membrane of the 

lysosome.61 

(IV) Degradation and Recycling: After the fusion, lipases, proteases, nucleases, and 

sulfatases are responsible for the digestion of the autolysosome content. It is relevant to 

evidence that during the digestion step, also, the p62 is degraded.62 
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Figure 5. Schematic representation of autophagic machinery 

 Autophagy in cancer 

The proportional relationship between autophagy and apoptosis triggers a significant cross-

talk in the tumor suppression.63 Interestingly, autophagy can play a dual and contradictory 

role in cancer formation and progression. In healthy cells, it acts as a tumor suppressor 

through the digestion of mutated proteins and genes (oncogenes) that may lead to cell 

mutation and cancer. On the other side, the activity of autophagy is usually upregulated in 

cancer cells. It is usually triggered by the lack of nutrients and oxygen in the 

microenvironment and it provides the amino acids, free fatty acids, and glucose necessary 

for the survival and the proliferation of the tumor. Treatment of several solid tumors with 

5-FU or cisplatin can lead to an increased autophagic flux, thus resulting in 

chemoresistance of the cancer cells against these drugs.64 Henceforth, based on the stage of 

the tumor progression, both the inhibition and induction of autophagy may represent 

promising therapeutic strategies in the fight against cancer.65, 62, 66 Abnormal expressions of 

key autophagic proteins have been found in various human cancers. In fact, it has been 

reported that beclin1 is monoallelically deleted in 40% to 75% of cases of breast, ovarian, 

and prostate cancer. Inhibition or downregulation of autophagy in these cancers suggests 

that basal levels of autophagy are crucial to suppress tumor development.64 Moreover, 
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knockdown of beclin1 has been associated with an increase in spontaneous malignancy in 

mice, whereas the restoration of its expression has been associated with inhibition of tumor 

growth.67 In contrast, it has been reported that some cancer cells may become dependent on 

autophagy.68 Given that, the role of autophagy in cancer seems to be context-dependent 

and it may vary depending on the class and stage of the malignancy.69 Moreover, it may be 

crucial to evaluate the signaling pathways controlling autophagy regulation and their 

activation/mutation in cancer. Both tumor suppressor and oncogenes regulate autophagy 

during cancer development, and their activation or mutation may result in the induction of 

specific cellular pathways that may determine the role of autophagy as pro-death or pro-

survival mechanism.70 Tumor-suppressor genes act as pro-autophagic factors, whereas 

oncogenes act as anti-autophagic factors.71 Autophagy regulation is controlled by several 

signalling pathways, also involved in tumor progression.  

In conclusion, the strong implication of autophagy in cancer has been widely 

demonstrated. Several signalling pathways have been reported to regulate autophagy. 

These pathways are complex and interact on multiple levels. A further mechanistic 

understanding of the role of autophagy in different cellular contexts is necessary and it may 

provide a valuable approach to develop novel therapeutic treatments. In this context, the 

development of new molecules targeting specific stages of the autophagy machinery as 

well as the characterization of molecules endowed with different effect on autophagy is 

highly desirable.  

 



[14] 
 

Figure 6. Autophagy as a double-sword mechanism in tumorigenesis including OSCC 

 Detection methods and biological assays in autophagy 

Substantial efforts have been engazed to develop new methods for autophagy detection. It 

involves the direct observation of autophagy-related vesicles and/or the quantification of 

autophagic/lysosomal signature biomarkers. For the accurate autophagic activity 

estimation, it is essential to determine the autophagic flux, which defines the amount of 

autophagic degradation. The presence of double-membrane vesicles provides one of the 

most critical evidence in the formation of autophagosomes. These structures can be 

detected by transmission electron microscopy. LC3-II is one of the most common 

biomarkers used in the detection of the number of autophagosomes and autophagy-related 

structures. The western blot (WB) analysis is usually able to detect the levels of LC3-II 

compared to LC3-I, and higher concentrations of LC3-II usually means a higher number of 

autophagosomes. Often, LC3-II is degraded by the action of the lysosomal enzymes and a 

method to detect the autophagic flux is to calculate the difference in the amount of LC3-II 

between samples with and without a lysosome inhibitor (e.g., bafilomycin A1) higher the 

ratio, higher is the autophagic flux. However, LC3-II can be found in other non-autophagic 

structures, so it is better to perform additional analysis, e.g., determination of p62, to 

determine the effective autophagic flux. p62 directly binds to LC3 and is selectively 

degraded during the autophagic process. Measuring the amount of p62 and checking the 

ratio between its concentrations in cells previously treated with an autophagy inhibitor 

allows quantification of the autophagic flux. Green fluorescent protein-LC3 (GFP-LC3) is 

a plasmid, used as a marker that replaces the native LC3. It leads to the formation of green 

punctate structures (detected by fluorescence staining for confocal imaging, indicated as 

green dots) when the GFP-LC3 is recruited by the autophagosome. Usually, the number of 

puncta detected is proportional to the intensity of the higher autophagic flux. The mRFP-

GFP-LC3 tandem fluorescent protein assay takes advantage of the different sensibility of 

the tandem marker, mRFP-GFP. This protein bound to the LC3 emits both green and red 

fluorescence (more often shown as yellow signals in merged pictures). The green 

fluorescence is quenched when the pH is acidic because of the lower stability of the GFP-

LC3 bond. Instead, the red fluorescence depending on the bond between mRFP and LC3 is 

stable until pH 4-5 or even lower. The autophagic flux can be visualized using a single 

probe: the induction of autophagy will be observed as an increase in the puncta of both 

colors, but the inhibition in autophagosome maturation will result in a decreased amount of 
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the red puncta. The increase in the red puncta can be determined by an enhanced 

autophagic flux or by reduced activity of the lysosomal enzymes. Immune electron 

microscopy with GFP can be used in tissues to check the amount of LC3 of autophagic 

structures in vivo.72, 73 

 Autophagy inhibitors in OSCC 

In recent years, many compounds have been described as autophagy modulators in cancer 

cells. Most of the autophagy modulators discovered so far are represented by natural 

products or compounds active on other biological targets.65 Best to our knowledge, only 

five compounds have been characterized as autophagy inhibitors in OSCC (Figure 7). 

Four of them are able to block the autophagic flux by impairing the lysosomal activity. 

Lysosomes play a crucial role in the growth and metabolism of the cells. An acidic pH 

range of 4.5 to 5 is needed in order to facilitate the catalytic functions of the lysosomal 

hydrolytic enzymes during the degradation of the lysosomal content. Lysosomal damage 

was observed in animal models treated with chloroquine (CQ, 7a, Figure 7) and 

subsequent studies revealed that it was able to penetrate the lysosomal membrane to 

accumulate inside this organelle as a protonated form in the acidic environment. The 

increased concentration of protonated CQ inside the lysosome blocks the activity of the 

lysosomal enzymes and leading to the block in the autophagic machinery. Nowadays, CQ 

is commonly used in biological assays to block the autophagic flux and assess the role of 

autophagy when employing newly discovered anti-cancer agents. CQ and its analogue 

hydroxychloroquine (HCQ, 7b), are reported as the lysosomotropic inhibitors in OSCC. 

HCQ resulted in induction of apoptosis and inhibition of cancer cell growth in a safer and 

more tolerable mode than CQ in both in vitro and clinical trials.74 Also, the lysosomotropic 

agent Lys05 (8) showed tenfold improved potency compared to HCQ in both in vitro and 

in vivo models. However, high doses of CQ and HCQ are required to obtain sufficient 

autophagy inhibition in patients. Bafilomycin A1 (9), a lysosomotropic agent, blocks the 

fusion of the autophagosome with lysosome by a specific inhibition of V-ATPase activity. 

Three new chromone based compounds were tested for their anti-cancer activity against 

OSCC cells. The best compound, namely derivative 10, displayed an IC50 value of 1.0 µM 

against HSC2 (oral cavity squamous cell carcinoma) cells in a cell viability assay. By WB 

analysis, a total loss of the autophagy marker LC3-II (usually expressed in high levels in 

HSC2 cells) was observed. This suggested that 10 was able to suppress autophagy, thus 
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activating the apoptotic cascade. However, the mechanistic target of 10 in OSCC is still not 

specified.75 

 

Figure 7. Available autophagy inhibitors (7-10) in OSCC 

1.1.3 Microtubules  

 Microtubule dynamics 

Microtubules (MTs) are fundamental constituents of the cellular cytoskeleton and play 

essential roles in proliferation, intracellular trafficking, migration, and mitosis. MTs are 

hollow cylindrical tubes consisting of 13 aligned protofilaments, constructed from head-to-

tail fashion bound α- and β-tubulin heterodimers (Figure 8A).76,77 MTs go through a cyclic 

dynamic instability between polymerization and depolymerization state (Figure 8B). 

These complex dynamics has been considered as an intrinsic property of MT due to the 

association of polymerizing and depolymerizing MTs within a cell population. Although 

the precise biomechanics of the MT dynamic is not completely unveiled, it is definitely 

linked to the hydrolysis of guanosine‐ 5′‐ triphosphate (GTP). Both the α- and β-tubulin 

subunit can bind one GTP molecule. The GTP at the α-end remains unaffected, but the β-

end can get hydrolyzed.78 The cycle gets initiated through the addition of GTP‐ tubulin 

dimers to the growing end of MT protofilaments. After that, the hydrolysis of GTP to 

guanosine diphosphate (GDP) takes place with a following dissociation of the GDP-tubulin 

dimer from MT.79 It is generally accepted that a GTP rich “cap” on the end of the MT 

allows it to stabilize and grow with a straight conformation; whereas, when the cap is lost 
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through hydrolysis, the core of the protofilament becomes unstable and shortens rapidly as 

the GDP‐ tubulin subunits are released from the MT ends.80–82 

 

 

Figure 8. (A) Formation of microtubules after constructing the sheet of protofilaments by the α- 

and β-tubulin heterodimers; (B) Microtubule dynamics. During polymerization, a GTP rich cap 

gets bound to the microtubule and acts as a primer for GTP-tubulin addition to the elongated end of 

the microtubule. In depolymerization, GTP is hydrolyzed into GDP and GDP protofilaments are 

released from the microtubule. 

 Microtubules in cancer 

Cancer cell connote an uncontrolled and unscheduled proliferation along with genomic 

instability. Several anti-cancer strategies have focused on targeting the rapid multiplication 

of cancer cells to arrest the cell cycle and promote cell death.83 In the framework of anti-

cancer small-molecule drug development, MTs are responsible for the separation of 

chromosomes during mitosis.84 Mitosis is the fifth phase of a typical cell cycle in which 

DNA is divided into two daughter cells. In mitosis, the cytoskeleton transforms from a 

steady interphase array to an active bipolar spindle. Spindle mid zones are formed during 

the later stages of mitosis from antiparallel MTs and the irregular mid-zone formation 

leads to failure of cytokinesis, yielding unequal chromosome segregation.85 In cell 
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division, chromosome segregation is promoted by spindle formation and co‐ assembly of 

actin filaments with MTs.86 During M phase, an essential bipolar MT array (mitotic 

spindle) segregates chromosomes to prevent chromosome loss and aneuploidy. The mitotic 

spindles radiate outward from centrioles and attach to the centromeres of sister chromatids 

in dividing cells.87 This is followed by the simultaneous addition of tubulin at the 

kinetochore and is accompanied by a comparable rate of tubulin loss at the opposite 

poles.88,89 If a chromosome is unable to achieve bipolar attachment to the spindle, the cell 

is unable to continue through the cell cycle and is blocked in the metaphase, eventually to 

succumb to apoptosis.90 MT dynamics are also governed by a variety of regulator proteins 

and mechanisms, and they function both spatially and temporally. Interfering with MT 

dynamics is an attractive anti-cancer strategy, and many drugs employing this tactic are 

therapeutically effective in a wide range of malignancies. Mitotic arrest in the G2/M phase, 

a hallmark of MT‐ targeting agents, is thought to occur through the perturbation of mitotic 

spindle machinery and failure to pass mitotic checkpoints.91 

 Microtubule targeting agents (MTAs) 

Compounds that can bind to MTs called microtubule targeting agents (MTAs) have long 

been one of the most important drug classes for cancer chemotherapy due to the 

importance of MTs in cells, particularly in uncontrolled cell division.76,92 In addition, 

MTAs are also approved to treat fungal, bacterial infections, non-neoplastic conditions 

such as gout, and non-familial Mediterranean fever.93–96 MTAs are currently under 

investigation for the treatment of many neurological disorders.97,98 There are several sites 

on the tubulin heterodimer to which MTAs can bind, the most common are the vinca 

alkaloid, taxane, colchicine, and laulimalide binding sites. These drugs are generally 

divided into one of two classes; stabilizing agents, which enhance polymerization, or 

destabilizing agents, which inhibit tubulin polymerization.99 
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Figure 9. Binding sites of the microtubule-targeting agent on tubulin dimer with α- and β-tubulin 

in dark and light grey, respectively. The structures of the representative ligands in sphere 

representation for each site were superimposed on the respective binding sites. The distinct binding 

sites were highlighted in cyan (laulimalide/ peloruside site), slate (vinca site), orange (maytansine 

site), green (taxanes site), magenta (colchicine site), and yellow (pironetin site). 

(I) Microtubule stabilizing agents (MSAs) 

 Taxane site 

The taxane site, located in the β-tubulin, contributes to a significant class of microtubule-

stabilizing agents (MSAs). Some MSAs, targeting the taxanes sites are paclitaxel (5), 

docetaxel (6), epothilone A and B (11a,b), zampanolide (12), taccalonolide (13), and 

discodermolide (14).100–105 All taxane-site ligands establish both hydrophobic and polar 

contacts with several secondary structural elements. Collective observations suggest that 

different taxane-site ligands, although binding to the same pocket on β-tubulin, may 

achieve their microtubule-stabilizing effect through different molecular mechanisms.100,106 

The site for taxanes could thus be considered as an ensemble of functionally diverse 

subsites whose differential occupation by a ligand elicits different conformational effects 

in tubulin within the microtubule lattice.99 Paclitaxel and docetaxel are used in 

chemotherapeutics to treat patients with various solid tumors, including ovarian, breast, 

head and neck, lung, and prostate cancers. However, severe adverse effects and 

development of multi-drug resistance (MDR) have largely compromised the use of 
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paclitaxel and docetaxel. In addition to transporter‐ mediated resistance, overexpression of 

class III β tubulin isoform also limits the efficacy of many taxanes.91  

 Laulimalide/Peloruside site 

Another MSAs laulimalide (15) and peloruside A (16) exhibit significant cytotoxic activity 

against a broad range of cancer cells and have unique features compared to taxane-site 

ligands used in the clinics.107 Both laulimalide and peloruside A synergistically enhanced 

MT assembly, induced by stabilizing agents, including paclitaxel, epothilones A and B.108 

Furthermore, laulimalide and peloruside A stabilize the M loop at the taxoid binding site, 

which contributes to cross-talk and explains the observed synergism between these agents 

and taxane site ligands.109 Recently, high-resolution X-ray crystallography and cryo-EM 

studies allowed the description of the laulimalide/peloruside site on β-tubulin, which is 

distinct from the taxanes site and is located at the luminal side of the microtubule.101,109 

 

 

FIGURE 10. Available microtubule-stabilizing agents (11-16) 

 

(II) Microtubule destabilizing agents (MDAs) 

 Colchicine site 

Colchicine-site ligands, targeted by microtubule destabilizing agents (MDAs), are probably 

the most extensively studied MTAs. A large number of structurally diverse colchicine-
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binding ligands of natural or synthetic origin, e.g., colchicine (17) itself, combretastatin A4 

(18), 2-methoxyestradiol (19), and nocodazole (20) have been characterized by X-ray 

crystallography of medium and high resolution. The colchicine site is a deep pocket, that is 

mostly buried in the intermediate domain of β-tubulin and located near the intra-dimer 

interface between the α- and β-tubulin subunits.110,111 The site can be subdivided into the 

main zone in the center of the domain and two additional accessory pockets that either face 

the α-tubulin subunit or are buried deeper in the β-tubulin subunit. To date, none of the 

structurally characterized colchicine-site ligands occupies all three zones 

simultaneously.112 In the bound state, all the core secondary structural elements of the 

colchicine site interact with the ligand through mainly hydrophobic and very few polar 

contacts. During microtubule assembly, tubulin dimers undergo conformational changes 

from a curved conformation in their free state to a straight structure in microtubules.113,114 

This conformational transition is characterized by the movement of the intermediate 

domain of both α- and β-tubulin subunits, in which strands S8 and S9, among others, move 

closer to helix H8. These changes are accompanied by a translation of helix H7 and lead to 

an overall contraction of the colchicine site. Thus, binding of a ligand to the colchicine site 

inhibits microtubule formation mainly by preventing the curved-to-straight conformational 

change in tubulin.99 To overcome the conventional MDR, there have been numerous 

efforts to develop colchicine binding site inhibitors because of their therapeutic advantages 

over taxanes and vinca alkaloids.115,116 One of the main mechanisms of MDR is due to the 

overexpression of class III β-tubulin that alters the conformation of the taxane binding site 

but does not confer resistance to colchicine binding site agents. Also, the efficacy of the 

vinca drug, vinorelbine, is reduced when class III β-tubulin is overexpressed, suggesting 

that that the resistance from β-III-tubulin isoforms are binding site-specific.117,118 This 

offers an advantage for chemotherapeutic drugs targeting the colchicine binding site. These 

contributions offer new strategies to alleviate the problem of MDR and they provide 

practical implications for the further investigation of colchicine binding site agents.119–128 

 Vinca site 

The vinca alkaloids represent the oldest family of compounds that target the vinca site of 

tubulin. Vinblastine (21) and vincristine (22) have received extensive effective clinical 

evaluation against a variety of malignancies.129 The vinca site-targeting agents known to 

date comprise several chemical classes of compounds, such as the highly potent cytotoxic 

peptides dolastatins, auristatins, and tubulysins, as well as eribulin, diazonamides, and 
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triazolopyrimidines.130–133 Ligands targeting the vinca site bind at the inter-dimer interface 

between two longitudinally aligned tubulin dimers. The vinca site consists of a core zone, 

which has been defined based on interactions established by vinca alkaloids, and a pocket 

that extends towards the exchangeable guanosine nucleotide site on β-tubulin.134,135 MT 

destabilization by vinca-site ligands is achieved either by introducing a molecular wedge at 

the tip of MTs, which prevents the curved-to-straight transition of tubulin necessary for 

proper incorporation into MTs or by sequestering tubulin dimers into ring-like oligomers 

that are incompatible with the straight protofilament structure in MTs. Ligand binding 

further inhibits proper positioning of the catalytic α-tubulin residues that promote GTP-

hydrolysis on β-tubulin.136,137 However, the degree of curvature of longitudinally aligned 

tubulin dimers can be modulated by the different types of vinca-site ligands.138 Though, 

vincas are among the most commonly used MTAs, they also are susceptible to the 

development of drug‐ resistant mechanisms and toxic side effects.91 

 Maytansine site 

The maytansine site is distinct from the vinca site and is located on an exposed pocket of 

β-tubulin, adjacent to the guanosine nucleotide and is shaped by hydrophobic and polar 

residues of this subunit.139 It was clarified by X-ray crystallography of the unrelated MDAs 

maytansine (23), PM60184 (24), etc. in complex with tubulin.139–141 The maytansine 

derivative DM1 (25) is currently in clinical use for the treatment of metastatic breast 

cancer.140 This observation implies that maytansine-site ligands directly block the 

formation of longitudinal tubulin contacts in microtubules either by inhibiting the addition 

of further tubulin dimers to the plus ends of growing microtubules or by forming 

incompetent assembly tubulin–ligand complexes at high ligand concentrations.133 The 

overall shape of this pocket is invariant, suggesting that the ligands bind independently of 

the conformational state of tubulin.139 

 Pironetin site 

Pironetin (26) was reported to show antimitotic and antitumor activity by inhibiting 

microtubule formation.142 A covalent-binding mechanism of action of pironetin was 

proposed based on structure-activity relationship studies and Lys352 of α-tubulin was 

identified as the pironetin-binding site by systematic alanine-scanning mutagenesis.143,144 

Using this information in combination with molecular dynamics simulations, it has been 

further speculated that pironetin destabilizes microtubules by perturbing the formation of 
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lateral tubulin contacts in microtubules.145 Two recent independent X-ray crystallography 

studies reported the covalent binding of pironetin to Cys316 of α-tubulin.146,147 The ligand 

binds to an extended hydrophobic pocket on α-tubulin and establishes two secondary 

structural key longitudinal tubulin contacts along protofilaments in MTs. It was proposed 

that their perturbation can prevent MT formation either at high ligand concentrations by 

forming incompetent assembly tubulin–pironetin complexes, or at substoichiometric 

compound concentrations by inhibiting the addition of further tubulin dimers at the minus 

ends of MTs that expose α-tubulin subunits.147 Notably, pironetin site is the only known 

cavity to date that exclusively resides in the α-tubulin subunit. 

 

FIGURE 11. Available microtubule-destabilizing agents (17-26) 
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PART 1 CHAPTER II 

PYRROLOBENZOXAZEPINES (PBOXs) and PYRROLONAPHTHOXAZEPINES 

(PNOXs) 

 

1.2.1 General features of PBOXs/PNOXs 

The general chemical structure of pyrrolobenzoxazepines (PBOXs) and 

pyrrolonaphthoxazepines (PNOXs) are depicted in Figure 12.148 It contains a seven-

membered heterocyclic ring (namely the ozazepine, as it contains O and N) with a fused 

benzene (PBOXs) or naphthalene (PNOXs) system (in pocket 1) as the fundamental core. 

In general, pocket 2 could be occupied by an ester (e.g., methyl ester) or carbamate (e.g., 

dimethylcarbamate, diethylcarbamate, etc.) lateral chain; whereas pocket 3 comprises of an 

aromatic system (e.g., 1-naphthyl, 3-benzofuran, 4-benzofuran, etc.).149 

 

FIGURE 12. Core chemical structures of pyrrolobenzoxazepines (PBOXs) and 

pyrrolonaphthoxazepines (PNOXs) 

PBOX/PNOX compounds are able inhibit the growth of a wide range of cancer cell lines 

including breast cancer, prostate cancer, ovarian carcinoma, human colon cancer, oral 

squamous carcinoma, neuroblastoma, acute malignant hematopoietic, lymphoblastic 

leukemia, embryo and other myeloma and leukemia. Based on the effect of PBOX/PNOX 

compounds on apoptosis and other cellular processes, they have been categorized into pro-

apoptotic and non-apoptotic family (Figure 13).150 It was conclusively established that 28 
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and 29, also denoted as PBOX-6 and PBOX-15, respectively, induced a major loss in 

mitochondrial membrane potential and subsequent release of cytochrome c.151 Cytosolic 

cytochrome c is a critical element of the apoptosome complex to sequentially signal the 

caspase activation. These two compounds are also able to activate the initiator caspase, 

caspase-9 and its effector caspases (caspase-3 and -7). The mitochondrial/intrinsic pathway 

is regulated by the interaction of Bcl-2 family members with mitochondria to increase the 

mitochondrial permeability and agree to the release of cytochrome c. Accordingly, The 

PBOXs/PNOXs also extensively modulate several members of the Bcl-2 family. The Bcl-

2 pathway is central for a cell to undergo apoptosis as it proceeds to irreversible 

commitment to cell death. 28 and 29 target the anti-apoptotic subset of the Bcl-2 family in 

several ways, specifically by phosphorylation/inactivation and downregulation and/or 

cleavage.150,152 

 

FIGURE 13. Representative examples of (A) pro-apoptotic (27-29) and (B) non-apoptotic (30-32) 

PBOX/PNOX compounds  

1.2.2 PBOXs/PNOXs are microtubule-destabilizing agents 

MTAs can induced G2/M arrest and apoptosis in many human tumor cells. A detailed time 

course distribution study of cell cycle phases of MCF-7 cells in response to 28 treatment 

demonstrated that the apoptosis was temporally preceded by arrest in the G2/M phase of 

the cell cycle.153 This fact was verified by an increase in cyclin B1 and activation of CDK1 

complex. Triggered by this fact, the effect of 28 and other pro-apoptotic member 29 on the 
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microtubule network of MCF-7 cell lines was investigated. An indirect 

immunofluorescence study demonstrated that both 27 and 28 successfully depolymerize 

the microtubule network in a dose-dependent manner (Figure 14). They were able to 

inhibit the assembly of purified tubulin in vitro (in cell culture), whereas the non-apoptotic 

member 32 had no effect on both the microtubule network and the purified tubulin 

assembly. 

 

FIGURE 14. Effect of 28, 29, 32, paclitaxel, and nocodazole upon the microtubule network of 

MCF-7 cellular organization. MCF-7 cells were treated with either vehicle [0.5% (v/v) ethanol] 

(A), 100 nM, 1 μM, or 10 μM of 28 (B, C, and D, respectively), 1 μM of nocodazole (E), 1 μM of 

paclitaxel (F), 1 μM of 29 (G), or 25 μM of 32 (H) for 16 h. The microtubule network (indicated in 

green) and the cellular DNA (indicated in red) were visualized by Nikon PS200 fluorescence 

microscopy. The results are mean of three independent experiments. 

The same observation was replicated in TR-146, and Ca9.22 cell lines.154  

To further confirm the mechanism and the biological target, binding studies with isolated 

tubulin were performed in vitro which confirmed the tubulin destabilizing properties to be 

factual for a number of PBOX/PNOX analogues (see Figure 15).155 
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FIGURE 15. Turbidity time course for the assembly of 25 mM tubulin at 37 °C with 27.5 mM of 

two different sets of PNOX compounds (A and B) at 350 nm. Black line (DMSO, vehicle), 

coloured line (PNOX, as mentioned). Polymerization of tubulin with different compounds was 

monitored by absorbance at 355 nm (Filter A00019x) in 96 well plates (Falcon, transparent, flat 

bottom) with an Appliskan (Thermo Scientific). 25 mM of Tubulin in GAB buffer was prepared by 

mixing 10mM Sodium Phosphate, 30% Glycerol, 1mM EGTA, 6mM MgCl2, and 1mM GTP of pH 

= 6.7. The buffer was supplemented with 27.5 mM of either the tested compounds or DMSO as 

vehicle. The turbidity was measured at 37 °C for 70 min. Data was transferred by using the Thermo 

Scientific SKanIt Software for Appliskan (version 2.3). The charts were plotted by SigmaPlot 13.0. 

To obtain the precise absorbance value of the compounds at 350nm, all the data were normalized to 

the value of absorbance of the initial stable plateau. 

1.2.3 PBOXs/PNOXs: a colchicine site-binding ligand 

Since tubulin possesses a complex molecular structure and dynamic unstable nature, X-ray 

crystallography is considered as the gold standard to accurately define the binding site of a 

particular agent in the microtubule network. Unfortunately, the attempts of co-

crystallization/soaking of PBOX/PNOX compounds remained unsuccessful due to the 

high lipophilicity of the early developed analogues. Therefore, huge efforts have been 

implemented to develop new analogues to attenuate the lipophilicity by incorporating 
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precise structural modifications e.g., polar groups and/or heteroatoms. The most successful 

analogue in this quest was compound 33, a quinolone-based derivative of the lead 

compound 29, PBOX-15 (Figure 16). 

 

FIGURE 16. Development of compound 33 by introducing a quinoline moiety in compound 29 to 

overcome the lipophilicity of PNOXs. 

The 33-tubulin complex structure was investigated by X-ray crystallography (Figure 16A) 

to define the mode of interaction of 33 at the molecular level. Compound 33 was soaked 

into a crystal of a protein complex composed of two α- and β-tubulin heterodimers, the 

stathmin-like protein RB3, and tubulin tyrosine ligase. Using this approach, 33-tubulin 

structure was determined to 2.4 Å resolutions and it was found that the compound gets 

bound to the colchicine site of tubulin.155 

The superimposition of the β-tubulin chains of the free (PDB ID 4I55) and 33-bound 

tubulin structures revealed a flip of the T7 loop of β-tubulin and a conformational change 

of the T5 loop of α-tubulin on ligand binding. These structural adaptations are necessary to 

accommodate the ligand in its binding site and are observed for other colchicine-site 

ligands. The fused system, acetoxyl and quinolyl moieties of 33 are buried into the 

colchicine site, generating most of the hydrophobic interactions with the β-tubulin. The 

interaction is further alleviated by a hydrogen-bond between the carbonyl of the acetoxyl 

group of 33 and βQ247 of the T7 loop of β-tubulin and a water-mediated contact between 

the nitrogen of the quinolyl moiety with the main chain carbonyl of βG237, amine groups 

of βT240, and βC241 from the H7 helix of β-tubulin. Moreover, the PNOX moiety is 

stacked between the sidechains of both K254 and K352 residues of β-tubulin. The NZ 

nitrogen of K352 is 5.7 Å distant from the center of the pyrrole ring of 33, proposing that a 

cation-π stacking contact can be established. To compare the tubulin-binding mode of 33 

with colchicine, the β-tubulin chains from the colchicine-tubulin (PDB ID 4O2B) and 33-

tubulin structures (Figure 16B) were superimposed. No functional common group in the 
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respective binding pockets of colchicine and 33 was found. The main differences are 

observed for the conformations of αT5 and βT7 loops. Compared to colchicine, bulky 

PNOXs moiety of 33 induces a flip of αT179 by establishing more hydrophobic contacts 

with αT5-loop. The conformational flip of the βT7 loop is induced by the acetoxyl moiety 

of 33 by displacing the side chain of L248. Together with L255 this residue is involved in 

the stabilization of the trimethoxy-substituted ring of colchicine. The 7-membered ring 

moiety of colchicine superimposes with the naphthyl group of the naphthoxazepine moiety 

of 33, thereby forming similar hydrophobic contacts to tubulin. The common feature is a 

water-mediated contact between the 2-methoxy group of colchicine and the main chain 

carbonyl group of βV238 and the main chain amine group of βC241 of β-tubulin; in the 

vicinity, a water-mediated contact is also formed with the nitrogen of the quinolyl moiety 

of 33. βA250 appears to be largely involved in hydrophobic contacts with both compounds 

(with pyrrole moiety of 33 and with the hepta-membered ring and the trimethoxyphenyl 

moiety of colchicine) (Figure 16B). These results define 33 as a colchicine binder. It is 

known that colchicine-site ligands inhibit microtubule polymerization by preventing the 

curved-to-straight conformational switch in tubulin assembly. Inspection of the 33 binding 

mode in the “curved” (T2R-TTL) and “straight” (PDB ID 1JFF) tubulin states stated that 

the ligand destabilizes microtubules by a similar mechanism.155 

 

FIGURE 16. (A) Overall view of the X-ray crystal structure of the 33-tubulin complex. The α- and 

β-tubulin subunits are represented in dark and light grey surface representation, respectively. 33 

and the guanosine nucleotide molecules are shown in green and orange spheres representation, 

respectively. (B) Superposition between the crystal structures of colchicine-tubulin (orange cartoon 
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and yellow sticks) and 33-tubulin (dark green cartoon and green sticks) complexes. Water 

molecules and H-bonds are coloured in the same colour as the ligands in the same complex. 
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PART 1 CHAPTER III 

AIM OF WORK 

 

As already described, autophagy is a cellular process of degradation and recycling 

triggered in response to normal physiological processes and adverse stress. As a result, it 

emerges as a supplier of drug resistance during chemotherapy in various cancers, including 

OSCC. Though depending on the stage of the tumor, it may serve as a double-sword 

mechanism to suppress tumorigenesis, in major cases inhibition of autophagy has been 

described as a favourable approach in cancer, as well as OSCC treatment. This might be 

due to the late stage diagnosis of OSCC malignancies. Driven by this influential fact, as a 

Medicinal Chemistry research group, we have focused on the development of autophagy 

inhibitors in OSCC while maintaining the key profile as potent pro-apoptotic agents.150,154–

157 

Being a highly dynamic process, autophagy machinery offers several numbers of 

pharmacological targets. Unfortunately, these targets (e.g., VPS34, ULK1, ATG5-ATG12-

ATG16L complex) are often multifunctional and involved in several other cellular 

processes. Therefore, targeting one of them is not related with autophagy only. In addition, 

these proteins and their isomers are able to functionally compensate each other. As a result, 

targeting one component does not necessarily inhibit the autophagic machinery. Thus, the 

inhibition of autophagy always directs the path towards targeting the late-stage of the 

machinery. Since the formation of autolysosomes belong to the late-stage autophagy, 

targeting the lysosome fusion with autophagosomes are targeted. In this quest, CQ and 

HCQ along with other CQ analogues have engaged the attention despite of the associated 

toxicity and high-dose requirement in clinical trials. Noteworthy, the development of 

autophagy inhibitor should be designed to overcome these limitations. 

Interestingly, PBOX compound 28 was reported to have autophagy inducing effect in 

human colon cancer cells. Treatment of 28 against the pharmacological inhibition of late 

stage autophagy with 9 enhanced 28-induced apoptosis in the cancer cells. Further 

characterizations showed that 28-induced autophagy plays a cytoprotective role as opposed 

to autophagic cell death.157 Motivated by this observation, we wanted to perform selective 

and rational structural modifications in the core structure of both PBOX compound 28 and 

PNOX compound 29 to modify and subsequently producing a reverse effect on the 
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autophagic machinery. A further step onward, we have focused on the development of 

autophagy inhibitors with inherent pro-apoptotic activity. 

In an attempt, we have converged two activity profiles i.e. the autophagy inhibitory effect 

of CQ and the pro-apoptotic effect of the PBOXs/PNOXs. An appropriate molecular 

modelling docking has been performed in order to design a new series of PBOX/PNOX 

compounds. Regarding the autophagy inhibitory effect, we have focused on the mechanism 

of action of CQ. This is well known and supported that the underlying mechanism behind 

CQ action is the presence of the basic moiety and successive lysosomal pH change to 

impair the lysosomal function. 

Henceforth, the aim of this project was to successfully synthesize and characterize novel 

autophagy inhibitors in OSCC with inherited pro-apoptotic potential. 

For both the compounds, all the three portions of the molecules have been explored with 

the introduction of polar groups/hetero atoms (Table 2). To mimic the CQ functionality, a 

large number of quinoline-ring bearing compounds have been under focus to be 

synthesized. Initially, in my PhD work the reference compound 29 was been resynthesized 

in large amount for the extensive cellular tests, as it was always used as a reference 

compound in the needed biological studies. The fused aromatic ring in portion 1 was 

modified by either the aromatic quinoline or methyl/acetyl protected piperazine system. 

The portion 2 was largely explored by the phenyl, 2-biphenyl, 1-naphthyl, 5-quinoline, 8-

quinoline, and 5-isoquinoline rings. Portion 3, possessing the lateral chain was explored by 

means of most diverse modifications. Apart from the conventional methyl ester and diethyl 

amine carbamate system, the first remarkable attempt was to incorporate the lateral chain 

of CQ itself. Foreseeing the fact of long chain length and some plausible steric hindrance 

in the binding pocket, efforts have been focused more to insert a tertiary amine containing 

methyl piperazine system. A free piperazine ring has also been inserted to quantify the 

effect of the presence of a secondary amine group. In addition the lateral chain was 

reformed with the 3-pyridineand 4-pyridine ring to compare the effect of aliphatic and 

aromatic basic moiety in the same core structures. 

Table 2. Synthesized analogues (32-51) of compound 28 and 29 
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PART 1 CHAPTER IV 

CHEMISTRY 

 

1.4.1 Retrosynthetic pathway to synthesize PBOXs/PNOXs 

The general retrosynthetic scheme for the synthesis of the novel compounds 32-51 is 

described in Figure 17. The synthesis of the key ketone templates (52) could be derived 

from the carboxylic acids 53 by applying an intramolecular Friedel-Craft acylation. 

Compounds 53 could be synthesized by either applying a Jocic-Reeve reaction with a 

pyrrolylephenols 54 and suitable aldehydes 55 or from a direct saponification on the 

corresponding esters 56. Compounds 56 can be achieved by either an alkylation reaction 

between 54 and the suitable α-bromoesters 58 or a Mitsunobu reaction between 54 and α-

hydroxyester derivatives 57. 

 

FIGURE 17. Schematic representation of the retrosynthetic pathway for the construction of PBOX 

and PNOX compounds. 

1.4.2 Development of Jocic-Reeve pathway to synthesize PBOXs/PNOXs 

As denoted in Figure 18, the esters (56) could be derived from the reaction between 

pyrrolylephenol derivatives (54) and suitable α-bromoester 58a (Figure 18A) or α-

hydroxyester 57a (Figure 18B). These approaches have been followed to synthesize the 

PBOX/PNOX templates for several years. 
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Both the routes involved the treatment of an aryl bromide (59a) with n-butyllithium to 

insert the α-carbon atom to serve as the key for adding the α-bromo or α-hydroxy 

functionalities for aryl-alkyl ether construction (Figure 18). Otherwise with the alkylation 

route, the synthesis started from the suitable aldehydes (55a) easily accessible by treatment 

with dry N,N-dimethylformamide and 59a in the presence of n-butyllithium. The additional 

carbon atom could then be introduced by a Wittig homologation protocol to synthesize the 

corresponding enol-ether which, upon treatment in acidic condition, afforded the 

homologated aldehyde (60a). The following oxidation to afford the corresponding 

methylester derivative was performed with N-iodosuccinimide and methyl iodide in 

presence of potassium carbonate. The oxidation step, as well as the subsequent radical 

bromination finally delivered the desired α-bromo derivatives in five steps with the overall 

yield of 15% (Figure. 18A). 

 

Figure 18. Outline of the synthesis of the α-bromoderivatives 58a and α-hydroxyderivatives 57a, 

to obtain the key ester 56, according to the previously employed alkylation and Mitsunobu routes, 

respectively. 

Due to the time-consuming and often tricky synthesis of α-bromopheylacetic derivatives of 

quinolines and other heterocycles, we afterward projected a Mitsunobu-based route to 

construct the key aryl-alkyl ether template. Consequently, a glyoxylate intermediate could 

represent a new and convenient access to the required α-hydroxyester derivatives (57a) to 

undergo Mitsunobu reaction with the pyrrolylphenols (54). This revised path shortened by 

three steps the original route to the ester intermediates 56. The Mitsunobu route, although 
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shorter and more straightforward, demonstrated several pitfalls. The insertion of the 

glyoxalyl moiety by reaction with ethyl chlorooxoacetate in presence of n-butyllithium 

produced a series of side products with following tiresome purifications and poor yields. In 

addition, the simultaneous presence of keto and ester functionalities led to the 

simultaneous over-reduction to the corresponding diol (overall yield 6%, Figure 18B). 

Further, the over-reduction occurred to different extents depending on the substrate, 

temperature, time, and reaction scale, often, in a quite unpredictable fashion. Also, the 

Mitsunobu reaction itself displayed moderate yields and is not suitable for large scale-up 

applications and led to the formation of a significant number of side products. 

Since, both of these options exhibited a number of drawbacks, leading to inadequate 

overall yields to synthesize the PBOXs/PNOXs, we proposed a Jocic-type protocol for the 

construction of the target core. After a preliminary investigation focusing on the isolation 

of a trichloromethyl carbinol derivative, we moved towards a multicomponent single-step 

approach. Screening of a variety of solvents and bases identified the optimum conditions 

for the preparation of the crucial α-aryloxy carboxylic acids to undergo an intramolecular 

ring-closure. The novel chemical route considerably improved the overall yields in 

comparison to the previously employed rotes for the preparation of PBOX/PNOX-based 

compounds (Figure 19).158 

 

Figure 19. Representative PNOX derivatives, previous retrosynthetic analysis, and newly 

proposed Jocic-type approach.  
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In our context, the designed Jocic-Reeve process employed the aldehyde to be converted 

into the corresponding trihalomethyl carbinol and a phenol derivative to function as the 

nucleophile. As shown in Figure 20, the carbinol (62) underwent a conversion into the 

corresponding gem-dihaloepoxide (64) which, upon attack of the phenoxide nucleophile, 

provided the corresponding acyl halide, promptly converted into the desired carboxylic 

acid. 

 

Figure 20. Designed Jocic-Reeve pathway to synthesize the carboxylic acid derivative 53, key 

intermediate for the synthesis of the PBOX/PNOX cores. 

Consequently, we identified a series of focused attempts based on both literature data and 

our longstanding experience in α-aryloxycarboxylic acid synthesis (Table 3). Initially, we 

investigated the result of a single-pot system (entries 1–8, Table 3) on 1-naphthyl, 5-

quinolyl and 8-quinolyl aldehydes by using sodium hydroxide as base and bromoform as 

halogen source. Interestingly, this attempt offered the desired acids for 1-naphthyl (entry 2, 

Table 3) and 5-quinolyl (entry 5, Table 3) systems with good yields but remained 

unproductive for the 8-quinolyl aldehyde (entry 6, Table 3). An extended reaction time 

along with a modified equivalency (entry 7 and 8, Table 3) of the starting materials 

appeared to be unsatisfactory for this, resulting in poor yield (entry 7, Table 3) or in a 

complex by-products mixture (entry 8, Table 3). Moreover, starting materials were 

recovered in good extent for almost every reactions of the 8-quinolyl system. Relying on 

the mechanistic understanding of the Jocic-Reeve reaction pathway, we tried to explore 

this procedure in a two-pot system (entry 9 to 14, Table 3). However, it could not offer us 

a better outcome, which was also complicated by the lack of reproducibility (entry 11, 

Table 3). For both the attempts, 1-naphthyl and 5-quinolyl systems produced a 
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considerable amount of side products obtained through a Cannizzaro side ractrion. 

Application of a milder alkaline system (entry 13, Table 3) to reduce this particular 

disadvantage was not helpful as it could not offer the desired α-aryloxycarboxylic acid. 

Table 3. Reaction conditions explored for the Jocic-type synthesis of aryloxy carboxylic acids 15. 

[a] Reactions were conducted with 1 eq of aldehyde in dry THF except for entry 11 (2 drops of DMF added 

to THF) [b] Phenol was treated with base and aldehyde followed by the haloform in a single pot system [c] 

Phenol and aldehyde, along with haloform were treated in two separate flasks followed by the transferring of 

phenoxide system to the aldehyde and haloform [d] Temp was maintained at 0 oC for 1 h and then was 

allowed to reach room temp for method A; whereas, for method B temp was maintained at 0 oC for 1 h before 

and after the transferring of the phenoxide system except for entry 9-11 [e] Reaction time after reaching at 

room temp [f] Isolated yield of purified product. [g] Not reproducible and not scalable. [h] Tempe was 

maintained at 0 oC for 3 h before and 1 h after transferring the phenoxide system [i] Temp was maintained at 

0 oC for 1 h before and after the transferring of phenoxide system and was increased to 50 oC for 2 h.  

 

1.4.3 Synthesis of reference compound 29 

 

Entry[a] Method[b,c] Ar2 
54a 

(eq.) 

X 

(eq.) 
Base (eq.) 

Temp 

(oC)[d] 

Time 

(h)[e] 

Yield 

(%)[f] 

1 A[b] 1-

naphthyl 
0.3 

Br 

(1.7) 

NaOH 

(1.7) 
rt 6 4 

2   0.3 
Br 

(1.7) 

NaOH 

(1.7) 
rt 12 48 

3   1.0 
Br 

(1.7) 

NaOH 

(1.7) 
rt 12 3 

4   1.0 
Br 

(5.0) 

NaOH 

(5.0) 
rt 12 - 

5  
5-

quinolyl 
0.3 

Br 

(1.7) 

NaOH 

(1.7) 
rt 12 28 

6  
8-

quinolyl 
0.3 

Br 

(1.7) 

NaOH 

(1.7) 
rt 12 - 

7   0.3 
Br 

(1.7) 

NaOH 

(1.7) 
rt 48 5 

8   0.5 
Br 

(1.7) 

NaOH 

(1.7) 
rt 36 - 

9 B[c] 
1-

naphthyl 
0.3 

Br 

(1.7) 

NaOH 

(1.7) 
rt 6 11 

10   0.3 
Br 

(1.7) 

NaOH 

(1.7) 
rt 12 20 

11   0.5 
Br 

(1.7) 

NaOH 

(1.7) 
rt 12 37[g] 

12   1.0 
Br 

(5.0) 

NaOH 

(5.0) 
rt 12 - 

13   0.5 
Br 

(1.7) 

Cs2CO3 

(1.7) 
rt[h] 72 - 

14   0.3 
Cl 

(1.7) 

NaOH 

(1.7) 
50[i] 14 - 
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The synthesis of the reference compound 29 is described in Scheme 1 by following both 

the alkylation route and Jocic-Reeve route. Both the routes used the pyrrolylphenol 

compound, 54a, which was synthesized from the corresponding amino compound 68a, by 

following a Clauson-Kass protocol in presence of a 6 N hydrochloric solution in dioxane 

medium at 120 °C. The alkylation route started with commercially available 2-(naphthalen-

1-yl)acetic acid, 66 with a subsequent esterification and α-bromination to the ester group 

headed for 58b. Afterward, in a convergent approach, the nucleophilic substitution was 

performed between 54a and 58b to obtain the aryl-alkyl ester 56a in presence of potassium 

carbonate in N,N-dimethylformamide solution at 85 °C. The ester was then treated under a 

basic saponification condition to produce 53a. On the other hand, for the Jocic-Reeve 

pathway, the acidic compound 53a was directly obtained from 54a and the commercially 

available naphthaldehyde 55b. The aryl-alkyl ether containing acid (53a) was then 

subjected to an intramolecular Friedel-Craft reaction for the ring closure at the α-carbon of 

the pyrrole ring to obtain the precursor ketone, 52a. In the final step a sodium enolate of 

compound 52a was generated in presence of sodium bis(trimethylsilyl)amide in dry THF 

medium at -78 °C and a successive treatment with acetyl chloride to produce the target 

compound 29. 

Scheme 1. Synthesis of compound 29 

 

Reagents and conditions: (a) SOCl2, EtOH, 70 °C, 12 h, quantitative; (b) NBS, AIBN, CCl4, 80 

°C, 12 h, quantitative; (c) 2,5-dimethoxytetrahydrofuran, 1,4-dioxane, HCl (6 N), 120 °C, 1 h, 

80%; (d) K2CO3, DMF dry, 85 °C, 12 h, 90%; (e) NaOH (5% aqueous solution), THF, EtOH, 25 
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°C, 12 h, quantitative; (f) NaOH, CHBr3, THF dry, 0 °C (1 h) to 25 °C (12 h), 48%; (g) PCl5, DCM 

dry, 40 °C, 12 h, 50%; (h) NaHMDS, CH3COCl, -78 °C (3h) to 25 °C, (12 h), 60%. 

1.4.4 Synthesis of compounds 32 and 33 

Synthesis of final compounds 32 and 33 is described in Scheme 2 by comparing both the 

Mitsunobu-based and the Jocic-Reeve-based pathways. The synthesis started from the 

bromoaniline 69, which was converted into the 8-bromoquinoline 59b by a Skraup 

reaction. In Mitsunobu route 5-bromoquinoline (59a) and 8-bromoquinoline (59b) were 

used for the synthesis of 32 and 33, respectively. 59a,b were converted into their 

corresponding ethyl glyoxylates derivatives 61a,b by using diethyl oxalate in presence of 

n-butyllithium. Selective reduction of the ketone group was completed by reaction with 

sodium borohydride in dry THF to provide the α-hydroxyester derivatives 57a,b. 

Arylpyrroles 54a was submitted to a Mitsunobu reaction with 57a,b derivatives providing 

aryl-alkyl ethers 56b,c. These esters were then used to synthesize the final compounds 32 

and 33, as already described in Scheme 1. For the Jocic-Reeve pathway the key aldehydes 

55a,c were prepared from the corresponding bromo derivatives by a formylation reaction. 

The syntheses, up to the final compounds 32 and 33, were achieved by following the same 

conditions and pathways as already described before for the synthesis of 29. 

Scheme 2. Synthesis of compound 32 and 33 
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Reagents and conditions: (a) n-BuLi, (2.5 M solution in hexane), diethyl oxalate, dry THF, -78 

°C, 10 min, 20%; (b) NaBH4, dry THF, 25 °C, 2 h, 21%; (c) PPh3, DIAD, dry DCM, from 0 °C to 

25 °C, 24 h, 49% for 56b and 68% for 56c; (d) 2,5-dimethoxytetrahydrofuran, 1,4-dioxane, HCl (6 

N), 120 °C, 1 h, 80%; (e) glycerol, PhNO2, FeSO4∙7H2O, conc. H2SO4, 150 °C, 7 h, 60%; (f) n-

BuLi (2.5 M solution in hexane), dry DMF, dry THF, -78 °C, 15 min, 69% for 55a and 53% for 

55c; (g) NaOH (5% aqueous solution), THF, EtOH, 25 °C, 12 h, 88% for 53b and 85% for 53c; (h) 

NaOH, CHBr3, THF dry, 0 °C (1 h) to 25 °C (12 h), 37% for 53b and 30% for 53c; (i) PCl5, DCM 

dry, 40 °C, 12 h, 75% for 52b and 52% for 52c; (j) NaHMDS, CH3COCl, -78 °C (3 h) to 25 °C, (12 

h), 75% for 32 and 18% for 33. 

1.4.5 Synthesis of compound 34-41 

 Synthesis of compounds 34-39 

Synthesis of the final compounds 34-39 is reported in Scheme 3 from the prefinal ketone 

52b and is reported in. For, 34 and 35, the synthesis was accomplished by activating in situ 

the sodium enolate of 52b into a carbonate system in the presence of 4-nitrophenyl 

chloroformate, which were successively reacted with N,N-diethylpentane-1,4-diamine and 

N-methylpiperazine to produce 34 and 35, respectively.159 Compound 36 was synthesized 

by treating the sodium enolate of 52b with tert-butyl 4-(chlorocarbonyl)piperidine-1-
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carboxylate, prepared in situ from the corresponding acid in the presence of thionyl 

chloride. Deprotection of 36 with trifluoroacetic acid generated the final compound 37. 

Though, the formation of compound 38 by treating the isonicotinoyl chloride and the 

sodim enolate like others was confirmed by the accurate mass spectrometry and crude 

NMR analysis, unfortunately, we could not isolate this compound possibly due to its 

stability issues encountered in both the silica and alumina gel chromatographic purification 

techniques. We tried to overcome this drawback by exchanging the lateral chain of 

isonicotinoyl ester with a nicotinoyl ester and compound 39 was successfully synthesized 

(and isolated) from the sodium enolate of 52b and nicotinoyl chloride. 

Scheme 3. Synthesis of compound 34-39 

 

Reagents and conditions: (a) NaHMDS, 4-nitrophenyl chloroformate, N,N-diethylpentane-1,4-

diamine, -78 °C (1 h) to 25 °C (4 h), 30%; (b) NaHMDS, 4-nitrophenyl chloroformate, N-

methylpiperazine, -78 °C (1 h) to 25 °C (4 h), 56%; (c) NaHMDS, tert-butyl 4-

(chlorocarbonyl)piperidine-1-carboxylate, -78 °C (3 h) to 25°C (12 h), 64%; (d) NaHMDS, 

nicotinoyl chloride, -78 °C (3 h) to 25°C, (12 h), 31%; (e) TFA, DCM dry, 0 °C to 25 °C 15 min, 

96%. 

 

 Synthesis of compounds 40 and 41 
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The synthesis of the final compounds 40 and 41 was completed by using the ketone 

compound 52c (Scheme 4). For this task, we followed the same synthetic conditions and 

reagents as already discussed in Scheme 3 for the synthesis of compounds 35 and 37. 

Scheme 4. Synthesis of compound 40 and 41 

 

Reagents and conditions: (a) NaHMDS, 4-nitrophenyl chloroformate, N-methylpiperazine, -78 °C 

(1 h) to 25 °C (4 h), 20%; (b) NaHMDS, tert-butyl 4-(chlorocarbonyl)piperidine-1-carboxylate, -78 

°C (3 h) to 25°C (12 h), 65%; (c) TFA, DCM dry, 0 °C to 25 °C 15 min, 48%. 

 Exploration to develop carbamate and ester lateral chains  

A number of different reaction conditions have been applied for the construction of 

particular carbamates (CQ lateral chain, piperazine moiety) and ester (piperidine moiety) 

functionality incorporation (e.g., in compound 34, 35, and 37) in the lateral chain of 

portion 3 of the PNOX compounds. Like several reported research works in the field of 

carbamate bond formation, we conceived the reaction pathways to either activate our 

parent ketone system or the lateral chain itself. In order to accomplish that, we used several 

conditions for the enolate formation and different activated system like phosgene, 

triphosgene, 4-nitrochloroformate, and N,N-disuccinimidyl carbonate (Table 4). We used 

the pre-final ketone of our reference compound 28 and the N,N-diethylpentane-1,4-diamine 

as the amine foundation of the carbamate functionality. As reported in Table 4, none of 

our attempts (entry 1-4, Table 4) was successful until we applied NaHMDS to form the 

enolate and successive carbonate activation by using 4-nitrochloroformate and then treat 
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the reaction mixture with the amine in presence of a basic source like trimethylamine 

(entry 5, Table 4). 

Table 4. Reaction conditions applied for the construction of carbamate functionality  

Entry Reaction condition Outcome 

1 KH (30% in mineral oil), DSC, THF dry, DMF dry, TEA, 25 °C, 1.5 h X 

2 KH (30% in mineral oil), triphosgene, THF dry, DIPEA, 25 °C, 2 h X 

3 KH (30% in mineral oil), 4-nitrochloroformate, THF dry, 25 °C, 3 h X 

4 NaHMDS (1 M in THF), phosgene, THF dry, -78 °C, 1 h X 

5 NaHMDS (1 M in THF), 4-nitrochloroformate, THF dry, TEA -78 °C, 3 h 60% 

 

As regards the ester functionality insertion, we employed a two-pot approach of activating 

the amine source in advance and subsequent addition to the enolate mixture. We used the 

ketone 52b and different piperidine-4-carboxylic acid system with the activating agents 

like thionyl chloride and carbonyldiimidazole in a number of reaction conditions (Table 

5). For all the attempts, with the exception of entry 6, though the activation was successful 

as confirmed by the precise mass spectroscopy, NMR analysis, and the TLC the final ester 

bond was never detected. In fact, each time we recovered up to 90-98% of the starting 

material. However, to our delight employment of the Boc-protected piperidine carboxylic 

acid produced the ester bond, as well as the desired compound, when by treatment with 

thionyl chloride.  

Table 5. Reaction conditions applied for the construction of ester functionality  

Entry Amine source Reaction condition Outcome 

1 
 

CDI, TEA, DCM dry, 25 °C, 12h Starting material recovered 

2 
 

SOCl2, DCM dry, 0 °C, 12h Starting material recovered 

3 
 

CDI, TEA, DCM dry, 25 °C, 12h Starting material recovered 

4 

 

SOCl2, DCM dry, 0 °C, 12h Starting material recovered 

5 
 

CDI, TEA, DCM dry, 25 °C, 12h Starting material recovered 

6 
 

SOCl2, DCM dry, 0 °C, 12h quantitative 
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1.4.6 Synthesis of compounds 42 and 43 

The synthesis of the compounds 42 and 43 was attained by following the Mitsunobu 

reaction route as reported in Scheme 5. The synthesis started from the commercially 

available 2-bromobiphenyl 59c and 5-bromoisoquinoline 59d (synthesized by a selective 

bromination on isoquinoline 71) to produce the α-hydroxyesters 57c and 57d, respectively. 

These were then used for the key Mitsunobu step with the pyrrolylphenols 54a,b for the 

preparation of the esters 56d,e. The corresponding acids 53d,e were then cyclised into 

52d,e and finally converted into the final compounds 42 and 43. 

Scheme 5. Synthesis of compound 42 and 43 

 

Reagents and conditions: (a) NBS, H2SO4, from -25 °C to 25 °C, 24 h, 70%; (b) n-BuLi, (2.5 M 

solution in hexane), diethyl oxalate, dry THF, -78 °C, 10 min, 18% for 61c and 40% for 61d; (c) 

NaBH4, dry THF, 25 °C, 2h, 56% for 57c and 50% for 57d; (d) PPh3, DIAD, dry DCM, from 0 °C 

to 25 °C, 24 h, 35% for 56d and 56% for 56e; (e) 2,5-dimethoxytetrahydrofuran, 1,4-dioxane, HCl 

(6 N), 120 °C, 1 h, 80% for 54a and 60% for 54b; (f) NaOH (5% aqueous solution), THF, EtOH, 

25 °C, 12 h, 80% 53d and 90% for 53e; (g) PCl5, DCM dry, 40 °C, 12 h, 60% for 52d and 37% for 

52e; (h) NaHMDS, CH3COCl, -78 °C (3h) to 25 °C, (12 h), 84% for 42 and 30% for 43. 

1.4.7 Synthesis of compounds 44-46 
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In Scheme 6, the synthesis of the piperazine moiety containing compound 44 is reported. 

The synthesis was initiated with 4-bromo-2-nitrophenol (72). In the first instance, the 

benzyl-protected phenol (73) was produced by using benzyl bromide in the presence of 

potassium carbonate. After that, 73 was submitted to a palladium-catalyzed Buchwald-

Hartwig cross-coupling reaction in the presence of piperazine to synthesize the 

intermediate 74.160 Compound 74 underwent to an acetylation on the free piperazine 

moiety with of acetic anhydride and triethylamine to produce the intermediate 75.161 

Subsequently, 75 was treated with trifluoroacetic acid and thioanisole to perform a benzyl 

deprotection and yielding the nitrophenol intermediate (76).162 The nitrophenol was then 

reduced to the resultant aminophenol (77) with iron and calcium chloride.163 After that, the 

amine 77 was exposed to a Clauson-Kaas reaction protocol with acetic acid and 2,5-

dimethoxytetrahydrofuran to synthesize the pyrrole derivative 54c.164. This was submitted 

to an alkylation reaction with the ester 58b with sodium hydride to generate the aryl-alkyl 

ether skeleton containing ester derivative 56f. The ester was hydrolyzed into the 

corresponding acids 53f, which was treated with the Lewis acid phosphorus pentachloride 

towards an intramolecular Friedel-Crafts cyclization to synthesize the key ketone 52f in 

dichloromethane medium. The final ester compound 44 was synthesized by reacting acetyl 

chloride with the potassium enolate of 52f.159 

Scheme 6. Synthesis of compound 44 
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Reagents and conditions: (a) PhCH2Br, K2CO3, DMF dry, 85 °C, 12 h, quantitative; (b) 

piperazine, Pd(OAc)2, ±BINAP, Cs2CO3, 1,4-dioxane, sealed tube, 120 °C, 12 h, 71%; (c) TEA, 

Ac2O, 25 °C, 12 h, quantitative; (d) TFA, toluene, thioanisole, 25 °C, 12 h, 85%; (e) Fe, CaCl2, 

75% EtOH (aq), 90 °C, 30 min, 54%; (f) 2,5-dimethoxytetrahydrofuran, AcOH, H2O, 120 °C, 5 h, 

50%; (g) NaH, THF dry, 25 °C, 12 h, quantitative; (h) NaOH (5% aqueous solution), THF, MeOH, 

25°C, 2 h, quantitative; (i) PCl5, DCM dry, 45 °C, 12 h, 20%; (j) TEA, DMAP, Ac2O, DCM dry, 0 

°C to 25 °C, (12 h), 30%. 

The synthesis of the piperazine moiety containing compounds 45 and 46 is reported in 

Scheme 7. The synthesis was initiated as the synthesis of 44 to have the compound 73. The 

nitro compound was reduced to the corresponding aminophenol (78a) in the presence of 

iron and calcium chloride.163 Afterward, the amine was used in a Clauson-Kaas reaction 

protocol in the presence of 2,5-dimethoxytetrahydrofuran in hydrochloric acid and water 

medium to generate the pyrrolyl compound 79a.163,165 After that, 79a underwent a 

palladium-catalyzed Buchwald-Hartwig cross-coupling reaction in the presence of N-

methylpiperazine to obtain the intermediate 80a.160 The methylpiperazine intermediate, 

80a was successively treated with palladium over carbon in methanol under hydrogen 
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atmosphere to go through a benzyl-deprotection and synthesize compound 54d. This latter 

was submitted to the Jocic-Reeve reaction conditions using the aldehydes 55a,b to directly 

synthesize the aryl-alkyl ether skeleton containing acid intermediates (53g,h). The acid 53g 

was treated with phosphorus pentachloride as the Lewis acid to give an intramolecular 

Friedel-Crafts cyclization to afford the key ketone (52g) in dichloroethane medium. 

Despite several efforts (reported later in details) we could not cyclize the acid 53h. The 

final ester compound 45 was synthesized by reacting acetyl chloride with the sodium 

enolate of the ketone. On the other hand, synthesis of the carbamate-bades compound 46 

was accomplished by activating the in situ generated sodium enolate of 52g into a 

carbonate system with 4-nitrophenyl chloroformate, which was successively reacted with 

diethylamine.159 

Scheme 7. Synthesis of compound 45 and 46 

 

Reagents and Conditions: (a) PhCH2Br, K2CO3, DMF dry, 85 °C, 12 h, quantitative; (b) N-

methylpiperazine, Pd(OAc)2, ±BINAP, Cs2CO3, 1,4-dioxane, sealed tube, 120 °C, 12 h, 71%; (c) 

Pd/C, H2, MeOH, 25 °C, 2 h quantitative; (d) Fe, CaCl2, 75% EtOH (aq), 90 °C, 30 min, 54%; (e) 

2,5-dimethoxytetrahydrofuran, 1,4-dioxane, aq. HCl (6 N), 120 °C, 1 h, 88%; (f) NaOH, CHBr3, 

THF dry, 0 °C (1 h) to 25°C (12 h), 39% for 53g and 10% for 53h; (g) PCl5, DCE dry, 85 °C, 12 h, 

42%; (h) NaHMDS, CH3COCl, -78 °C (3h) to 25 °C, (12 h), 23% for 45 or NaHMDS, 4-

nitrophenyl chloroformate, diethylamine, -78 °C (1 h) to 25 °C (4 h), 33% for 46. 

 Alternative synthetic approaches to obtain the building block 54d 
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An alternative synthetic pathway is described in the Scheme 8 where the O-atom was 

protected by a MOM group. The overall yield of this new pathway is 30% in comparison 

to 52% yield of the followed benzyl protection route. 

Scheme 8. Alternative synthetic pathway for the development of 54d 

 

Reagents and conditions: (a) MOMCl, N,N-Diisopropylethylamine, CHCl3, 45 °C, 16 h, 71%; (b) 

Fe, CaCl2, EtOH (75% in H2O), 90 °C, 30 min, 74%; (c) 2,5-dimethoxytetrahydrofuran, 

CH3COOH, H2O, 110 °C, 12 h, 67%; (d) N-methylpiperazine, Pd(OAc)2, BINAP, Cs2CO3, 1,4-

dioxane, sealed tube, 120 °C, 12 h, 67%; (e) HCl (6N), MeOH, DCM, 25 °C, 1 h, 90%. 

 Proposed synthetic approaches for the synthesis of 45 

In Scheme 9 three of our proposed synthetic approaches to finalise compound 45 are 

indicated. In the Route 1, we attempted to perform a Buchwald-Hartwig amination directly 

on compound 72. However, the very first reaction remained unsuccessful and we had to 

drop this idea. In Route 2, 72 was benzyl protected with the as usual procedure to produce 

73b. This compound was then was submitted to a Buchwald-Hartwing amination to 

produce compound 81. However, the successive selective reduction of the nitro group to 

amine in presence of iron powder and calcium chloride did not produce any result; whereas 

the reduction under hydrogen pressure and in presence of palladium on carbon generated a 

mixture of several side products. Therefore, we had to conceive another route, Route 3. In 

this pathway, 72 was first subjected to a nitro to amine reduction to synthesize 82 which 

was then trated in a Clauson-Kass reaction protocol to synthesize the pyrrole compound 

83. This pyrrole was used for the alkylation reaction with the α-bromoester 58b to 

synthesizze the key ester compound 56g. Regrettably, the next step of the Buchwald-

amination did not produce any result again. The attempt to perform the amination on 83 

also remain unsuccessful. 

Scheme 9. Designed and proposed synthetic pathway for the development of 45 
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Reagents and Conditions: (a) PhCH2Br, K2CO3, DMF dry, 85 °C, 12 h, quantitative; (b) N-

methylpiperazine, Pd(OAc)2, BINAP, Cs2CO3, 1,4-dioxane, sealed tube, 120 °C, 12 h, 71%; (c) Fe, 

CaCl2, EtOH (75% in H2O), 90 °C, 30 min, 70%; (d) Pd/C, H2, MeOH, 25 °C, 2 h, quantitative. (e) 

K2CO3, DMF dry, 85 °C, 12 h, 60%. 

 Applied Buchwald-Hartwig amination reaction conditions 

We have performed an exhaustive literature search and applied those synthetic approaches 

for the development of the Buchwald-Hartwig amination reaction (Table 6).166 The more 

widely and successfully used metal-complex are based on palladium (entry 1-6 and 10, 

Table 6), copper (entry 8, Table 6), and iron (entry 7, Table 6) metals. A variety of 

ligands like BINAP (entry 1-3 and 6, and 10, Table 6), Xantphos (entry 5, Table 6), and L-

proline (entry 8, Table 6) to form the metal-ligand complex are used. About the basic 

source, potassium and cesium carbonates are considered for most of the methods while 

toluene and dioxane efficiently serve as the reaction medium either in a sealed tube or 

under reflux conditions at high temperature (Table 6). 

After a number of investigations we found the best performing reaction condition and 

reagents as described in entry 10, Table 6 for our compounds. 
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Table 6. Applied Buchwald-Hartwig amination conditions 

Entry 
Metal 

complex 
Ligand Base Solvent 

Temp 

(° C) 

Time 

(h) 
Condition 

1 Pd(OAc)2 BINAP Cs2CO3 dioxane 120 12 Reflux 

2 Pd(OAc)2 BINAP Cs2CO3 toluene 110 12 Reflux 

3 Pd(OAc)2 BINAP NaOBut toluene 110 12 Reflux 

4 Pd(OAc)2 
Triisobutyl-

phosphatrane 
LiN(SiMe3)2 Toluene 80 20 Reflux 

5 Pd2(dba)3 Xantphos Cs2CO3 dioxane 120 12 
Sealed 

tube 

6 Pd2(dba)3 BINAP Cs2CO3 dioxane 120 12 Reflux 

7 DPPF (DPPF)PdCl2 Cs2CO3 THF 25 1 normal 

8 CuI L-proline K2CO3 DMSO 110 48 Reflux 

9 - - - neat 100 12 
Sealed 

tube 

10 Pd(OAc)2 BINAP Cs2CO3 dioxane 120 12 
Sealed 

tube 

 

 Modifications of the synthetic approach towards ketones 52g,h 

The already reported Friedel-Crafts cyclization in the presence of PCl5 in DCM medium 

often suffered from a poor and unpredictable yield due to the formation of the 

corresponding methyl ester analogue as a side product. This observation has been verified 

by Mass spectrometry and NMR analyses for differently substituted PBOX/PNOX 

compounds. Though we could re-use this ester in future attempts, the ester formation was 

consuming almost half of the starting acidic compounds. This fact prompted us to 

investigate this step in more details and from our mechanistic understanding we predicted 

that the distillation of the used solvent (DCM) in the presence of CaCl2 could serve as an in 

situ methanol source. So we changed the solvent system from DCM to DCE. Interestingly, 

and as a confirm of our hypothesis, this modification solved the limitation in this method. 

Later, we executed the cyclization step with altered molar equivalents of PCl5 for further 

reaction yield improvements and identified the use of 1.1 equivalent of PCl5 as the best 

choice (entry 2 and 11, Method A, Table 7). Furthermore, we attempted the cyclization of 

our already produced ketone 52b, 52g, and 52h with hexafluoro-2-propanol (Method B), 

zinc chloride (Method C), and boron trifluoride diethyl etherate (Method D) as the Lewis 

acidic source (Table 7).167 168 169 Method B and C appeared as a substantial alternate 

strategy to produce 52b (entry 3 and 4, Table 7) but remained unsuccessful for the 

generation of 52g (entry 12 and 13, Table 7) as well as 52h (entry 18 and 19, Table 7). 

Unfortunately, none of the methods could produce the cyclized ketone 52h. 

Table 7. Optimization in the Friedel-Craft cyclization 
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Entry Methods Ar1 Ar2 
Lewis acid 

(eq.) 
Solvent 

Temp. 

(°C) 

Time 

(h) 

Yield 

(%) 

1 Aa 

  

PCl5 (3)b DCM 45 12 66 

2    PCl5 (1.1) DCE 45 12 85 

3 Bc   HFIP DCM 25 6 70 

4 Cd   ZnCl2 DCM 0→45 4 75 

5 A 

 
 

PCl5 (1.1) DCM 45 12 28 

6    PCl5 (1.1)b
 DCM 45 12 X 

7    PCl5 (1.3) DCM 45 12 X 

8    PCl5 (1.3)b DCM 45 12 X 

9    PCl5 (3) DCM 45 12 X 

10    PCl5 (3)b DCM 45 12 X 

11    PCl5 (1.1) DCE 85 12 42 

12 B   HFIP DCM 25 6 X 

13 C   ZnCl2 (2) DCM 0→ 45 4 X 

14 De   BF3∙Et2O DCM 25 7 X 

15 A 

 
 

PCl5 (1.1) DCM 45 12 X 

16    PCl5 (3)b DCM 45 12 X 

17    PCl5 (1.1) DCE 85 12 X 

18 B   HFIP DCM 25 6 X 

19 C   ZnCl2 (2) DCM 0→ 45 4 X 

20 D   BF3∙Et2O DCM 25 7 X 

aPCl5 was added one single time to the reaction mixture. bPCl5 was divided and added in five small portions 

to the reaction mixture. cA solution of HFIP in DCM (2:3) was added. dTrifluoroacetic anhydride (1.4 eq) 

was added to the reaction mixture with a subsequent addition of zinc chloride. eEthyl chloroformate (1.1 eq) 

and TEA (1.1 eq) was added to the reaction mixture followed by borontrifluoride diethyletherate 

 

 Proposed synthetic approaches for the synthesis of 52h 

In the next attempt, we tried to modify the synthetic pathway to achieve the ketone 52h 

starting from the intermediate 83 (Scheme 10). We wanted to cyclize the system before the 

insertion of the piperazine moiety in order to avoid the basic nature of the substrate of the 
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Friedel-Craft cyclization that has to be performed in and acidic medium. To this effort, we 

performed a Jocic-Reeve reaction with the pyrrolylephenol intermediate 83 and the 

aldehyde 55a to produce the corresponding acid 53i. After that, the cyclization as reported 

in Method A, Table 10 was successfully executed for the formation of the 52i ketone. 

However, the Buchwald amination reaction protocol applied to 52i remained unsuccessful. 

We also wanted to perform the reaction in a protected keto functionality containing system, 

but the protection trial did not produce the desired product. 

 

Scheme 10. Proposed synthetic pathway for the development of 52h 

 

Reagents and Conditions: (a) NaOH, CHBr3, THF dry, 0 °C (1 h) to 25°C (12 h), 60%; (g) PCl5, 

DCE dry, 85 °C, 12 h, 65%. 

1.4.8 Synthesis of compounds 47-50. 

Synthesis of the compounds 47-50 is described in Scheme 11. It started with the 

commercially available 2-chloroquinoline 84 that was selectively boronated at C-3 

following a C-2-chloro orientation in presence of LDA and trimethylborate at -78 °C in 

THF medium. The boronic acid 85 was then successfully hydrolyzed into 86, the 

corresponding chloroquinolinol with ammonium chloride and hydrogen peroxide in 

ethanol. The hydroxy group was protected by means of a benzyl group before performing a 

Buchwald-Hartwig amination employing the conditions usually followed by us, and we 

generated the pyrrolyl compound 80c. Afterwards, 80c was treated with Pd/C under 

hydrogen atmosphere for synthesizing 54e, the Jocic-Reeve substrate with naphthaldehyde 

to yield the aryl-alkyl ether containing carboxylic acid 53j. Then, it was cyclized with PCl5 
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in dry DCE under reflux for generating the ketone 52j, which was used for the synthesis of 

the four target compounds. Synthesis of 47, 88, and 50 was achieved by following the 

protocol as already described for the synthesis of 32, 36, and 37, respectively. For the 

synthesis of 48 and 49, the attempts with 4-nitrophenylchloroformate to generate the 

activated carbonate system and then treat it with the corresponding amines were 

unsuccessful. Therefore, we used the very reactive phosgene to generate the activated 

chloroformate system to react with the amine and produce the carbamate bond. Notably, 

we had to use the phosgene in excess (12 equivalents) amount to increase the reaction 

yield. 

Scheme 11. Synthesis of compound 47-51 

 

Scheme 5: (a) n-BuLi, DIPA, B(OMe)3, THF dry, -78 °C, 5 h, 79%; (b) NH4Cl, H2O, H2O2, EtOH, 

25 °C, 18 h, 90%; (c) K2CO3, PhCH2Br, DMF dry, 85 °C, quantitative; (d) pyrrole, Pd(OAc)2, 

±BINAP, Cs2CO3, 1,4-dioxane, sealed tube, 120 °C, 12 h, 58%; (e) Pd/C, H2, MeOH, 25 °C, 2 h 

quantitative; (f) NaOH, CHBr3, THF dry, 0 °C (1 h) to 25°C (12 h), 56%; (g) PCl5, DCE dry, 85 

°C, 12 h, 75%; (h) NaHMDS, CH3COCl, -78 °C (1 h) to 25 °C (2 h), 72% for 47; (i) NaHMDS, 
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COCl2 (20% in toluene), diethylamine, -78 °C (1 h) to 25 °C (2 h), 42% for 48 or NaHMDS, 

COCl2 (20% in toluene), N-methylpiperazine, -78 °C (1 h) to 25 °C (2 h), 65% for 49 (j) 

NaHMDS, tert-butyl 4-(chlorocarbonyl)piperidine-1-carboxylate, -78 °C (1 h) to 25°C (2 h), 

quantitative; (k) TFA, DCM dry, 0 °C to 25 °C 1 h, 79%. 

 

 Alternative synthetic approaches to obtain the building block 54e 

The target intermediate 54e was also synthesized from an alternative approach as described 

in Scheme 12. In this approach, compound 86 was protected with a methyl group to 

produce 87b, which served as the Buchwald-Hartwig amination substrate to afford the 

pyrrolyl compound 80d. Finally, the methyl group was removed by treating 80d in 

presence of boron tribromide in DCM solution. 

Scheme 12. Synthetic approaches for the building block 54e 

 

Reagents and Conditions: (a) CH3I, K2CO3, DMF dry, 85 °C, 12 h, quantitative; (b) Pd(OAc)2, ± 

BINAP, Pyrrole, Cs2CO3, 1,4-dioxane, sealed tube, 100 °C, 12 h, 74%; (c) BBr3, DCM dry, 0 °C 

(30 min) to 25 °C (12 h), 55%. 

We have also tried to apply the direct Buchwald amination on the compound 86, but the 

attempt remained unsuccessful. In addition the effort to insert the pyrrole in the quinoline 

ring of 87b by applying a direct metal-free aromatic substitution was unsuccessful. 

 Proposed synthetic approaches for the building block 54f and 54g 

A huge effort was engaged for the development of the quinoline ring containing building 

block 54f and 54g as reported in Scheme 13 and Scheme 14. For 54f, we initially started 

from compound 89 and applied a Clauson-Kaas protocol for the pyrrole ring formation. 

The nitro group of the pyrrolic compound 90 was reduced to the corresponding amino 

compound in presence of iron powder and calcium chloride reflux condition in ethanol. 
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After the unsuccessful Skraup reaction on 91, the free hydroxyl group was protected by 

both the benzyl and methyl groups. However, the Skraup reaction performed on the 

protected system 92 also failed. 

Scheme 13. Synthetic approaches for the building block 54f 

 

Reagents and Conditions: (a) 2,5-dimethoxytetrahydrofuran, 1,4-dioxane, aq. HCl (6 N), 120 °C, 

1 h, quantitative; (b) Fe, CaCl2, 75% EtOH (aq), 90 °C, 30 min, 70%; (c) PhCH2Br/MeI, K2CO3, 

DMF dry, 85 °C, 12 h, quantitative; (d) meldrum acid, CH(OMe)3, DMF dry, 105 °C, 80%; (e) 

cinnamoyl chloride, DCM dry, TEA, 25 °C, 2 h, 90%. 

Afterwards, three different approaches on 92 were applied as described in Scheme 13. 

Each of these attempts failed at the ring closure step.  

The synthesis of 54f was also performed with methoxybenzaldehyde 95 under a 

Friedlander quinoline ring synthesis condition. Compound 95 was treated with 

concentrated sulfuric acid and nitric acid to synthesize the di-nitro compoun 96, which was 

then reduced to the bis-amino compound 97. The next step of the quinoline ring synthesis 

in presence of acetaldehyde and potassium hydroxide did not produce any result. 

The synthesis of the building block 54g was investigated in a Pomeranz-Fritsch quinoline 

synthesis protocol by starting from the 98 in the presence of 2,2-dimethoxyethylamine in 
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toluene medium under reflux condition for 12 h. This step was a quantitative yielding 

method for synthesizing 99. Regrettably, we faced again the undesirable failure in the ring 

closure step. 

Scheme 14. Synthetic approaches for the building block 54f and 54g 

 

Reagents and Conditions: (a) H2SO4, HNO3, -10 °C 1 h, 20%; (b) Fe, CaCl2, 75% EtOH (aq), 90 

°C, 30 min, 48%; (c) 2,2-dimethoxyethylamine, toluene, 110 °C, 12h, quantitative. 
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PART 1 CHAPTER V  

RESULTS AND CONCLUSIONS 

1.5.1 Results  

1.5.1.1 Biological Results 

All the synthesized compounds (32-39 and 42-46) were subjected to several biological 

tests on a wide range of tumor cell lines. Their cytotoxicity, pro-apoptotic and anti-

autophagy profiles were assessed. The results available to date are reported and briefly 

discussed below. 

 Apoptosis test on HL-60 cell lines 

We measured the dissipation of the mitochondrial membrane potential in TMRM loaded 

HL-60 cells following the treatment with the compounds (Figure 21). All the compounds 

with the exception of 45 and 46 promote apoptosis in HL-60 cell line. 

Interestingly, 29, 32, 35, 37, 39, and 46 were able to induce apoptosis ex vivo in 

splenocytes obtained from the Eμ-TCL1 mouse model of chronic lymphocytic leukemia 

described by an increase of leukemic B cells dependent in part of defective apoptosis. 

 

Figure 21. TMRM assay of compounds on HL-60 cell line and Eμ-TCL1 splenocytes to determine 

the percentage of apoptosis for 48 h at a concentration of 10 μM. 

 Preliminary cytotoxicity assessment 

The effects of the compounds (34-37, 39, 45, and 46) on mouse fibroblast NIH3T3 have 

been inspected by evaluating the percentage of viable cells with the concentration range of 

0.1 to 120 μM (Table 8). This test, being performed on a “normal” murine cell line is used 
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for predicting liability of toxic effects versus normal cells and could be used for calculating 

safety windows and/or therapeutic indexes. Literature data reported that the IC50 of taxol, 

colchicine, 29, and 32 against mouse fibroblast NIH 3T3 are in the range of 25 ± 3, 25 ± 4, 

126 ± 4, and 42 ± 9, respectively.170 Compound 28 and its analogues required a relatively 

higher concentration range (~ 5 μM, 46; ~ 45 μM, 45) for attaining the 50% cell inhibitory 

effect. On the other hand, all the 29 analogues displayed a higher IC50 value than 

compound 29 and 32 in cancer cell lines. 

Table 8. Cytotoxicity assessment of the compounds on the growth of mouse fibroblast NIH 3T3. 

Cpds 

Concentrations (µM)a 

0.1 0.15 0.3 0.45 0.6 5 6 45 90 120 

% of viable cellsb 

34 90±5c 91±6c 85±7c 78±7c 63±6c 32±5c 47±4c 9±4c 5±2c 0c 

35 78±5c 71±5c 69±7c 55±6c 20±7c 0c 7±3c 0c 0c 0c 

36 93±7c 91±5c 88±9c 76±7c 66±6c 23±5c 53±6c 8±4c 5±2c 0c 

37 81±7c 72±7c 66±8c 59±5c 48±3c 12±6c 33±5c 5±4c 6±3c 0c 

39 94±6c 86±6c 81±4c 75±6c 73±5c 52±4c 65±6c 39±5c 31±4c 15±5c 

45 100±3 104±7 99±5 97±7 97±4 69±5c 83±6c 49±4c 17±4c 0c 

46 104±7 97±7 98±7 95±6 96±4 55±6c 87±5c 18±3 12±3 10±5 
a% of cell viability was quantified by Neutral Red Uptake (NRU) test and the data normalized as percentage 

of control. All Data are stated as mean ± s.d. of three experiments repeated in six replicate; bAll compounds 

were tested at an increasing concentration range from 0.1 to 120 µM.; cValues are statistically different 

versus negative control, p ≤ 0.05.  

 

We also worked in a panel of ovarian and HeLa cell lines, carrying general (i.e. Pgp 

overexpression) or specific (i.e. βIII-tubulin isotype overexpression) mechanisms of 

resistance against their wild-type counterparts for some of the compounds (Table 9). As 

observed from the IC50 values, 35 is the most active from this series. Also, 37 as well as 34 

is able to avoid the specific βIII-tubulin resistance. Moreover, 35 is not a substrate of Pgp 

as it appears from the IC50 outcome obtained in A2780AD cell line which overexpresses 

this pump. We henceforth postulate that 35 is not affected by this mechanism of resistance 

in cancer cells. Compound 29, 32, 33, and 37 were also tested in HL-60 and a multiple 

myeloma cell line, NCI-H929. 

 

Table 9. Cytotoxicity assessment of the compounds on the growth of different cell lines and the 

evaluation of the IC50 (nM) value 

Cells 29 32 33 34 35 37 42 43 

A549    138 ± 47 774 ± 25 614 ± 31   

A2780 249 ± 17 80 ± 12 76 ± 13 1031 ± 71 600 ± 115   300 ± 12 

A2780AD 
240 ± 33 92 ± 16 79 ± 15 1213 ± 81 399 ± 50   810 ± 48 
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R/S 0.96 1.15 1.03 1.18 0.67   2.69 

HeLa    921 ± 265 469 ± 64    

HeLaβ3    661 ± 54 331 ± 104    

R/S    0.72 0.71    

HL-60  295 263      

NCI-H929 376 363     >50  

 

 Cytotoxicity assessment on different cell lines 

Subsequently, we characterized the selected compounds on the panels of three OSCC cell 

lines, tongue squamous cell carcinoma (SCC4), gingival squamous cell carcinoma 

(Ca9.22), and buccal mucosa squamous cell carcinoma (TR146) (Table 10). The 

AlamarBlue assay was performed to investigate the effect of six compounds (32-35, 37, 

and 45) along with the reference compound 29 on cell viability in SCC4 cells for 48 h. IC50 

values were calculated using Graphpad Prism to estimate the variation in cell sensitivity 

with the compounds (Table 10). All the compounds (29, 32-35, and 37) were able to 

decrease the cell viability in a dose-dependent manner and having the IC50 value (160 nM, 

222 nM, 130 nM, 908 nM, 539 nM, and 849 nM, respectively) in the nanomolar range but 

no effect was shown for the treatment with 45. The three selected compounds were 

successively tested on Ca9.22 gingival squamous carcinoma cells (p53 mutated) and 

TR146 keratinizing squamous cell carcinoma of buccal mucosal origin. Compound 35 

showed an impressive cell viability results for both the cell lines (Ca9.22, IC50 ~ 130 nm; 

TR146, IC50 ~ 880 nm), while the other two compounds were active in a micromolar 

concentration range (34: IC50: Ca9.22 ~ 2 μM, TR146 ~ 1.5 μM; 37: IC50: Ca9.22 ~ 2 μM, 

TR146 ~ 4.5 μM). 

Table 10. Cytotoxicity assessment of the compounds on the growth of OSCC cell lines and the 

evaluation of the IC50 (μM) value at 48 h 

Cells 29 32 33 34 35 37 45 

SCC4 0.16 0.22 0.13 0.91 0.54 0.85 X 

CA9.22 0.17 13.4  2 ± 0.5 0.13 ± 0.01 2 ± 0.2  

TR146    1.5 ± 0.25 0.88 ± 0.06 4.5 ± 1.2  
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The four selected compounds (32, 34, 35, and 37) have been further characterized on a 

multidrug resistance esophageal squamous cell carcinoma cell line (ESCC), KYSE-520. It 

has been described that KYSE 520 cells have elevated the expression levels of 

cyclooxygenase-2 (COX-2),171 which might be accountable for a role in carcinogenesis, 

cancer progression, and MDR.172–174 COX-2 has been revealed to induce the expression of 

the MDR 1 gene encoding Pgp, via phosphorylation of c-Jun at Ser63/73, resulting in the 

efflux of chemotherapeutics in colorectal cancer.175,176 An AlamarBlue assay was 

performed to investigate the cell viability of KYSE-520 (Table 11). All the compounds 

exhibited the cytotoxic effects in a time-dependent manner. 32 and 34 were not able to 

affect the cell viability at 48 h even at 500 μM but displayed the effect at 72 h with the IC50 

of 138.3 and 41.94 μM. Excitingly, both the newly developed compounds 35 and 37 were 

able to prevent the cell growth at both the two time settings (IC50 of 3.6 μM at 48 h, 1.68 

μM at 72 h and 1.68 μM at 48 h, 0.89 μM at 72 h, respectively) and 37 was the most active 

compound on KYSE-5220 cell lines by producing a high nanomolar range of IC50 value at 

72 h. 

Table 11. Cytotoxicity assessment of the compounds on the growth of ESCC and EAC cell lines 

and the evaluation of the IC50 (μM) value at 72 h. 

Cells 32 33 34 35 37 

KYSE-520  41.94 1.68 0.89  

OE-33 0.32  1.40 0.57 2.32 

OE-19 0.73   0.73  

FLO-1 0.28   0.40  

MFD-1 1.10   1.20  

SKGT4 0.51   0.55  

 

Additionally, the compounds have been then tested on a panel of human caucasian 

esophageal adenocarcinoma (EAC) (Table 11).177–179 In the first attempt, an MTT assay 

was performed to explore the effects of the compounds on the cell viability at 72 h of OE-

33. 32 and 35 were able to affect the cell growth with an IC50 value of 296 nM and 391 

nM, respectively. 34 and 37 exhibited the IC50 of 1.40 μM and 1.32 μM, respectively. The 
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best performing 35 along with the reference 32 were then tested on OE-19, FLO-, MFD-1, 

and SKGT4 cell lines. Both the compounds displayed an inhibitory effect on the cell 

growth in for OE-19 (32 and 35, IC50 = 730 nM), FLO-1 (32, IC50 = 280 nM; 35, IC50 = 

400 nM), SKGT4 (32, IC50 = 510 nM; 35, IC50 = 550 nM), MFD-1 ((32, IC50 = 1.10 μM; 

35, IC50 = 1.20 μM). 

 Apoptosis test on different cell lines 

As shown, compounds 29 and 32 demonstrated comparable efficacy in SCC4 (Figure 22, 

panel B) and NCI-H929 (Figure 22, panel A) cells, while compound 42 demonstrated 

negligible efficacy in both the cell lines. Regarding the Ca9.22 cells (Figure22, panel C), 

compound 42 does not seem to be effective at 500 nM when compared to the other cell 

lines, while compound 32 displays only modest efficacy. However, the activity assessment 

of these PBOX compounds on the OSCC cell lines supports further studies for the 

development of the new analogues. 

 

Figure. 22. (A) NCI-H929 cells were seeded at a density of 30 × 104 cells/mL and were left 

untreated (control) or treated with either vehicle (1% EtOH (v/v)) or 500 nM of 29 and 32 for 48 h 

(B) SCC4 cells were seeded at a density of 15 × 104 cells/mL and were treated with either vehicle 

control (1% EtOH (v/v)) or 500 nM of 29 or 32 or 50 mM of 42 for 48 h (C) Ca9.22 cells were 

seeded at a density of 30 × 104 cells/mL and were treated with either vehicle control (1% EtOH 

(v/v)) or 500 nM 32, or 500 nM of 42 for 48 h. 

Apoptosis induction for the other compounds was also evaluated in SCC4, Ca9.22, and 

TR146 cells using the Annexin V/Propidium iodide dual staining assay (Figure 23). The 
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cells were treated with the compounds at both 0.5 and 2 µM of concentrations for 48 h. 33, 

34, and 35 induced apoptosis in SCC4 cells at both the concentrations, while no apoptosis 

was observed following the treatment with 45 at that concentration. Compound 37 was not 

able to induce apoptosis at 0.5 μM concentration but produced a positive result when 

treated with 2 μM. In addition, the compounds have been evaluated for their apoptosis 

efficacy on Ca9.22 and TR146 cell lines at a concentration of 500 nM for 48 h. As 

expected, 35 produced the best result. These results are in line with the results obtained 

from the AlamarBlue viability assay. 

 

Figure 23. AnnexinV/Propidium iodide assay of all the compounds on OSCC cells. (A) compound 

concentration of 0.5 μM and (B) compound concentration of 2 μM. Values represent the mean ± 

S.E.M of three independent experiments (N = 3). Statistical analysis was performed using an 

unpaired one-tailed student t-test to compare mean values between vehicle and treated cells ***p < 

0.001, **p < 0.01. (C) Ca9.22 cells were seeded at a density of 30 X 104 cells/mL and were left 

untreated (control) or treated with either vehicle (1% EtOH (v/v)) or 500 nM of compound for 48 h. 

(D) TR146 cells were seeded at the density of 30 X 104 cells/mL and were treated with either 

vehicle control (1% EtOH (v/v)) or 500 nM of compound for 48 h. Values represent the mean ± 

S.E.M of three independent experiments (N = 3). Statistical analysis was performed using a T-test. 

**p = 0.001”. 

 

Guided by the cell viability outcomes, the apoptosis induction effect of the compounds has 

been analyzed at 3 and 10 μM of concentrations for 72 h incubation time by an Annexin 
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V/Propidium iodide dual staining assay (Figure 24). All the compounds were able to 

induce apoptosis (from > 20% to < 60%) at both concentrations. 32, 35, and 37 showed a 

concentration-dependent apoptosis induction and these results further supports the results 

found from the AlamarBlue viability assay. 

 

 

Figure 24. Annexin V/Propidium iodide assay of the compounds against KYSE-520 cells at 3 μM 

and 10 μM of concentrations. 

 Mutagenicity test of the selected compounds 

We determined the mutagenic effects of two of the best performing compounds (35 and 

37) in the Salmonella typhimurium strains, TA98 and TA100. The Ames test is performed 

to detect potential mutagenicity risks at the early-stage drug development (Figure 25). 

Though, the assay can be executed with/without the rat liver fraction, S9, the latter 

condition is a more in-depth analysis to assess the potential mutagenicity risks resulting 

from the metabolites of the compounds. Interestingly, after applying both the experimental 

conditions, no mutagenic effects were determined for both the compounds for the 

concentration range, tested (0.3-60 μM) 
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Figure 25. Ames tests performed on S. typhimurium TA98 and TA100 strains for compounds 35 

and 37. 

 Autophagy tests of the compounds on OSCC and HL-60 cell lines 

To address the influence of PNOX compounds (Table 12) on both basal and stimulated 

autophagy, we quantified the accumulation of the LC3B-II protein by immunoblot assays 

with the reference compound 29 and its three analogues 32, 100, and 101. 

Table 12. Compounds for the preliminary investigation on autophagic flux in HL-60 cell lines  

 

Cmpds 29 32 100 101 

Ar2 

    

 

Since autophagy is a dynamic process, accumulation of LC3B-II within the cells does not 

necessarily correspond to an increase of autophagy but could reflect a reduction in 

autophagosome turnover too. Hence we compared the amount of LC3B-II in compound-

treated samples both in presence or absence of CQ (Figure 26). HL-60 cells were treated 

with the tested compounds for 1 h 45 min and accumulation of LC3B-II was quantified by 
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immunoblot (Figure 26A). Significant higher levels of LC3B-II, which were further 

increased in presence of CQ, were found in samples treated with 29, 32, and 100 compared 

with cells in full medium showing that these compounds are able to induce the 

accumulation of autophagosomes in HL-60 cells in basal condition (Figure 26A). 

Furthermore, 32 and 100 appeared to be more active compared to 29 (Figure 26A). To 

investigate the effect of these compounds on autophagy stimulated by serum deprivation, 

cells were starved for 15 min before the addition of the compounds and LC3B-II were 

measured in presence/absence of CQ after 1 h 45 min. Accumulation of LC3B-II was 

considerably higher in serum starved samples co-treated with 32, 100, and 101 compared 

with untreated and 29-treated samples indicative of 29 and 100 being the most effective 

derivatives on the autophagic process in both the conditions. Moreover, a reduction of the 

LC3B-II protein was found in treated samples, but not in the same samples co-treated with 

CQ after a longer treatment of 16 h in serum supplemented medium compared with 

untreated cells. The enhancement of LC3B-II accumulation in samples treated with CQ, 

compared with CQ-untreated samples may be indicative of a pro-autophagic effect of 

compounds rather than of an inhibitory effect on the autophagic process. In support of a 

pro-autophagic effect of the analogues in HL-60 cells, short treatment of 1 h 45 min with 

compounds in serum supplemented samples resulted in the increase of LC3B-II levels 

which is further enhanced in samples co-treated with CQ (Figure 26A). Despite this 

analysis of the autophagic flux which reflects the net amount of LC3B-II delivered to 

lysosomes, suggests a pro-autophagic effect, additional assays are required to better 

characterize the pro-autophagic effect of novel compounds. Our preliminary data 

demonstrated that our novel analogues are able to target the autophagic process and that 1 

and 35 are the best performing analogues so far identified when tested at 10 mM. 
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Figure 26. Immunoblot analysis of LC3B-II levels in HL-60 cells cultured in serum supplemented 

RPMI 1640 or in Earle’s Balanced Salts (EBSS) medium and treated with 10 mM of compounds in 

presence or absence of 40 mM CQ for (A) 1 h 45 min or (B) 16 h. Control immunoblot with anti-

actin antibodies of the same filters are shown. Densitometric analysis of LC3B-II amount from 

three independent experiments and normalization with actin level. Bar graphs represent the relative 

intensity of LC3B-II. *, p < 0.05 **, p < 0.01 versus full medium as calculated by Student's t-test. 

There is not always a straightforward predecessor/successor relationship between LC3-I 

and LC3-II, because the conversion of LC3-I to LC3-II depends on the cell type as well as 

the autophagy induction type. Therefore, p62 levels are often used for the quantification of 

autophagic flux. However, there is not always a clear correlation between increases in 

LC3-II and decreases in p62.180,181 

Five compounds (32-35, and 37) were tested on SCC4 cells to evaluate their autophagy 

modulating effects (Figure 27). Autophagy was stimulated by pre-incubating the cells with 

EBSS medium for 30 minutes before treating the cells with 10 μM of concentration for 

each compound.182 CQ at 10 μM concentration was used as positive control for autophagy 

inhibition. Cells were harvested for 3 h and the expression levels of LC3-II/-I and p62 were 

evaluated by WB analysis. Densitometric analysis of p62, LC3-I and LC3-II bands were 

performed using ImageLab software and values represent the mean ± S.E.M. of four 

independent experiments. Statistical analysis was performed by unpaired one-tailed t-test. 



[68] 
 

**p ≤ 0.01, *p ≤ 0.05. As expected, a significant increase in the LC3-II/LC3-I ratio was 

observed in cells treated with CQ in presence/absence of EBSS due to the inhibition of 

autophagic flux at the very late stage, thereby resulting in the block of LC3-II turnover.181 

Interestingly, a substantial and significant increase in the LC3-II/LC3-I ratio was also 

observed in cells treated with the compounds 35 and 37 in basal condition and a further 

increase was found in the starved condition. This comparable profile of CQ with 35 and 37 

suggests the potent autophagy flux inhibitory nature of the two compounds. However, 

compounds 32-34 also elicited an increase in the levels of LC3-II/LC3-I in both basal and 

starved conditions but in a minor extent. A slight increase in p62 levels in cells treated with 

the compound 37 in presence/absence of EBSS was observed, an effect also elicited by 

CQ, confirming the autophagy inhibitory nature of this novel compound.  

Taken together these results suggest that the compounds enhance the expression of LC3-II 

protein in SCC4 cells, indicating that they exhibit autophagy modulatory properties. 

Besides, a similar profile of autophagic protein expression in cells treated with the 

compounds 35 and 37 compared to CQ indicate that these two novel compounds are potent 

autophagic flux inhibitors. 

 

 
 

Figure 27. Autophagy study of the compounds on SCC4 cell lines by quantifying LC3-II/LC3-I 

and p62 densitometric values in basal and starved condition 
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We have further characterized the compounds on a panel of HL-60 cell lines by comparing 

the amount of LC3-II both in presence/absence of CQ (Figure 28).183 HL-60 cells were 

treated in full medium with the tested compounds and accumulation of LC3-II was 

measured by immunoblot. The treatment with the compounds resulted in an increase in 

LC3-II compared to basal condition, with higher levels observed when the compounds 

were used in combination CQ. These data suggest that the tested compounds induce the 

accumulation of autophagosomes in HL-60 cells. Accordingly, levels of p62 were 

significantly increased in HL-60 cells treated with the compounds compared with vehicle 

treated cells confirming that these compounds are responsible for autophagosome 

accumulation. Since both the accumulation of p62 and LC3-II occur when autophagy is 

inhibited,181 these results further support that 35 and 37 likely act as autophagy inhibitors.  

 

Figure 28. Autophagy study of the compounds on HL-60 cell lines by quantifying LC3-II/LC3-I 

and p62 densitometric values 

1.5.1.2 Characterization of the selected compounds on tubulin dynamics  

Our previous studies have confirmed the PBOX/PNOX compounds as a microtubule 

disrupting agents. The turbidity of a solution can reveal the microtubule formation due to 

its large structures and hence can help in observing the tubulin assembly reaction. 

Therefore, we followed to assess the microtubule depolymerizing effects of the selected 

compounds (34, 35, and 37). A turbidity time-course experiment in the presence of 25 μM 



[70] 
 

of the compounds on 25 μM of tubulin at 37 °C was performed to monitor the absorbance 

at 350 nm (Figure 29). Podophyllotoxin, a well-known colchicine site binding compound, 

was used as a positive control. As evidenced, all the compounds depolymerized the 

microtubule network in a similar way as podophyllotoxin. Though compound 37 did not 

produce as good results as the other two compounds, it still showcased a negative effect on 

the microtubule network. However, this particular behaviour could also be attributed to the 

formation of tubulin aggregates. 

 

Figure 29. Microtubule polymerization curves of 34 combined with 37 (A) and 35 combined with 

37 (B) in GAB buffer, both with the Podophyllotoxin curve added as a destabilizing control. 

1.5.1.3 Pharmacokinetics of the selected compounds 

We also sought to assess the drug-like property of the selected analogues (34, 35, and 37). 

The aqueous solubility at pH = 3 and pH = 7.4 and the chemical stability (at pH = 3) of the 

compounds were measured by HPLC methods (Table 13). As predicted, the presence of 

the basic amine system amended the solubility profile of the compounds in the acidic pH = 

3, but unfortunately none of them was soluble at pH = 7.4. The solubility of 34 at T = 0 

was 99 μM but it was not stable in the pH = 3 after 24 h which might be attributed to the 

presence of the inherited carbamate moiety of the compound. Interestingly, despite bearing 

a carbamate moiety, 35 displayed the solubility of 204 μM at pH = 3 after 24 h and the 

chemical stability of 91% at 36 h. 37 demonstrated the highest solubility among these 
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compounds of 271 μM at pH = 3 after 24 h and the chemical stability of almost 

quantitative value with 97% at 36 h. However, these facts might be accredited to the innate 

secondary amine and ester moiety instead of a tertiary amine and a carbamate moiety. 

 

Table 13. Solubility and chemical stability of the selected analogues. 

 

Cpds 
Solubilitya (μM) 

Chemical stabilityb (%) 
pH = 3 pH = 7.4 

34 n.dc n.d n.d 

35 204 n.d 91 

37 271 n.d 97 

aSolubility at 24 h; bChemical stability at 36 h; cn.d, not determined, not quantifiable. 

 

1.5.1.4 Metabolic profile of the selected compounds 

We have performed the in vitro studies to assess the metabolic stability of 35 and 37 in 

human liver microsomal (HLM) preparations. The plot of non-metabolized compound 

[natural logarithm of % of recovered compound (100% at time 0 min)] as a function of 

incubation time exhibited a monoexponential decay relationship for both the compounds 

(Figure 30). The apparent decay constant (k), half-life time t½), and intrinsic clearance 

(CLint) are reported in Table 14. 

 

Table 14. Apparent decay constant (k), half-life time t½), and intrinsic clearance (CLint) value of 

55 and 57. 

 

Cpds k (min-1) t½ (min) CLint 

55 0.022 30.8 55 

57 0.0076 91.2 19 

 

The Clint values indicate that 35 is a preferred substrate for the xenobiotic metabolized 

system present in the HLM. On the contrary, 37 with a lower Clintr value indicate a higher 

metabolic stability than 35. However, both the drugs can be categorized into the medium 

clearance compounds.184 Moreover, both compounds were not metabolized when 

incubated at 37 °C for 60 min with boiled microsomes or in presence of HLM but without 

the NADPH-GS. Taken together these results clearly indicate that CYP(s) are responsible 

of the 35 and 37 metabolism. From in silico analysis with MetaSite ® the hydroxylation of 

naphthalene ring and the demethylation of N-methylpyperazine moiety appears the of two 
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major CYP-dependent reactions towards 35 with a similar probability score. On the 

contrary, 37 seem to be metabolized only by the introduction of an OH moiety in the 

naphthalene ring.  

 
 

Figure 30. The plot of non-metabolized compound [natural logarithm of % of recovered compound 

(100% at time 0 min)] as a function of incubation time expressing a monoexponential decay 

relationship for both the compounds 

 

1.5.1.5 Molecular docking of the compounds 

In order to gain more evidence about the binding mode of the developed compounds, a 

comprehensive SAR study was performed to examine the behavior of the novel series of 

molecules within the colchicine binding site of tubulin.  

A molecular docking calculation was performed by our co-workers in our computational 

laboratories by means of Glide software implemented in Maestro suite (Schrödinger 

Release 2015-4: Glide, Schrödinger, LLC, New York, NY, 2015) as previously reported by 

us and described in the experimental section.99 Starting from the PDB structure 6GJ4, a 

crystal structure of α/β tubulin in complex with our previously developed compound 32, 

and to assess the validity of our computational protocol the crystallized compound was re-

docked into the protein binding site, showing slight difference in its binding mode as 

confirmed by the very low value of RMSD: 0.2744. 

For the newly developed compounds we found that they were able to accommodate within 

the active site as compound 32 (Figure 30 and 31) except for compound 46 due to its 

bulky substituents in Ar2 and R position, it was not possible to retrieve a proper 

accommodation within the binding site. For the other analogues a similar pattern of 

interaction was found. The main contacts established by this series of molecules are 

represented by: a cation-π stacking established between K352 and the pyrrole ring of the 
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scaffold, along with some hydrophobic interactions within the binding cavity with residues 

T179, A180 and V181 (α subunit), C241, L248, A250, L255, A316, I318 and K352 (β 

subunit) (Figure 30 and 31). While the compounds that hold a 5-quinoline substituent in 

Ar1, were also able to interact, through water-mediated contacts, with the backbone of 

G237 and C241 as well as with the sidechain of C241 (Figure 30). For compounds 5e,f 

containing a acetylpiperazine and a methylpiperazine, respectively in Ar2 a different 

accommodation in the binding site has been observed. As represented in Figure 31A, for 

44 the core turns to project the OCOMe toward the hydrophobic cavity and the 

acetylpiperazine toward the opening of the binding site. This allows 44 to reach the residue 

R221 belonging to the α-subunit by establishing double H-bonds. For compound 45 

(Figure 31B) the substitution of the acetyl with a methyl group, exposes the piperazine 

moiety to the solvent without establishing any relevant polar contact with the cavity 

residues. 

Figure 31. Complexes of compounds 44 and 45 (represented as sticks in different colours, panels 

A and B, respectively) with tubulin (α-tubulin is represented in pink cartoon, β-tubulin is 

represented in teal, PDB ID: 6GJ4) as found by molecular docking calculation.  

The introduction of a 5-quinolyl in Ar1 permits the formation of water mediated H-bonds 

with G237, V238, and T240 for compounds 34-37 and 39 (Figure 32). The changes in the 

R lateral chain determined a different pattern of interaction with the residues located at the 

entry of the binding site. In particular, compound 34 (Figure 32B), with its N,N-

diethylaminopentan-2-yl carbamate lateral chain is able to interact through two H-bonds 

with the backbone of Q247 and the side chain of K352. 35 (Figure 32C), substituted with 

the N-methylpiperazine, cannot establish H-bonds, results less solvent-exposed and better 

accommodated within the binding cavity by targeting the hydrophobic residues L248 and 
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A354. Moreover the central region of the molecule is involved in a double π-π stacking 

with K352. The bulky lateral chain of compound 36 (Figure 32D) establishes an additional 

H-bond through the carbonyl oxygen with K352 along with the discussed hydrophobic 

contacts. Deprotection of the lateral chain gave in the free piperidine of compound 37 

(Figure 32E). It mainly targets the residues T179, A180 and V181 (α subunit), C241, 

L248, A250, L255, A316, I318, K352 and A354. The substitution of the piperidine with a 

pyridine-3-yl system, (39, Figure 32F), allowed an H-bond with Q247 through the 

nitrogen atom of the pyridine, while maintaining the other contacts.  
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Figure 32. Complexes of compounds 32 panel A, 34-39 (represented as sticks in different colours, 

panels B-F respectively) with tubulin (α-tubulin is represented in pink cartoon, β-tubulin is 

represented in teal, PDB ID: 6GJ4) as found by molecular docking calculation. 

1.5.2 Conclusions  

In conclusions, we explored the PBOX and PNOX class of MTAs and described the 

development of a series of potent pro-apoptotic molecules. The structural adaptation at the 

binding pockets of the core structure has been implemented by utilizing the mechanistic 

perception of known autophagy inhibitor, CQ and the molecular modelling approach. We 

tried to mimic the CQ functional moieties in our compounds while holding on to their 

inherited pro-apoptotic activity. Compounds were accurately characterized by biological, 

biochemical and medicinal chemistry approaches. We evaluated their ability to inhibit the 

cell proliferation and to induce apoptosis on a wide variation of tumor cells, including 

multidrug-resistant cell lines. Selected compounds were tested for their effect on the 

resistance cells and the corresponding parental cells. The mutagenic safety profile has also 

been inspected for the compounds. Additionally, pharmacokinetic properties and the in 

vitro metabolic stability with HLM have been calculated. Finally, the selected compounds 

were inspected for their effect on the autophagic process against SCC4 and HL-60 cell 

lines. Quantification of LC3-II/LC3-I and p62 protein at both the basal and starvation-

mediated conditions was evaluated by considering CQ as a positive control. These studies 

unveiled the CQ-like mode of action of PNOXs compounds on the autophagic process. 

The obtained data proposed for a relevant therapeutic potential for the developed 

compounds 35 and 37 as autophagy inhibitors with innate pro-apoptotic activity. 
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PART 1 CHAPTER V 

EXPERIMENTAL SECTION 

General Remarks 

All chemicals and reagents were purchased from the commercial suppliers and used 

without further purification, unless and otherwise specified. Reaction progress was 

observed by thin-layer chromatography (TLC), carried out on silica (60 F254) or alumina 

(60 F254, basic) gel plates with detection by UV and the products were purified by means 

of either silica (60M, 0.040-0.063 μm) or alumina (90, standarized) column 

chromatography. 1H and 13C NMR spectra were documented in the indicated deuteriated 

solvent on a Varian 300 MHz or a Bruker 400 MHz spectrometer by using the residual 

signal of the deuterated solvent as internal standard. Splitting patterns are indicated by s 

(singlet), d (doublet), dd (doublet of doublets), t (triplet), q (quartet), m (multiplet), and br 

(broad); chemical shifts (δ) are defined in parts per million (ppm) and coupling constants 

(J) in Hertz (Hz). ESI-MS spectra were performed by an Agilent 1100 Series LC/MSD 

spectrometer. HRESI-MS were carried out by a Thermo Finningan LCQ Deca XP Max 

ion-trap mass spectrometer equipped with Xcalibur software, operated in positive ion mode 

and conducted at the University of Naples, Italy. Yields denote to purified products. HPLC 

analysis were performed with a Shimadzu Prominence apparatus equipped with a scanning 

absorbance UV-VIS detector (Diode Array SPD-M20A) also equipped with a thermostatic 

chamber and Purospher®STAR, RP-18ɛ (5 μM) HPLC column. All moisture-sensitive 

reactions were executed under nitrogen atmosphere using oven-dried glassware and freshly 

distilled dry solvents. 

 

Ethyl 2-(naphthalen-1-yl)acetate (67) 

 

Thionyl chloride (16 mL, 214.8 mmol) was added to a solution of commercially available 

66 (10 g, 53.70 mmol) in ethanol (37 mL) at 0 °C and then the mixture was refluxed 80 °C 

for 12 h. The solvent was evaporated completely under reduced pressure at 20 °C. The 

crude was dissolved in DCM and the organic solution was washed with NaHCO3 (s.s). The 
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organic layer was dried with anhydrous sodium sulfate, filtered, and concentrated. The title 

compound 67 was obtained in quantitative yield and used for the next step without any 

further purification. 1H NMR (300 MHz, CDCl3) δ: 8.01 (d, J = 8.1 Hz, 1H), 7.86 (d, J = 

1.8 Hz, 1H), 7.80 (dd, J1 = 6.6 Hz, J2 = 2.7, 1H), 7.41-7.56 (m, 4H), 4.12-4.19 (m, 2H), 

4.07 (s, 2H), 1.23 (t, J = 6.9 Hz, 3H). ESI-MS m/z 215.0 [M+H]+. 

Ethyl 2-bromo-2-(naphthalen-1-yl)acetate (58b) 

 

NBS (3984 mg, 22.4 mmol) and catalytic amount of AIBN was added to a solution of 67 

(4g, 18.7 mmol) in CCl4 (90 mL) at room temperature and then the mixture was refluxed at 

90 °C for 12 h in presence of a lamp. The solvent was removed completely under reduced 

pressure. The crude was dissolved with DCM and was washed with water. The organic 

layer was dried with anhydrous sodium sulfate, filtered, and concentrated. The residue was 

purified on a silica gel column chromatography (PE/EtOAc 15:1) to obtain the title 

compound 58b in quantitative yield. 1H NMR (300 MHz, CDCl3) δ: 8.13 (d, J = 8.7 Hz, 

1H), 7.81 (d, J = 7.2 Hz, 1H), 7.45-7.62 (m, 3H), 6.16 (s, 1H), 4.26-4.30 (m, 2H), 1.26 (t, J 

= 6.9 Hz, 3H). ESI-MS m/z 293.8 [M+H]+ , 315.9 [M+Na]+ 

 

3-(1H-Pyrrol-1-yl)naphthalen-2-ol (54a) 

 

2,5-Dimethoxytetrahydrofuran was added to the suspension of commercially available 68a 

in acetic acid and water at room temperature. The mixture was refluxed at 100 °C for 5h. 

After cooling down the mixture to room temperature, acetic acid was removed under 

reduced pressure. The residue was dissolved in EtOAc and washed with a saturated 

solution of NaCl and water. The residue was purified on a silica gel column 

chromatography (n-hexane/EtOAc 10:1) to obtain the title compound in 80% yield. 1H 
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NMR (300 MHz, CDCl3) δ: 7.75 (s, 3H), 7.49-7.37 (m, 3H), 6.98 (s, 2H), 6.45 (s, 2H), 

5.34 (s, 1H); ESI-MS m/z 210.0 [M+H]+. 

 

Ethyl 2-((3-(1H-pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(naphthalen-1-yl)acetate (56a) 

 

K2CO3 (315 mg, 2.28 mmol) was added to a solution of 54a (318 mg, 1.52 mmol) in dry 

DMF (8 mL) at room temperature and stirred for 2 h at room temperature. A solution of 

56a (532 mg, 1.83 mmol) in dry DMF (8 mL) was added to the reaction mixture and 

refluxed at 90 °C for 12 h. Reaction mixture was cooled down and DMF was evaporated 

under reduced pressure. Resulting crude was dissolved in EtOAc and washed with the 

saturated solution of NaCl. The organic layer was dried over anhydrous sodium sulfate, 

filtered, and concentrated. The residue was purified by a silica gel column chromatography 

(PE/EtOAc 15:1) to obtain the title compound in 90% yield. 1H NMR (300 MHz, CDCl3) 

δ: 8.36 (d, J = 8.3 Hz, 1H), 7.88 (t, J = 8.1 Hz, 2H), 7.82-7.76 (m, 2H), 7.71 (d, J = 7.7 Hz, 

1H), 7.63-7.36 (m, 7H), 7.27 (s, 2H), 6.48 (s, 1H), 6.39 (s, 2H), 4.27-4.06 (m, 2H), 1.16 (t, 

J = 7.1 Hz, 3H). ESI-MS m/z 422. [M+H]+. 

 

2-((3-(1H-Pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(naphthalen-1-yl)acetic acid (53a) 

 

Method A: A solution of 2.3 mL of NaOH (5% aqueous solution) was added to the 

solution of 56a (340 mg, 0.81 mmol) in THF/ethanol (10 mL) of 1:1 mixture at room 

temperature and stirred for 12h. All the solvent was removed completely under reduced 

pressure and the crude was dilute with water. The pH of the aqueous layer was adjusted to 
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3 by using 1(N) HCl solution and was extracted with EtOAc (3 x10 mL). The organic layer 

was washed with a saturated solution of brine, dried with anhydrous sodium sulfate, 

filtered, and concentrated to obtain the title compound in quantitative yield without any 

purification. 

Method B: Compound 54a (100 mg, 0.39 mmol) was dissolved in dry THF (1 mL) and 

cooled to 0 °C. A finely ground sodium hydroxide powder (242 mg, 6.05 mmol) was 

added to the solution and the mixture was stirred at 0 °C for 10 min. 1-Naphthaldehyde 

(55b, 570 mg, 3.65 mmol) and bromoform (1528 mg, 6.046 mmol) were added dropwise, 

sequentially, to the reaction mixture at 0 °C. The reaction mixture was stirred at 0 °C for 1 

h and then at 25 °C for 12 h. The solvent was evaporated under reduced pressure and the 

residue was diluted with water. A solution of 1 (N) HCl was added to adjust the pH at 2 

and was extracted with EtOAc (3 x 5 mL). The combined organic layers were dried over 

anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The residue 

was purified on a silica gel column chromatography (DCM/MeOH/NH4OH 10:1:0.1) to 

afford the title compound in 48% yield 1H NMR (300 MHz, CDCl3) δ: 8.25 (d, J = 8.4 Hz, 

1H), 7.84 (t, J = 7.7 Hz, 2H), 7.75 (s, 1H), 7.71 (d, J = 6.5 Hz, 1H), 7.63 (dd, J = 11.2, 4.3 

Hz, 1H), 7.57-7.47 (m, 3H), 7.42-7.36 (m, 3H), 7.30 (s, 1H), 7.16 (t, J = 2.1 Hz, 2H), 6.40 

(s, 1H), 6.35 (t, J = 2.1 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ: 173.9, 148.8, 133.8, 132.2, 

131.5, 130.5, 130.0 (2C), 129.2, 128.9, 127.3, 126.9, 126.7, 126.6, 126.5, 126.0, 125.3, 

125.2, 124.5, 123.6, 122.6 (2C), 110.4, 109.4 (2C), 82.4. MS-ESI m/z: 391.7 [M-H]- 

 

5-(Naphthalen-1-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4(5H)-one (52a) 

 

To a stirred solution of acid 53a (311 mg, 0.79 mmol) in dry DCE (40 mL) phosphorus 

pentachloride (198 mg, 0.95 mmol) was added and the reaction mixture was refluxed at 85 

°C for 12 h. Then saturated aqueous NaHCO3 was added dropwise and the aqueous layer 

was extracted with DCM (3 x 20 mL). The combined organic layers were dried over 

anhydrous sodium sulfate, filtered, and concentrated. The residue was purified by flash 

chromatography on silica gel (n-hexane/EtOAc 3:1) to afford the title compound as a 
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yellow amorphous solid in 50% yield. 1H NMR (300 MHz, CDCl3) δ: 8.24 (d, J = 8.4 Hz, 

1H), 7.84 (t, J = 8.3 Hz, 3H), 7.78 (s, 1H), 7.62-7.36 (m, 8H), 7.27 (s, 2H), 6.63-6.58 (m, 

1H), 6.26 (s, 1H). 13C NMR (75 MHz, CDCl3) δ: 189.9, 133.9, 133.8, 133.6, 133.2, 132.0, 

131.5, 130.9, 130.0, 129.9, 129.6, 128.7, 127.4, 127.3, 127.1, 127.0, 126.7, 126.4, 126.2, 

125.9, 124.8, 124.5, 121.3, 120.6, 120.2, 112.3. MS-ESI m/z: 375.9 [M+H]+ . 

 

5-(Naphthalen-1-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl acetate (29) 

 

To a solution of 52a (20 mg, 0.053 mmol) in dry THF (1 mL) sodium 

bis(trimethylsilyl)amide (1 M solution in THF, 133 mL, 0.13 mmol) was added dropwise 

at -78 °C. After 45 min acetyl chloride (8 mL, 0.11 mmol) was added. The mixture was 

stirred for further 4 h at -78 °C. Subsequently, 1 mL of aqueous saturated NH4Cl was 

added. The aqueous phase was extracted with EtOAc (3 x 5 mL). The organic layer was 

dried over anhydrous sodium sulfate, filtered, and concentrated. The residue was purified 

on a silica gel column chromatography (n-hexane/EtOAc 15:1) to obtain the title 

compound in 60% yield. 1H NMR (300 MHz, CDCl3) δ: 8.15 (d, J = 7.3 Hz, 1H), 7.94-

7.79 (m, 4H), 7.63 (d, J = 7.9 Hz, 1H), 7.54-7.31 (m, 8H), 6.49 (s, 2H), 1.87 (s, 3H). ESI-

MS m/z 418.0 [M+H]+. 

 

8-Bromoquinoline (59b) 

 

FeSO4∙7H2O (121 mg, 0.44 mmol) and nitrobenzene (1.78 g, 14.53 mmol) were heated at 

110 °C. In a separate flask, 2-bromoaniline 69 (2.50 g, 14.53 mmol) and glycerol were 

sequentially added to conc. H2SO4 and the resulting mixture heated at 70 °C. This solution 

was then added to the PhNO2 FeSO4∙7H2O at 110 °C and the mixture was heated at 150 °C 

for 7 h. After cooling to room temperature, the mixture was poured into ice and neutralized 

to pH = 8 with 4N NaOH. The aqueous phase was extracted 10 times with EtOAc. The 
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combined organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated. The residue was purified by flash chromatography on silica gel (PE/DCM 

1:1) to afford the title compound as a brown oil in 60% yield. 1H NMR (300 MHz, CDCl3) 

: 9.05 (dd, 1H, J1 = 1.5 Hz, J2 = 4.2 Hz), 8.18 (dd, 1H, J1 = 1.5 Hz, J2 = 8.4 Hz), 8.05 (dd, 

1H, J1 = 1.2 Hz, J2 = 7.2 Hz), 7.78 (d, 1H, J = 7.8 Hz), 7.50-7.38 (m, 2H); ESI-MS m/z 

209.9 [M+H]+, 231.9 [M+Na]+. 

 

Ethyl 2-oxo-2-(quinolin-5-yl)acetate (61a) 

 
To a solution of compound 59a (250 mg, 1.22 mmol) in dry THF (2.5 mL), n-BuLi (2.5 M 

solution in n-hexane, 1.50 mmol) was added dropwise at -78 °C. After 10 min, diethyl 

oxalate (165 mL, 1.22 mmol) was added at -78 °C. The reaction mixture was stirred at -78 

°C for 10 min (TLC monitoring) and then quenched with 3mL of a saturated solution of 

NaHCO3. The aqueous layer was extracted with EtOAc (3 x 5 mL). The combined organic 

layers were dried over anhydrous sodium sulfate, filtered, and concentrated. The residue 

was purified by flash chromatography on silica gel (n-hexane/EtOAc 4:1) to afford the title 

compound as a yellow amorphous solid in 20% yield. 1H NMR (300 MHz, CDCl3) : 9.39 

(d, J = 8.7 Hz, 1H), 9.01 (d, J = 4.1 Hz, 1H), 8.40 (d, J = 8.4 Hz, 1H), 8.08 (d, J = 7.2 Hz, 

1H), 7.81 (t, J = 7.9 Hz, 1H), 7.60 (dd, J1 = 8.7, J2 = 4.1 Hz, 1H), 4.50 (q, J = 7.1 Hz, 2H), 

1.46 (t, J = 8 Hz, 3H); ESI-MS m/z 230.1 [M+H]+. 

 

Ethyl 2-oxo-2-(quinolin-8-yl)acetate (61b) 

 

Compound 61b was prepared from 59b following the procedure described for the 

preparation of 61a. The residue was purified by flash chromatography on silica gel 

(PE/EtOAc 9:1) to afford the title compound as a yellow amorphous solid in 20% yield. 1H 

NMR (300 MHz, CDCl3) : 8.89 (dd, 1H, J1 = 1.5 Hz, J2 = 3.9 Hz), 8.34 (dd, 1H, J1 = 1.5 
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Hz, J2 = 7.2 Hz), 8.23 (dd, 1H, J1 = 1.5 Hz, J2 = 8.4 Hz), 8.10 (dd, 1H, J1 = 1.2 Hz, J2 = 8.1 

Hz), 7.69 (t, 1H, J = 7.8 Hz), 7.50-7.46 (m, 1H), 4.44 (m, 2H), 1.42 (t, 3H, J = 6.9 Hz); 

ESI-MS m/z 230.0 [M+H]+, 252.0 [M+Na]+, 481.0 [2M+Na]+
. 

 

Ethyl 2-hydroxy-2-(quinolin-5-yl)acetate (57a) 

 

To a solution of compound 61a (130 mg, 0.57 mmol) in dry THF (5 mL), NaBH4 (13 mg, 

0.34 mmol) was added at 25 °C. The reaction mixture was stirred at 25 °C for 30 min 

(TLC monitoring), and then quenched with saturated aqueous NH4Cl (1 mL). THF was 

evaporated under reduced pressure and the aqueous residue extracted with EtOAc (3 x 10 

mL). The combined organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated. The residue was purified by flash chromatography on silica gel 

(DCM/acetone 1:1) to afford the title compound as a yellow amorphous solid in 21% yield. 

1H NMR (300 MHz, CDCl3) : 8.83 (d, J = 4.2 Hz, 1H), 8.56 (d, J = 8.7 Hz, 1H), 8.05 (d, 

J = 8.4 Hz, 1H), 7.67-7.52 (m, 2H), 7.39 (dd, J = 8.6, 4.2 Hz, 1H), 5.76 (s, 1H), 4.27-4.03 

(m, 2H), 1.10 (t, J = 7.2 Hz, 3H); ESI-MS m/z 231.9 [M+H]+. 

 

Ethyl 2-hydroxy-2-(quinolin-8-yl)acetate (57b) 

 

Compound 57b was prepared from 61b following the procedure described for the 

preparation of 57a. The residue was purified by flash chromatography on silica gel (n-

hexane/EtOAc 4:1) to afford the title compound as a pale yellow amorphous solid in 21% 

yield. 1H NMR (300 MHz, CDCl3,) : 8.87 (dd, 1H, J1 = 1.8 Hz, J2 = 4.5 Hz), 8.20 (dd, 

1H, J1 = 1.8 Hz, J2 = 8.4 Hz), 7.80 (dd, 1H, J1 = 1.5 Hz, J2 = 8.1 Hz), 7.71 (d, 1H, J = 6.9 

Hz), 7.57-7.52 (m, 1H), 7.44 (q, 1H, J = 3.9 Hz), 5.66 (s, 1H), 4.26-4.05 (m, 2H), 1.12 (t, 

3H, J = 4.2 Hz); ESI-MS m/z 232.0 [M+H]+, 254.0 [M+Na]+, 485.0 [2M+Na]+. 
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Methyl 2-[(3-(1H-pyrrol-1-yl)naphthalen-2-yl)oxy]-2-(quinolin-5-yl)acetate (56b) 

 

Triphenylphosphine (393 mg, 1.5 mmol) and DIAD (196 μL, 1.0 mmol) were added to the 

solution of 57a (230 mg, 1.0 mmol) in dry THF (10 mL) at 0 °C and stirred for 10 min. A 

solution of pyrrolylphenol compounds 54a (209 mg, 1.0 mmol) in dry THF (8 mL) was 

added to the reaction mixture and was stirred at 25 °C for 24 h. THF was evaporated under 

reduced pressure. The residue was diluted with DCM and washed with water and a 

saturated solution of brine. The organic layer was dried over anhydrous sodium sulfate, 

filtered, and concentrated. The residue was purified by silica gel column chromatography 

(n-hexane/EtOAc 3:1) to afford the title compound as a yellow solid in 49% yield. 1H 

NMR (300 MHz, CDCl3) : 8.93 (d, 1H, J = 3.9 Hz), 8.62 (d, 1H, J = 8.7 Hz), 8.12 (d, 1H, 

J = 8.1 Hz), 7.77-7.66 (m, 5H), 7.48-7.36 (m, 4H), 7.12 (t, 2H, J = 2.1 Hz), 6.32 (t, 2H, J = 

2.1 Hz), 6.27 (s, 1H), 3.67 (s, 3H); ESI-MS m/z 409 [M+H]+, 431 [M+Na]+, 447 [M+K]+. 

 

Methyl 2-[(3-(1H-pyrrol-1-yl)naphthalen-2-yl)oxy]-2-(quinolin-8-yl)acetate (56c) 

 

The title compound 56c was prepared from 54a and 57b by following the described 

procedure as 56b. The residue was purified by flash chromatography on silica gel (n-

hexane/EtOAc 7:3) to afford the title compound as a white solid in 68% yield. 1H NMR 

(300 MHz, CDCl3) : 9.05 (t, J = 2.4 Hz, 1H), 8.20 (dd, J1 = 1.5 Hz, J2 = 8.1 Hz, 1H), 7.94 

(d, 1H, J = 7.5 Hz), 7.83 (d, 1H, J = 8.1 Hz), 7.73 (m, 2H), 7.65 (d, 1H, J = 8.1 Hz), 7.60-

7.37 (m, 6H), 7.27 (t, 2H, J = 2.4 Hz), 6.35 (t, 2H, J = 1.5 Hz), 3.70 (s, 3H); 13C NMR (75 

MHz, CDCl3) : 170.3, 150.1, 149.2, 145.3, 136.4, 133.3, 132.3, 131.5, 128.9, 128.9, 
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128.5, 128.1, 127.2, 126.6, 126.5, 126.2, 124.8, 123.7, 122.6 (2C), 121.4, 109.9, 109.0 

(2C), 73.3, 52.6. ESI-MS m/z 409 [M+H]+. 

 

Quinoline-5-carbaldehyde (55a) 

 

To a solution of 59a (100 mg, 0.48 mmol) in dry THF (1.5 mL) at -78 °C, n-BuLi (2.5M in 

n-hexane, 300 mL, 0.72 mmol) was added dropwise. The resulting solution turned to red 

and dry DMF (192 mL, 2.49 mmol) was added. After 10 min at -78 °C, the mixture was 

quenched with water. The reaction was poured into a saturated aqueous solution of 

NaHCO3 (10 mL) and extracted with EtOAc (3 x 10 mL). The combined organic layers 

were dried over anhydrous sodium sulfate, filtered, and concentrated. The residue was 

purified by flash chromatography on silica gel (n-hexane/EtOAc 4:1) to afford the title 

compound as a yellow solid in 69% yield. 1H NMR (300 MHz, CDCl3) δ: 10.37 (s, 1H), 

9.62 (d, 1H, J = 8.7 Hz), 9.02 (t, 1H, J = 2.1 Hz), 8.38 (d, 1H, J = 8.7 Hz), 8.07 (dd, 1H, J1 

= 5.4 Hz, J2 = 7.2 Hz), 7.92-7.88 (m, 1H), 7.58 (dd, 1H, J1 = 4.5 Hz, J2 = 8.7 Hz); ESI-MS 

m/z 158 [M+H]+. 

 

Quinoline-8-carbaldehyde (55c) 

 

Compound 55c was obtained from 59b (500 mg, 2.4 mmol) following the procedure 

described for the preparation of 55a. The residue was purified by flash chromatography on 

silica gel (n-hexane/EtOAc 10:1) to afford the title compound as a yellow solid in 53% 

yield. 1H NMR (300 MHz, CDCl3) : 11.44 (s, 1H), 9.03 (dd, J1 = 1.8 Hz, J2 = 4.2 Hz, 

1H), 8.31 (dd, J1 = 1.2 Hz, J2 = 7.2 Hz, 1H), 8.23 (dd, J1 = 1.8 Hz, J2 = 8.1 Hz, 1H), 8.08 

(dd, J1 = 1.5 Hz, J2 = 8.4 Hz, 1H), 7.66 (t, J = 7.8 Hz, 1H), 7.50 (dd, J1 = 4.5 Hz, J2 = 8.4 

Hz, 1H); ESI-MS m/z 158 [M+H]+; 180 [M+Na]+. 

 

2-[(3-(1H-Pyrrol-1-yl)naphthalen-2-yl)oxy]-2-(quinolin-5-yl)acetic acid (53b) 
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Compound 53b was obtained by following the two procedures from 56b (Method A) or 

54a and 55a (Method B) described for 53a. The title compound was obtained as a yellow 

amorphous solid and submitted to the next step without further purification for Method A 

in 88% yield or by purifying the residue in silica column chromatography in Method B 

(DCM/MeOH 10:1) in 37% yield. 1H NMR (300 MHz, CD3OD) δ: 8.88 (dd, J1 = 11.5 Hz, 

J2 = 6.5 Hz, 1H), 8.04 (d, J = 8.5 Hz, 1H), 7.90 (d, J = 6.6 Hz, 1H), 7.84-7.74 (m, 4H), 

7.65 (s, 1H), 7.55-7.35 (m, 4H), 7.14-7.09 (m, 2H), 6.61 (s, 1H), 6.25-6.21 (m, 2H); 13C 

NMR (75 MHz, DMSO) δ: 171.1, 150.5, 149.7, 148.3, 135.1,134.4, 132.5, 131.2, 129.7, 

129.1, 128.6, 127.7, 127.1, 126.7 (2C), 126.5, 124.8, 123.4, 122.7 (2C), 121.4, 109.8, 

109.1 (2C), 78.2. ESI-MS m/z 395 [M+H]+, 417 [M+Na]+. 

 

2-[(3-(1H-Pyrrol-1-yl)naphthalen-2-yl)oxy]-2-(quinolin-8-yl)acetic acid (53c) 

 

Compound 53c was obtained by following the two procedures from 56c (Method A) or 

from 54a and 55c (Method B) in 30% yield as described for 53a. However, for the work-

up in Method B the aqueous layer was not acidified and the extraction was performed at a 

pH of 8. The title compound was obtained as a yellow amorphous solid and submitted to 

the next step without further purification for Method A in 85% yield or by purifying the 

residue in silica column chromatography in Method B (DCM/MeOH 10:1) in 30% yield. 

1H NMR (300 MHz, CDCl3) δ: 8.93 (d, 1H, J = 4.5 Hz), 8.35 (d, 1H, J = 8.4 Hz), 8.00 (d, 

1H, J = 7.2 Hz), 7.86 (d, 1H, J = 8.4 Hz), 7.78-7.74 (m, 3H), 7.62-7.56 (m, 2H), 7.45-7.39 
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(m, 3H), 7.26-7.23 (m, 2H), 6.72 (s, 1H), 6.36 (s, 2H); ESI-MS m/z 395 [M+H]+, 417 

[M+Na]+. 

5-(Quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4] oxazepin-4(5H)-one (52b) 

 

Compound 52b was obtained following the procedure described for 52a. The residue was 

purified by chromatography on alumina (n-hexane/EtOAc 10:1) to afford the title 

compound as a white amorphous solid in 75% yield. 1H NMR (300 MHz, CDCl3) δ: 8.97 

(d, 1H, J = 3.9 Hz), 8.53 (d, 1H, J = 8.1 Hz), 8.09 (d, 1H, J = 8.7 Hz), 7.88-7.82 (m, 2H), 

7.60-7.36 (m, 9H), 6.64-6.61 (m, 1H), 6.13 (s, 1H); 13C NMR (75 MHz, CDCl3) δ: 189.2, 

150.4, 148.6, 147.3, 133.2, 132.9, 132.8, 132.1, 131.2, 131.1, 131.0, 128.5, 127.9, 127.4 

(2C), 127.1, 126.7, 126.5, 121.6, 121.4, 120.6, 120.4, 112.5, 89.0. ESI-MS m/z 377 

[M+H]+. 

 

5-(Quinolin-8-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4(5H)-one (52c) 

 

The compound 52c was synthesized from 53c by following the same procedure as 

described for 52a in 52% yield. 1H NMR (300 MHz, CDCl3) δ: 8.81(s, 1H), 8.14 (dd, 1H, 

J1 =1.2 Hz, J2 = 8.1 Hz), 7.87-7.78 (m, 4H), 7.62-7.26 (m, 8H), 6.86 (br s, 1H), 6.58 (q, 

1H, J1 = 2.4 Hz, J2 = 4.2 Hz); ESI-MS m/z 377 [M+H]+, 399 [M+Na]+. 

 

5-(Quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl acetate (32) 
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Following the procedure described for 29 a crude was obtained that was purified by 

chromatography on alumina (DCM/PE 7:3) to afford the title compound as a white solid 

(75% yield). 1H NMR (300 MHz, CDCl3) δ: 8.97 (dd, 1H, J1 = 1.5 Hz, J2 = 3.9 Hz), 8.52 

(d, 1H, J = 8.4 Hz), 8.21 (d, 1H, J = 8.4 Hz), 7.85-7.87 (m, 2H), 7.38-7.72 (m, 7H), 7.31 (s, 

1H), 6.50 (t, 2H, J = 1.2 Hz), 1.88 (s, 3H); 13C NMR (75 MHz, CDCl3) δ: 168.8, 150.9, 

150.2, 135.0, 132.7, 132.4, 131.6, 131.3, 130.8, 129.3, 128.0, 127.7 (2), 127.4, 127.3, 

126.9, 126.6 (2), 122.8, 121.6, 121.7, 121.1, 119.3, 111.5, 111.1, 104.4, 20.7; FT-IR (neat) 

vmax = 1756 cm-1. ESI-MS m/z 419 [M+H]+, 441 [M+Na]+, 457 [M+K]+. HRMS-ESI (m/z): 

[M+H]+ calcd for C27H19N2O3 419.13957; found 419.13815. Anal. (C27H18N2O3). 

5-(Quinolin-8-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl acetate (33) 

 

To a suspension of potassium tert-butoxide (30 mg, 0.26 mmol) in dry THF (1.0 mL), a 

solution of compound 52c (40 mg, 0.11 mmol) in dry THF (1.0 mL) was added, and the 

solution immediately turned orange. After 1 h acetyl chloride (15 mL, 0.21mmol) was 

added dropwise. The mixture was stirred at 25 °C for 8 h, then NH4Cl (s.s) was added and 

the resulting mixture was extracted with EtOAc (3 x 5 mL). The combined organic layers 

were dried over anhydrous sodium sulfate, filtered, and concentrated. The residue was 

purified by flash chromatography on silica gel (n-hexane/EtOAc 4:1) to afford the title 

compound as a pale yellow solid (18% yield). 1H NMR (300 MHz, CDCl3) δ: 9.02-9.04 

(m, 1H), 8.22 (dd, 1H, J1 = 1.5 Hz, J2 = 8.4 Hz), 7.90-7.83 (m, 4H), 7.69 (dt, 1H, J1 =1.5 

Hz, J2 = 7.2 Hz), 7.62 (d, 1H, 7.8 Hz), 7.54-7.38(m, 7H), 6.50-6.43 (m, 2H), 1.92 (s, 3H); 

13C NMR (75 MHz, CDCl3) δ: 169.3, 151.3, 151.0, 146.7, 145.4, 136.5, 134.6, 133.2, 

132.6, 132.4, 131.5, 130.5, 130.4, 129.8, 128.9, 127.8, 127.7, 127.3, 126.3, 126.2, 122.3, 

121.7, 120.9, 119.6, 111.2, 110.7, 20.9; FT-IR (neat) vmax = 1751 cm-1. ESI-MS m/z 419 

[M+H]+, 441 [M+Na]+, 457 [M+K]+. 

5-(Quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl(5-(diethylamino)pentan-

2-yl) carbamate (34). 
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To a solution of 52b (20 mg, 0.053 mmol) in dry THF (1 mL), sodium 

bis(trimethylsilyl)amide (1 M solution in THF, 133 mL, 0.13 mmol) was added at -78 °C 

and stirred for 30 min. A solution of 4-nitrophenyl chloroformate (48 mg, 0.24 mmol) in 

dry THF (1 mL) was prepared at 0 °C in a separate flask and transferred slowly to the 

reaction mixture at -78 °C. The reaction mixture was allowed to reach 25 °C and stirred for 

further 3 h. Formation of the activated carbonate intermediate was confirmed by TLC on 

silica gel and ESI-MS m/z analysis (542.5 [M + H]+). After that, N,N-diethylpentane-1,4-

diamine (7 µL, 0.14 mmol) and TEA (16 μL, 0.10 mmol) were added together into the 

reaction mixture at 25 °C and stirred for another 1 h. Water was slowly added to the 

reaction mixture at 0 °C and the solution was extracted rapidly with EtOAc (3 x 5 mL). 

The combined organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure at 20 °C. The crude was purified by using a silica gel 

column chromatography (EtOAc/MeOH/TEA 20:1:0.1) to obtain the title compound in 

30% yield as a light green oil. 1H NMR (300 MHz, CDCl3) δ: 8.93 (s, 1H), 8.53 (d, J = 8.4 

Hz, 1H), 8.14 (d, J = 8.1 Hz, 1H), 7.83 (s, 2H), 7.71-7.55 (m, 3H), 7.49-7.33 (m, 4H), 7.26 

(d, J = 8.1 Hz, 1H), 6.50 (d, J = 11.3 Hz, 2H), 6.07 (s, 1H), 3.46 (s, 1H), 2.34 (dd, J = 21.5, 

15.4 Hz, 6H), 1.28 (d, J = 25.5 Hz, 4H), 0.97-0.75 (m, 9H); 13C NMR (75 MHz, CDCl3) δ: 

153.2, 150.7, 150.4, 148.3, 144.1, 135.0, 132.6, 132.0, 131.2, 130.6, 128.7, 127.9, 127.7, 

127.4, 127.1, 126.7, 126.2, 122.2, 121.3, 120.8, 118.9, 111.1, 110.4, 52.4, 46.7, 46.2, 34.5, 

22.4, 20.5, 10.7. ESI-MS m/z 561.6 [M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for 

[C35H37N4O3]
+  561.2845, found 561.2845. 

 

5-(Quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl 4-methylpiperazine-1-

carboxylate (35). 
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The title compound 35 was obtained from 52b by following the same procedure as 

described in the synthesis of 34 in presence of N-methylpiperazine. The crude was purified 

by using a silica gel column chromatography (DCM/MeOH 10:1) to obtain compound 35 

in 56% yield as a light green oil compound. 1H NMR (300 MHz, CDCl3) δ: 8.95 (d, J = 3.8 

Hz, 1H), 8.51 (d, J = 8.4 Hz, 1H), 8.17 (d, J = 8.3 Hz, 1H), 7.83 (d, J = 4.9 Hz, 2H), 7.75-

7.57 (m, 3H), 7.52-7.22 (m, 5H), 6.49 (t, J = 8.1 Hz, 2H), 3.24 (s, 4H), 2.15 (d, J = 5.9 Hz, 

4H), 1.87 (s, 3H); 13C NMR (75 MHz, CDCl3) δ: 152.5, 150.7, 150.5, 148.3, 143.9, 135.2, 

135.0, 132.5, 132.1, 131.3, 131.1, 130.8, 128.8, 127.8, 127.6, 127.4, 127.1, 126.7, 126.3, 

126.2, 122.4, 121.3, 120.8, 118.9, 111.2, 110.6, 54.3, 45.9, 44.3, 43.8. ESI-MS m/z 503.3 

[M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for [C31H27N4O3]
+  503.2071, found 

503.2070. 

 

1-tert-Butyl 4-(5-(quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-

yl)piperidine-1,4-dicarboxylate (36). 

 

To a solution of 52b (20 mg, 0.05 mmol) in dry THF (1 mL), sodium 

bis(trimethylsilyl)amide (1 M solution in THF, 160 µL, 0.16 mmol) was added dropwise at 

-78 °C and stirred for 45 min. In a separate flask, thionyl chloride (58 μL, 0.78 mmol) was 

added dropwise to a solution of 4-(tert-butoxycarbonyl)piperazine-1-carboxylic acid (40 

mg, 0.39 mmol) in dry DCM (1 ml) at 0 °C and stirred at 25 °C for 10 min; the formation 

of tert-butyl 4-(chlorocarbonyl)piperidine-1-carboxylate was confirmed by ESI-MS 

analysis. The solvent from the later flask was removed completely under reduced pressure 

at 20 °C, the residue was solubilized in dry THF at 25 °C, and the solution was cooled to 0 
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°C. This cold solution was transferred dropwise to the former flask at -78 °C. The reaction 

mixture was stirred at 25 °C for 12 h. Subsequently a saturated solution of NaHCO3 was 

added dropwise and the aqueous layer was extracted with EtOAc (3 x 5 mL). The 

combined organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure at 25 °C. The residue was purified by alumina column 

chromatography (Hex/EtOAc/DCM/MeOH 20:2:0.1:0.2) to afford the title compound in 

64% yield as a white solid. 1H NMR (300 MHz, CDCl3) δ: 8.97 (dd, J = 4.2, 1.7 Hz, 1H), 

8.53-8.39 (m, 1H), 8.22-8.09 (m, 1H), 7.86 (d, J = 5.8 Hz, 2H), 7.72-7.60 (m, 2H), 7.53-

7.32 (m, 6H), 6.51-6.35 (m, 2H), 3.72 (d, J = 23.0 Hz, 2H), 2.64 (t, J = 12.4 Hz, 2H), 2.35-

2.17 (m, 1H), 1.59 (s, 4H), 1.40 (s, 9H). 13C NMR (75 MHz, CDCl3) δ: 172.3, 154.5, 

150.8, 148.4, 134.8, 134.5, 132.5, 132.2, 131.31, 131.2, 130.8, 128.6, 127.7, 127.5, 127.2, 

126.9, 126.7, 126.4, 122.6, 121.5, 121.0, 119.1, 111.2, 110.6, 79.7, 42.8, 40.7, 29.7, 28.4, 

27.4. ESI-MS m/z 588.0 [M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for [C36H34N3O5]
+ 

588.2482, found 588.2481. 

 

5-(Quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-ylpiperidine-4-carboxylate 

(37). 

 

To a cold solution of compound 36 (20 mg, 0.003 mmol) in dry DCM (4 mL) at 0 °C, TFA 

(340 µL, 4.44 mmol) was added dropwise. The reaction mixture was stirred at 25 °C for 30 

min. Subsequently a saturated solution of NaHCO3 was added dropwise at 0 °C and the 

aqueous layer was extracted with DCM (3 x 5 mL). The combined organic layers were 

dried over anhydrous sodium sulfate, filtered, and concentrated under reduced pressure at 

25 °C. The residue was purified by silica gel column chromatography (DCM/MeOH 10:1) 

to afford the compound 37 in 96% yield as a light brown solid. 1H NMR (300 MHz, 

CD3OD) δ: 8.89 (dd, J = 4.3, 1.7 Hz, 1H), 8.48 (dt, J = 8.3, 1.3 Hz, 1H), 8.12 (dt, J = 8.5, 

1.1 Hz, 1H), 8.01 (s, 1H), 7.92 (d, J = 8.1 Hz, 1H), 7.77 (dd, J = 8.6, 7.1 Hz, 1H), 7.65 (d, 

J = 8.0 Hz, 1H), 7.59-7.36 (m, 5H), 7.32 (s, 1H), 6.51-6.43 (m, 2H), 2.76 (dt, J = 13.1, 3.9 

Hz, 2H), 2.50-2.32 (m, 3H), 1.51 (dd, J = 13.4, 3.6 Hz, 2H), 1.30-1.18 (m, 2H). 13C NMR 
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(75 MHz, CDCl3) δ: 172.4, 150.8, 148.3, 144.0, 134.9, 134.5, 132.5, 132.2, 131.3, 131.1, 

130.9, 128.7, 127.7, 127.5, 127.2, 126.9, 126.7, 126.4 (2C), 122.6, 121.5, 121.0, 119.1, 

111.2, 110.7, 44.8, 40.5, 29.7, 27.9. ESI-MS m/z 488.0 [M+H]+. HRMS-ESI (m/z): [M+H]+ 

calculated for [C31H26N3O3]
+  488.1964, found 488.1963. 

 

5-(Quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl nicotinate (39). 

 

The compound 39 was synthesized from 52b by following the same procedure as described 

for 32 in presence of nicotinoyl chloride. The residue was purified by an alumina column 

chromatography (n-hexane/EtOAc/DCM/MeOH 20:2:0.1:0.2) to afford the title compound 

in 31% yield as a white solid. 1H NMR (300 MHz, CDCl3) δ: 9.02 (s, 1H), 8.96 (dd, J = 

4.2, 1.7 Hz, 1H), 8.71 (dd, J = 4.9, 1.8 Hz, 1H), 8.59 (d, J = 8.6 Hz, 1H), 8.13-8.04 (m, 

2H), 7.88 (d, J = 7.9 Hz, 2H), 7.68-7.55 (m, 3H), 7.55-7.39 (m, 4H), 7.36-7.27 (m, 2H), 

6.50 (d, J = 2.4 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ: 163.3, 154.1, 151.1, 150.7, 148.3, 

144.6, 137.4, 134.9, 134.7, 132.4, 132.2, 131.4, 131.2, 130.6, 129.7, 128.8, 127.6, 127.5, 

127.2, 126.7, 126.6, 126.5 (2C), 124.6, 123.4, 122.8, 121.5, 121.0, 119.2, 111.3, 111.0; 

ESI-MS m/z 482.1 [M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for [C31H20N3O3]
+  

482.1487, found 482.1487. 

 

5-(Quinolin-8-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl 4-methylpiperazine-1-

carboxylate (40) 

 

The compound 40 was synthesized from 52c by following the same procedure as the 

synthesis of 34 in presence of N-methylpiperazine. The residue was purified by a silica gel 

column chromatography (DCM/MeOH 60:1) affording the title compound in 20% yield. 
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1H NMR (300 MHz, CD3OD) δ: 8.84 (d, J = 3.3 Hz, 1H), 8.43 (d, J = 8.3 Hz, 1H), 8.10-

8.00 (m, 2H), 7.93 (d, J = 7.8 Hz, 1H), 7.84 (d, J = 6.8 Hz, 1H), 7.73-7.35 (m, 7H), 6.50 

(d, J = 6.0 Hz, 2H), 3.52-3.31 (m, 4H), 2.72 (d, J = 15.5 Hz, 3H), 2.55 (s, 5H). 13C NMR 

(75 MHz, CD3OD) δ: 152.8, 150.8, 150.2, 145.6, 144.4, 136.9, 134.7, 132.6, 132.3, 132.0, 

131.5, 130.6, 129.6, 128.8, 127.4, 127.2, 126.8, 126.1, 125.9, 122.2, 121.6, 120.4, 118.6, 

110.6, 110.1, 53.1, 43.2, 41.9; ESI-MS m/z 503.1 [M+H]+, 525.1 [M+Na]+, 1027.4 

[2M+Na]+. 

1-tert-Butyl 4-(5-(quinolin-8-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl) 

piperidine-1,4-dicarboxylate (70) 

 

The compound 70 was synthesized from 52c by following the same procedure as described 

for the synthesis of 36 and the title compound was purified by a silica gel column 

chromatography (PE/EtOAc 5:1) in 65% yield. 1H NMR (300 MHz, CDCl3) δ: 9.05 (s, 

1H), 8.24 (d, J = 8.5 Hz, 1H), 7.97-7.78 (m, 3H), 7.64 (d, J = 7.0 Hz, 2H), 7.42 (dd, J = 

24.7, 16.3 Hz, 6H), 6.43 (s, 2H), 3.76 (d, J = 12.9 Hz, 2H), 2.67 (s, 2H), 2.32 (s, 2H), 1.49 

(d, J = 21.7 Hz, 2H), 1.37 (d, J = 23.3 Hz, 9H); 589.7 [M+H]+. 

 

5-(Quinolin-8-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl piperidine-4-

carboxylate (41) 

 

The compound 41 is synthesized from 70 by following the same protocol as 37 and the title 

compound was purified by a silica gel column chromatography (DCM/MeOH 10:1) in 

48% yield. 1H NMR (300 MHz, CDCl3) δ: 9.03 (s, 1H), 8.23 (d, J = 7.8 Hz, 1H), 8.01-7.77 

(m, 3H), 7.64 (d, J = 6.3 Hz, 2H), 7.58-7.31 (m, 6H), 6.41 (d, J = 12.7 Hz, 2H), 2.66 (t, J = 

52.6 Hz, 4H), 2.43 (s, 1H), 1.72 (d, J = 38.6 Hz, 4H). 13C NMR (75 MHz, CDCl3) δ: 170.8, 
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151.1, 146.4, 145.2, 136.4, 133.9, 132.6, 132.2, 132.1, 131.3, 130.2, 128.6, 127.5, 127.1, 

126.8, 126.2, 125.9, 122.3, 121.8, 120.8, 119.4, 111.1, 110.3, 41.9, 37.3, 29.7, 23.9; 489.1 

[M+H]+. 

 

5-Bromoisoquinoline (59d) 

 

Isoquinoline 71 (1156 mg, 8.95 mmol) was suspended in conc. H2SO4 (9.7 mL) at 0 °C. 

After cooling to -25 °C, NBS (1912 mg, 10.74 mmol) was added. The reaction mixture 

was stirred at -25 °C for 2 h and then at 25 °C for additional 24 h. Subsequently, ice was 

added and the mixture was treated with conc. NH4OH (10 mL) to pH = 8-10. The resulting 

solution was extracted with EtOAc (3 x 10 mL). The combined organic layers were dried 

over anhydrous sodium sulfate, filtered, and concentrated. The residue was purified by 

flash chromatography on silica gel (PE/EtOAc 4:1) to afford the title compound as a pale 

pink solid in 70% yield. 1H NMR (300 MHz, CDCl3) δ: 9.24 (s, 1H), 8.65 (d, J = 5.9 Hz, 

1H), 8.00-7.95 (m, 3H), 7.48 (t, J = 7.8 Hz, 1H); ESI-MS m/z 209.1 [M+H]+. 

 

Ethyl 2-([1,1’-biphenyl]-2-yl)-2-oxoacetate (61c) 

 

Compound 61c was prepared from 59c following the procedure described for the 

preparation of 59a. The residue was purified by flash chromatography on silica gel 

(PE/EtOAc 50:1) to afford the title compound as yellow oil in 18%. 1H NMR (300 MHz, 

CDCl3) : 7.82 (d, J = 7.5 Hz, 1H), 7.63 (t, J = 7.4 Hz, 1H), 7.52-7.25 (m, 7H), 3.75 (t, J = 

6.9 Hz, 2H), 1.25 (q, J = 7.2 Hz, 3H); ESI-MS m/z 276.9 [M+Na]+. 

 

Ethyl 2-hydroxy-2-(isoquinolin-5-yl)acetate (61d) 
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The compound 61d was prepared from 59d following the procedure described for the 

preparation of 61a. The residue was purified by flash chromatography on silica gel 

(PE/EtOAc 3:1) to afford the title compound as a pale orange amorphous solid in 40% 

yield. 1H NMR (400 MHz, CDCl3) : 9.32 (s, 1H), 8.79 (d, J = 6.0 Hz, 1H), 8.70 (d, J = 

6.1 Hz, 1H), 8.27-8.17 (m, 2H), 7.69 (t, J = 7.6 Hz, 1H), 4.47 (q, J = 7.2 Hz, 2H),1.43 (t, J 

= 6.8 Hz, 3H); ESI-MS m/z 230.1 [M+H]+. 

 

Ethyl 2-([1,1’-biphenyl]-2-yl)-2-hydroxyacetate (57c) 

 

Compound 57c was obtained from 61c following the procedure described for 57a. The 

residue was purified by column chromatography on silica gel (PE/EtOAc 10:1) to afford 

the title compound as a yellow oil in 56% yield. 1H NMR (300 MHz, CDCl3) δ: 7.55-7.28 

(m, 9H), 5.35 (d, J = 5.1 Hz, 1H), 4.19-4.02 (m, 2H), 1.12 (t, J = 7.2 Hz, 3H); ESI-MS m/z 

279.9 [M+Na]+. 

 

Ethyl 2-hydroxy-2-(isoquinolin-5-yl)acetate (57d) 

 

Compound 57d was obtained from 61d following the procedure described for 57a. The 

residue was purified by flash chromatography on silica gel (PE/EtOAc 1:1) to afford title 

compound as a pale yellow amorphous solid in 50% yield. 1H NMR (400 MHz, CDCl3) : 

9.24 (s, 1H), 8.54 (d, J = 6.0 Hz, 1H), 7.95-7.91(m, 2H), 7.75 (d, J = 7.2 Hz, 1H), 7.58 (t, J 
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= 7.6 Hz, 1H), 5.73 (s, 1H), 4.31-4.06 (m, 2H), 3.76 (s, 1H), 1.11 (t, J = 7.2 Hz, 3H); ESI-

MS m/z 232.1 [M+H]+. 

 

2-(1H-Pyrrol-1-yl)phenol (54b) 

 

Compound 54b was synthesized from 68b by following the same procedure as described 

for 68a. The residue was purified on a silica gel column chromatography (PE/EtOAc 10:1) 

in 60% yield. 1H NMR (300 MHz, CDCl3) δ: 7.26 (t, J = 8.7 Hz, 3H), 7.11-6.93 (m, 2H), 

6.86 (s, 2H), 6.40 (s, 2H), 5.22 (s, 1H); 157.8 [M-H]-. 

 

Ethyl 2-((3-(1H-pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(isoquinolin-5-yl)acetate (56d) 

 

The title compound 56d was synthesized from 57d and 54a by following the same protocol 

as described for 56b. The residue was purified by flash chromatography on silica gel 

(DCM/MeOH 100:1) to afford the title compound as colorless oil in 35% yield. 1H NMR 

(400 MHz, CDCl3) : 9.25 (s, 1H), 8.56 (d, J = 6.0 Hz, 1H), 8.06 (d, J = 6.0 Hz, 1H), 7.94 

(dd, J1 = 11.2, J2 = 7.8 Hz, 2H), 7.77 (s, 1H), 7.74 (s, 1H), 7.70 (d, J = 8.0 Hz, 1H), 7.58 (t, 

J = 8 Hz, 1H), 7.46-7.36 (m, 2H), 7.34 (s, 1H), 7.16 (s, 2H), 6.34 (s, 2H), 6.30 (s, 1H), 

4.21-4.05 (m, 2H), 1.11 (t, J = 7.1 Hz, 3H); ESI-MS m/z 423.0 [M+H]+, 445.0 [M+Na]+. 

 

Ethyl 2-(2-(1H-pyrrol-1-yl)phenoxy)-2-([1,1‘-biphenyl]-2-yl)acetate (56e) 
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The title compound 56e was prepared from 57c and 54b by following the same procedure 

as 56b. The residue was purified by column chromatography on alumina (PE/EtOAc 25:1) 

to provide the title compound as colourless oil in 56%. 1H NMR (300 MHz, CDCl3) : 

7.81-7.76 (m, 1H), 7.47-7.30 (m, 8H), 7.19-7.01 (m, 4H), 6.72 (t, J = 7.8 Hz, 1H), 6.39 

(dd, J1 = 1.8 Hz, J2 = 2.7 Hz, 2H), 5.81 (d, J = 11.4 Hz, 1H), 4.31-4.16 (m, 2H), 1.31-1.21 

(m, 3H); ESI-MS m/z 398.0 [M+H]+, 420.9 [M+Na]+. 

 

2-((3-(1H-Pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(isoquinolin-5-yl)acetic acid (53d) 

 

Compound 53d was obtained from 56d by following the procedure described for 53a 

Method A. The title compound was obtained in 80% yield as an orange amorphous solid 

and submitted to the next step without further purification. 1H NMR (400 MHz, CD3OD) 

δ: 9.24 (s, 1H), 8.36 (d, J = 6.4 Hz, 1H), 8.28 (d, J = 6.4 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H), 

8.04 (d, J = 7.2 Hz, 1H), 7.80-7.74 (m, 3H), 7.66 (t, J = 7.6 Hz, 1H), 7.62 (s, 1H), 7.40 (dt, 

J1 = 15.2 Hz, J2 = 7.2 Hz, 2H), 7.12 (s, 2H), 6.50 (s, 1H), 6.20 (s, 2H); 13C NMR (75 MHz, 

CD3OD) δ: 175.6, 148.7, 136.3, 136.1, 135.9, 132.6, 131.6, 131.0, 130.9, 130.1, 129.4, 

129.3, 127.0 (2C), 126.5, 126.3, 124.9, 124.3, 122.4 (2C), 122.0, 110.6, 108.6 (2C), 77.1. 

ESI-MS m/z 395.0 [M+H]+.  

 

2-(2-(1H-Pyrrol-1-yl)phenoxy)-2-([1,1’-biphenyl]-2-yl)acetic acid (53e) 
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Compound 53e was obtained from 56e by following the procedure described for 53a in 

Method A. The title compound was obtained in 90% yield as a brown amorphous solid and 

submitted to the next step without further purification. 1H NMR (300 MHz, CDCl3) δ: 9.83 

(s, 1H), 7.70-7.67 (m, 9H), 7.45-7.27 (m, 9H), 7.11-7.02 (m, 4H), 6.63 (d, 1H, J = 7.5 Hz), 

6.35-6.33 (m, 2H), 5.74 (s, 1H); 13C NMR (75 MHz, CDCl3) δ: 174.7,149.3,142.6, 139.6, 

132.2, 131.6, 130.2, 129.6 (2C),129.1, 128.3 (2C), 128.2, 127.7, 127.6, 127.0, 125.8, 

122.9, 121.9 (2C), 116.2, 109.1 (2C), 75.2. ESI-MS m/z 369.9 [M+H]+. 

 

5-(Isoquinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4(5H)-one (52d) 

 

Compound 52d was obtained from 53d following the procedure described for 52a in dry 

DCM solution. The residue was purified by flash chromatography on silica gel (n-

hexane/EtOAc 10:1) to afford the title compound as a white amorphous solid in 60% yield. 

1H NMR (400 MHz, CDCl3) δ: 9.26 (s, 1H), 8.60 (d, J = 5.6 Hz, 1H), 7.96-7.91 (m, 2H), 

7.85-7.80 (m, 3H), 7.59-7.35 (m, 7H), 6.61 (dd, J1 = 4 Hz, J2 = 2.8 Hz, 1H), 6.13 (s, 1H); 

ESI-MS m/z 377.0 [M+H]+. 

 

6-([1,1‘-Biphenyl]-2-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7(6H)-one (52e) 

 

Compound 52e was obtained from 53e following the procedure described for 52d. The 

residue was purified by column chromatography on alumina (PE/EtOAc 20:1) to afford the 
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title compound as a yellow oil (37%). 1H NMR (300 MHz, CDCl3) δ: 7.59-7.52 (m, 2H), 

7.45-7.27 (m, 12H), 7.08-7.02 (m, 1H), 6.49 (dd, J1 = 3.0 Hz, J2 = 0.9 Hz, 1H), 5.61 (s, 

1H); 13C NMR (75 MHz, CDCl3) δ: 190.8, 149.0, 142.7, 140.4, 139.8, 135.0, 133.6, 130.1, 

129.5 (2), 128.6, 128.4, 128.2 (2), 127.7, 127.6, 127.4, 126.1, 125.8, 123.6, 122.2, 120.5, 

111.8, 88.0. ESI-MS m/z 352.0 [M+H]+, 374.9 [M+Na]+. 

 

6-([1,1’-Biphenyl]-2-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7-yl acetate (42) 

 

Compound 42 was obtained following the procedure described for 29 from 52e. The 

residue was purified by flash chromatography on silica gel (PE/EtOAc 20:1) to afford the 

title compound as a yellow oil in 84% yield.1H NMR (300 MHz, CDCl3) δ: 7.49-7.41 (m, 

5H), 7.37-7.30 (m, 1H), 7.28-7.18 (m, 4H), 7.12-7.05 (m, 2H), 6.95 (td, J1 = 6.6 Hz, J2 = 

1.2 Hz, 1H), 6.58 (d, J = 7.2 Hz, 1H), 6.33 (m, 1H), 6.26 (dd, J1 = 1.5 Hz, J2 = 2.1 Hz, 1H), 

1.99 (s, 3H); 13C NMR (300 MHz, CDCl3) δ: 168.6, 152.1, 146.4, 141.7, 141.2, 132.8, 

132.5, 131.6, 130.6, 130.4, 129.4, 128.6, 128.2, 127.2, 127.1, 126.8, 126.7, 125.2, 122.3, 

122.2, 121.3, 110.6, 109.9, 20.6; ESI-MS m/z 416.1 [M+Na]+. 

 

5-(Isoquinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl acetate (43) 

 

Compound 43 was obtained following the procedure described for 29 from 52d. The 

residue was purified by flash chromatography on silica gel (DCM/Acetone 100:1) to afford 

the title compound as a colourless oil in 30% yield. 1H NMR (300 MHz, CDCl3) δ: 9.34 (s, 

1H), 8.54 (d, J = 6.4 Hz, 1H), 8.06 (d, J = 8.2 Hz, 1H), 7.98 (d, J = 6.4 Hz, 1H), 7.87-7.85 

(m, 2H), 7.74 (d, J = 6.7 Hz, 1H), 7.65-7.61 (m, 3H), 7.49-7.35 (m, 4H), 7.31 (s, 1H), 6.50 

(d, J = 3.2 Hz, 2H), 1.87 (s, 3H); 13C NMR (75 MHz, CDCl3) δ: 168.6, 152.4, 150.7, 
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143.7, 142.9, 134.7, 134.2, 132.5, 132.1, 131.5, 131.3, 130.0, 129.3, 128.87, 127.4, 127.1, 

127.0, 126.8, 126.4 (2), 122.6, 120.9, 119.4, 119.0, 111.2, 110.9, 20.5; ESI-MS m/z 419.1 

[M+H]+. 

 

2-(Benzyloxy)-4-bromo-1-nitrobenzene (73a). 

 

To a solution of 72 (2000 mg, 9.22 mmol) in dry DMF (10 mL), potassium carbonate 

(1911 mg, 11.06 mmol) was added at 25 °C and the reaction mixture was stirred for 2 h. 

Then a solution of benzyl bromide (1892 mg, 11.06 mmol) in dry DMF (10 ml) was added 

and the reaction mixture was refluxed at 85 °C for 12 h. Water (20 mL) was added to dilute 

the reaction mixture, followed by the extraction with EtOAc (3 x 15 mL). The combined 

organic layers were washed with a saturated solution of NH4Cl, NaHCO3, and brine. The 

washed organic phase was dried over anhydrous sodium sulfate, filtered, and concentrated 

under reduced pressure. The product was obtained in quantitative yield as a yellow solid 

and it was used in the next step without any further purification. 1H NMR (300 MHz, 

CDCl3) δ: 7.95 (s, 1H), 7.56 (d, J = 8.8 Hz, 1H), 7.48-7.27 (m, 5H), 7.00 (d, J = 8.9 Hz, 

1H), 5.19 (s, 2H); ESI-MS m/z 385.6 [M+Br]-. 

 

1-(4-(Benzyloxy)-3-nitrophenyl)piperazine (74). 

 

Palladium(II) acetate (14 mg, 0.06 mmol) was added to a suspension of (±) BINAP (61 

mg, 0.09 mmol) in 1,4-dioxane (3 mL) in a sealed tube at 25 °C and the mixture was 

heated at 50 °C for 30 min. After that compound 73a (49 mg, 0.61 mmol), piperazine (152 

mg, 1.83 mmol) and cesium carbonate (323 mg, 0.92 mmol) were added, sequentially, and 

heated at 100 °C for 12 h in the sealed tube. Reaction mixture was filtered over a pad of 

celite. Solvent was removed completely under reduced pressure; the residue was dissolved 

in water, and extracted with EtOAc. The combined organic layers were dried over 

anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. The residue 
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was purified by an alumina gel column chromatography (petroleum ether/EtOAc 5:1) to 

afford the title compound 74 in 71% yield as an orange solid. 1H NMR (400 MHz, CDCl3) 

δ: 7.43-7.24 (m, 6H), 7.05-6.99 (m, 2H), 5.14 (s, 2H), 3.07-2.98 (m, 8H), 1.66 (s, 1H); 

ESI-MS m/z 314.0 [M+H]+.  

1-(4-(4-(Benzyloxy)-3-nitrophenyl)piperazin-1-yl)ethanone (75). 

 

TEA (45 μL, 0.320 mmol) was added to a solution of 74 (100 mg, 0.32 mmol) in acetic 

anhydride (2 mL) at 25 °C and stirred for 12 h. The solvent was removed completely under 

reduced pressure. The residue was diluted with a saturated solution of NaHCO3 and 

extracted with DCM. The combined organic layers were dried over anhydrous sodium 

sulfate, filtered, and concentrated under reduced pressure to obtain the title compound 75 

in quantitative yield as orange oil. 1H NMR (400 MHz, CDCl3) δ: 7.39-7.34 (m, 6H), 7.09-

6.95 (m, 2H), 5.14 (s, 2H), 3.79-3.67 (m, 2H), 3.65-3.52 (m, 2H), 3.14-2.97 (m, 4H), 2.11 

(s, 3H); ESI-MS m/z 356.0 [M+H]+, 377.9 [M+Na]+. 

1-(4-(4-Hydroxy-3-nitrophenyl)piperazin-1-yl)ethanone (76). 

 

Thioanisole (2.3 ml, 19.99 mmol) was added dropwise to a solution of 75 (142 mg, 0.40 

mmol) in TFA (3 mL) and toluene (3 mL) at 25 °C and the reaction mixture was refluxed 

at 70 °C for 12 h. The solvent was removed completely under reduced pressure and the 

residue was purified by silica gel column chromatography (petroleum ether/EtOAc 20:1) to 

afford the title compound 76 in 85% yield as a red solid. 1H NMR (400 MHz, CDCl3) δ: 

10.27 (s, 1H), 7.48 (d, J = 2.9 Hz, 1H), 7.28 (dd, J = 9.2, 2.9 Hz, 1H), 7.07 (d, J = 9.2 Hz, 

1H), 3.80-3.72 (m, 2H), 3.65-3.56 (m, 2H), 3.13-3.01 (m, 4H), 2.12 (s, 3H). 

1-(4-(3-Amino-4-hydroxyphenyl)piperazin-1-yl)ethanone (77) 
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Iron powder (429 mg, 7.68 mmol) and calcium chloride (360 mg, 3.24 mmol) was added 

into a solution of 76 (320 mg, 1.206 mmol) in ethanol:water (3:1, 18 mL) at 25 °C. The 

reaction mixture was refluxed at 90 °C for 30 min. After that, the solvent was removed 

completely under reduced pressure. Residue was dissolved in a saturated solution of 

NaHCO3 and was extracted with EtOAc (3 X 10 mL). The combined organic layers were 

filtered over a pad of celite, dried over anhydrous sodium sulfate, filtered and concentrated 

under reduced pressure. The residue was purified by silica gel column chromatography 

(CHCl3/MeOH 20:1) to afford the title compound 77 in 50% yield as a red solid. 1H NMR 

(400 MHz, DMSO) δ: 8.39 (s, 1H), 6.47 (d, J = 8.4 Hz, 1H), 6.24 (d, J = 2.6 Hz, 1H), 5.98 

(dd, J = 8.4, 2.6 Hz, 1H), 4.39 (s, 2H), 3.55-3.43 (m, 4H), 2.90-2.72 (m, 4H), 1.98 (s, 3H); 

ESI-MS m/z 236.0 [M+H]+, 258.0 [M+Na]+. 

 

1-(4-(4-Hydroxy-3-(1H-pyrrol-1-yl)phenyl)piperazin-1-yl)ethanone (54c). 

 

The compound 54c was synthesized from 77 following the same synthetic procedure as 

described for 54a in 50% yield as a purple solid by an alumina gel column chromatography 

(CHCl3/MeOH 50:1). 1H NMR (400 MHz, CDCl3) δ: 7.24 (s, 1H), 6.96 (t, J = 10.0 Hz, 

1H), 6.88 (d, J = 17.4 Hz, 3H), 6.37 (s, 2H), 5.18 (s, 1H), 3.77 (s, 2H), 3.62 (s, 2H), 3.18-

2.95 (m, 4H), 2.12 (s, 3H); ESI-MS m/z 286.0 [M+H]+, 308.0 [M+Na]+. 

 

Ethyl 2-(4-(4-acetylpiperazin-1-yl)-2-(1H-pyrrol-1-yl)phenoxy)-2-(naphthalen-1-yl)acetate 

(56f). 
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Sodium hydride (18 mg, 0.77 mmol) was added to a solution of 54c (200 mg, 0.70 mmol) 

in dry THF (5 ml) at 25 °C and stirred for 1 h. A solution of 58b (226 mg, 0.77 mmol) in 

dry THF (5 ml) was added dropwise to the reaction mixture and stirred for another 12 h. 

The solvent was removed completely under reduced pressure. The residue was dissolved in 

DCM and washed with brine, dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure. The residue was purified by a silica gel column 

chromatography (CHCl3/MeOH 30:1) to afford the title compound 56f in quantitative yield 

as yellow oil. 1H NMR (400 MHz, CDCl3) δ: 8.19 (d, J = 8.1 Hz, 1H), 7.85-7.77 (m, 2H), 

7.57 (d, J = 7.0 Hz, 1H), 7.52-7.43 (m, 2H), 7.39 (t, J = 7.7 Hz, 1H), 7.09 (t, J = 2.0 Hz, 

2H), 6.92 (t, J = 8.3 Hz, 1H), 6.87 (d, J = 2.7 Hz, 1H), 6.65 (dd, J = 8.9, 2.7 Hz, 1H), 6.29 

(t, J = 2.0 Hz, 2H), 5.91 (s, 1H), 4.08 (qq, J = 10.8, 7.1 Hz, 2H), 3.76-3.67 (m, 2H), 3.58-

3.50 (m, 2H), 3.03 (dd, J = 10.1, 5.3 Hz, 4H), 2.09 (s, 3H), 1.08 (t, J = 7.1 Hz, 3H). 

 

2-(4-(4-Acetylpiperazin-1-yl)-2-(1H-pyrrol-1-yl)phenoxy)-2-(naphthalen-1-yl)acetic acid 

(53f). 

 

The title compound 53f was synthesized in quantitative yield as a yellow solid from 56f by 

following the same procedure as 56a Method A without performing any purification. 1H 

NMR (400 MHz, Me3OD) δ: 8.24-8.17 (m, 1H), 7.82 (dd, J = 15.1, 6.0 Hz, 2H), 7.52-7.41 

(m, 3H), 7.36 (t, J = 7.6 Hz, 1H), 7.08-6.97 (m, 3H), 6.89 (d, J = 2.4 Hz, 1H), 6.74 (d, J = 
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9.0 Hz, 1H), 6.18 (s, 2H), 5.92 (s, 1H), 3.65 (dd, J = 15.6, 10.8 Hz, 4H), 3.11-2.98 (m, 4H), 

2.09 (s, 3H). 

 

2-(4-Acetylpiperazin-1-yl)-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-

7(6H)-one (52f). 

 

The title compound 52f was synthesized from 53f by following the same procedure as 52d 

The residue was purified by silica gel column chromatography (CHCl3/MeOH 80:1) in 

20% yield as a yellow solid. 1H NMR (400 MHz, CDCl3) δ: 8.19 (d, J = 8.1 Hz, 1H), 7.83 

(t, J = 9.5 Hz, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.52 (dt, J = 14.6, 6.9 Hz, 2H), 7.41 (s, 1H), 

7.35-7.14 (m, 3H), 6.87 (s, 1H), 6.66 (s, 1H), 6.57-6.45 (m, 2H), 6.17 (s, 1H), 3.72 (s, 2H), 

3.56 (s, 2H), 3.07 (s, 4H), 2.10 (s, 3H). 

 

2-(4-Acetylpiperazin-1-yl)-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7-yl 

acetate (44). 

 

TEA (17 μL, 0.12 mmol), DMAP (4 mg, 0.03 mmol), and acetic anhydride (11 μL, 0.12 

mmol) were added sequentially to a solution of 52f (27 mg, 0.06 mmol) in dry DCM (2 

mL) at 0 °C and stirred at 25 °C for 12 h. A solution of NH4Cl (s.s) was added to the 

reaction mixture and was extracted with DCM (3 x 5 mL). The combined organic layers 

were dried over anhydrous sodium sulfate, filtered, and concentrated under reduced 

pressure. The residue was purified by a silica gel column chromatograpghy (100% CHCl3) 

to afford the title compound in 30% yield as a yellow solid. 1H NMR (400 MHz, CDCl3) δ: 

8.06 (d, J = 8.5 Hz, 1H), 7.87 (d, J = 7.7 Hz, 2H), 7.53-7.38 (m, 4H), 7.19 (s, 1H), 6.92 (s, 
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1H), 6.80 (d, J = 8.8 Hz, 1H), 6.66 (dd, J = 8.8, 2.4 Hz, 1H), 6.41 (s, 2H), 3.83-3.74 (m, 

2H), 3.67-3.58 (m, 2H), 3.23-3.11 (m, 4H), 2.13 (s, 3H), 1.83 (s, 3H). ESI-MS m/z 494.4 

[M+H]+.  

 

2-(Benzyloxy)-5-bromoaniline (78a). 

 

The compound 78a was synthesized from 73a following the same synthetic procedure as 

described for 77 in 71% yield as a yellow solid by a silica gel column chromatography 

(petroleum ether/EtOAc 5:1). 1H NMR (300 MHz, CDCl3) δ: 7.98 (d, J = 2.5 Hz, 1H), 7.58 

(dd, J = 8.9, 2.5 Hz, 1H), 7.46-7.29 (m, 5H), 7.00 (d, J = 9.0 Hz, 1H), 5.22 (s, 2H); ESI-

MS m/z 278.0 [M+H]+. 

 

1-(2-(Benzyloxy)-5-bromophenyl)-1H-pyrrole (79a). 

 

A solution of 78a (2750 mg, 9.89 mmol) was prepared in 1,4-dioxane (45 mL). 2,5-

Dimethoxytetrahydrofuran (1 mL, 9.887 mmol) and HCl (6 N, 3 mL) were added to the 

solution at 25 °C and was refluxed at 100 °C for 10 min. The reaction mixture was 

quenched with a saturated solution of NaHCO3 and the aqueous layer was extracted with 

EtOAc (3 x 20 mL). The combined organic layers were dried over anhydrous sodium 

sulfate, filtered, and concentrated under reduced pressure. The residue was purified by 

silica gel column chromatography (PE/EtOAc 10:1) to afford the compound 79a in 

quantitative yield as an yellow solid. 1H NMR (300 MHz, CDCl3) δ: 7.45 (d, J = 2.4 Hz, 

1H), 7.39-7.28 (m, 6H), 7.02 (t, J = 2.2 Hz, 2H), 6.93 (d, J = 8.8 Hz, 1H), 6.31 (t, J = 2.1 

Hz, 2H), 5.06 (s, 2H); ESI-MS m/z 329.0 [M+H]+. 

 

1-(4-(Benzyloxy)-3-(1H-pyrrol-1-yl)phenyl)-4-methylpiperazine (80a). 
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The compound 80a was synthesized from compound 79a by following the same synthetic 

procedure as described for 74 in presence of N-methylpiperazine in 88% yield as an orange 

oil by an alumina column chromatography (PE/EtOAc 5:1). 1H NMR (300 MHz, CDCl3) 

δ: 7.39-7.26 (m, 5H), 7.11 (t, J = 2.2 Hz, 2H), 7.00 (s, 1H), 6.97 (d, J = 2.9 Hz, 1H), 6.81 

(dd, J = 8.9, 3.0 Hz, 1H), 6.38 (t, J = 2.2 Hz, 2H), 4.95 (s, 2H), 3.24-3.12 (m, 4H), 2.67-

2.54 (m, 4H), 2.39 (s, 3H); ESI-MS m/z 348.0 [M+H]+. 

 

4-(4-Methylpiperazin-1-yl)-2-(1H-pyrrol-1-yl)phenol (54d). 

 

To a solution of 80a (500 mg, 1.44 mmol) in MeOH (41 mL), a catalytic amount of 10% 

Pd-C was added under nitrogen atmosphere, followed by a careful replacement by 

hydrogen atmosphere and the reaction mixture was stirred at 25 °C for 2 h. The solvent 

was removed completely and the residue was diluted with EtOAc. Palladium was filtered 

over a pad of celite. The desired product 54d was obtained without any purification in 

quantitative yield as a red solid.  

This compound was also obtained from intermediate 80b. Compound 80b (40mg, 0.13 

mmol) dissolved in DCM (700 µL) then a solution of 6N HCl (50 µL) in MeOH (700 µL) 

was added. The reaction mixture was stirred at room temperature and controlled by TLC. 

Solvent was removed completely and the residue was diluted with a solution of NaHCO3 

(s.s) and the was extracted with DCM. The organic layer was dried with anhydrous sodium 

sulfate, filtered, and concentrated at room temperature. The product 54d was obtained 

without any purification as a rose solid in 90% yield. 1H NMR (300 MHz, MeOD) δ: 7.00 

(td, J = 2.2, 0.7 Hz, 2H), 6.96-6.75 (m, 3H), 6.19 (td, J = 2.2, 0.7 Hz, 2H), 3.24-3.11 (m, 

4H), 2.90 (t, J = 5.0 Hz, 4H), 2.59-2.52 (m, 3H); ESI-MS m/z 258.0 [M+H]+. 
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2-(4-(4-Methylpiperazin-1-yl)-2-(1H-pyrrol-1-yl)phenoxy)-2-(naphthalen-1-yl)acetic acid 

(53g). 

 

The title compound 53g was synthesized from 54d and 55b as described for 53a, Method 

B. However, the pH of the aqueous solution was adjusted to 5-6 instead of 2. The residue 

was purified by silica gel column chromatography (DCM/MeOH/NH4OH 10:1:0.1) to 

afford the acid 53g in 39% yield as a yellow solid. 1H NMR (300 MHz, DMSO) δ: 8.34 (d, 

J = 9.0 Hz, 1H), 7.93-7.88 (m, 1H), 7.86 (d, J = 8.2 Hz, 1H), 7.62 (d, J = 7.2 Hz, 1H), 

7.51-7.46 (m, 2H), 7.42 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 2.1 Hz, 2H), 6.82 (d, J = 2.8 Hz, 

1H), 6.77 (d, J = 9.1 Hz, 1H), 6.28 (s, 1H), 6.14-6.08 (m, 2H), 3.05 (s, 4H), 2.54 (s, 4H), 

2.26 (s, 3H); ESI-MS m/z 441.9 [M+H]+, 439.8 [M-H]-. 

 

2-(4-Methylpiperazin-1-yl)-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-

7(6H)-one (52g). 

 

Compound 52g was synthesized from 53g by following the same procedure as described 

for 52a. The residue was purified by alumina column chromatography (PE/EtOAc 3:1) to 

afford the title compound in 42% yield as a yellow solid. 1H NMR (300 MHz, CDCl3) δ: 

8.20 (d, J = 8.2 Hz, 1H), 8.06 (d, J = 13.9 Hz, 1H), 7.91-7.69 (m, 2H), 7.57-7.16 (m, 6H), 

6.88 (d, J = 2.8 Hz, 1H), 6.53 (dtt, J = 6.5, 3.2, 1.9 Hz, 2H), 6.16 (s, 1H), 3.16 (q, J = 6.6, 

5.0 Hz, 4H), 2.57 (t, J = 5.0 Hz, 4H), 2.35 (d, J = 1.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) 

δ: 190.4, 149.2, 133.9, 133.8, 132.3, 131.6, 129.8, 129.7, 128.7, 128.2, 127.5, 126.6, 126.3, 

126.2, 125.9, 124.9, 124.6, 124.0, 121.0, 114.9, 111.8, 109.5, 54.9, 49.2, 46.0; ESI-MS m/z 

424.1 [M+H]+. 
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2-(4-Methylpiperazin-1-yl)-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7-yl 

acetate (45). 

 

The compound 45 was synthesized from 52g by following the same procedure as described 

for the synthesis of 29. The residue was purified by alumina column chromatography (n-

hexane/EtOAc/DCM/MeOH 20:2:0.1:0.2) to afford the title compound in 23% yield as a 

brown solid. 1H NMR (300 MHz, CDCl3) δ: 8.13-8.01 (m, 1H), 7.88 (d, J = 7.9 Hz, 2H), 

7.56-7.35 (m, 4H), 7.22 (t, J = 2.3 Hz, 1H), 6.91 (d, J = 2.8 Hz, 1H), 6.79 (d, J = 8.9 Hz, 

1H), 6.67 (dd, J = 8.9, 2.8 Hz, 1H), 6.45-6.35 (m, 2H), 3.22 (t, J = 5.1 Hz, 4H), 2.59 (t, J = 

5.0 Hz, 4H), 2.36 (s, 3H), 1.84 (s, 3H); 13C NMR (75 MHz, CDCl3) δ: 168.9, 146.3, 133.8, 

133.7, 133.6, 131.2, 130.8, 129.8, 129.7, 129.6, 128.2, 127.5, 127.0, 126.4 (2C), 126.1, 

125.0, 123.2, 123.1, 121.4, 111.6, 110.9, 110.2, 54.0, 48.0, 29.7, 20.5. ESI-MS m/z 466.1 

[M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for [C29H28N3O3]
+  466.2122, found 

466.2121. 

 

2-(4-Methylpiperazin-1-yl)-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7-yl 

diethylcarbamate (46). 

 

The title compound was synthesized from 52g by following the same protocol as described 

for 34 in presence of diethylamine. The residue was purified by alumina column 

chromatography (petroleum ether/EtOAc 1:1) to afford 46 in 33% yield as a yellow oil. 1H 

NMR (300 MHz, CDCl3) δ: 8.17-8.05 (m, 1H), 7.91-7.80 (m, 2H), 7.60-7.35 (m, 4H), 7.20 

(t, J = 2.3 Hz, 1H), 6.92 (d, J = 2.8 Hz, 1H), 6.81 (d, J = 8.9 Hz, 1H), 6.66 (dd, J = 8.9, 2.9 

Hz, 1H), 6.42 (d, J = 2.4 Hz, 2H), 3.21 (t, J = 5.0 Hz, 4H), 3.08 (d, J = 7.2 Hz, 2H), 2.93 

(d, J = 7.4 Hz, 2H), 2.60 (t, J = 5.0 Hz, 4H), 2.37 (s, 3H), 0.88 (t, J = 7.4 Hz, 3H), 0.64 (t, J 
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= 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ: 153.4, 149.2, 146.2, 145.4, 134.3, 133.6, 

133.5, 131.5, 131.4, 129.7, 129.2, 128.4, 128.0, 127.3, 126.7, 126.2, 125.9, 125.0, 122.6, 

121.1, 114.5, 110.6, 109.6, 55.0, 49.4, 46.0, 42.0, 41.5, 14.1, 13.6, 13.1; ESI-MS m/z 523.2 

[M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for [C32H35N4O3]
+ 523.2692, found 

523.2691. 

 

4-Bromo-1-(methoxymethoxy)-2-nitrobenzene (73b) 

 

To a stirred solution of 4-bromo-2-nitrophenol 72 (500 mg, 2.31 mmol) in dry DCM. N,N-

diisopropylethylamine (589 µL, 3.46 mmol) and chloromethyl methyl ether (228 µL, 3.00 

mmol) was added. The reaction mixture was stirred for 16 h at 45 °C. Water was added 

and extracted (3 x 10 mL) with DCM. The organic layer was dried over anhydrous 

Na2SO4, filtered, and concentrated.  The residue was purified by flash chromatography on 

silica gel (PE/EtOAc 30:1) to afford the compound 43 as yellow solid in 71% yield. 1H 

NMR (300 MHz, CDCl3) δ: 7.93 (d, J = 2.4 Hz, 1H), 7.60 (dd, J = 9.0, 2.4 Hz, 1H), 7.22 

(d, J = 9.0 Hz, 1H), 5.27 (s, 2H), 3.51 (s, 3H). 

 

5-Bromo-2-(methoxymethoxy)aniline (78b) 

 

Starting from 73b, the compound 78b was obtained following the procedure described for 

the preparation of compound 78a. The residue was purified by flash chromatography on 

silica gel (PE/EtOAc 5:1) to afford the title compound as a yellow solid in 74% yield. 1H 

NMR (300 MHz, CDCl3) δ: 6.91-6.63 (m, 3H), 5.15 (d, J = 1.8 Hz, 2H), 3.79 (br, 2H), 

3.47 (d, J = 1.9 Hz, 3H). 

 

1-(5-Bromo-2-(methoxymethoxy)phenyl)-1H-pyrrole (79b) 
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The compound 79b is synthesized from 78b by following the same procedure as described 

for 54a. The residue was purified by flash chromatography on silica gel chromatography 

(PE/EtOAc, 5:1) to afford the title compound as a yellow solid in 67% yield. 1H NMR (300 

MHz, CDCl3) δ: 7.44 (d, J = 2.5 Hz, 1H), 7.34 (ddd, J = 8.8, 2.5, 0.5 Hz, 1H), 7.15 (d, J = 

8.8 Hz, 1H), 6.99-6.94 (m, 2H), 6.33-6.28 (m, 2H), 5.11 (s, 2H), 3.40 (d, J = 0.5 Hz, 3H). 

 

1-(4-(Methoxymethoxy)-3-(1H-pyrrol-1-yl)phenyl)-N-methylpiperazine (80b) 

 

Starting from 79b, compound 80b was obtained following the procedure described for the 

preparation of 74. The residue was purified by flash chromatography on silica gel 

chromatography (DCM/MeOH 50:1) to afford the title compound as a yellow solid in 67% 

yield. 1H NMR (300 MHz, CDCl3) δ: 7.19-6.91 (m, 2H), 6.82-6.68 (m, 1H), 6.30 (t, J = 2.2 

Hz, 2H), 4.98 (s, 2H), 3.35 (s, 3H), 3.18 (t, J = 5.0 Hz, 4H), 2.64 (t, J = 5.0 Hz, 4H), 2.38 

(s, 3H). 

 

1-(4-(Benzyloxy)-3-nitrophenyl)-N-methylpiperazine (81) 

 

Starting from 73a, compound 81 was obtained by following the procedure described for 

the preparation of 74. The residue was purified by flash chromatography on silica gel 

chromatography (DCM/MeOH 50:1) to afford the title compound 81 as orange oil in 71% 

yield. 1H NMR (300 MHz, CDCl3) δ: 7.46-7.28 (m, 6H), 7.05-7.00 (m, 2H), 5.14 (s, 2H), 

3.17-3.09 (m, 4H), 2.55 (t, J = 5.0 Hz, 4H), 2.34 (s, 3H). 

2-Amino-4-bromophenol (82) 
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The compound 82 was synthesized from 72 by following the same protocol as described 

for the synthesis of 77 in 70% yield. 1H NMR (300 MHz, CDCl3) δ: 6.84 (s, 1H), 6.73 (d, J 

= 7.9 Hz, 1H), 6.57 (d, J = 8.1 Hz, 1H), 4.17 (s, 1H), 3.97-3.40 (m, 2H). 

 

4-Bromo-2-(1H-pyrrol-1-yl)phenol (83) 

 

Compound 83 was synthesized in quantitative yield from 82 by following the same 

procedure as described for the synthesis of 54a. 1H NMR (300 MHz, CDCl3) δ: 7.36 (dt, J 

= 8.5, 2.3 Hz, 2H), 6.96-6.87 (m, 1H), 6.83 (t, J = 2.1 Hz, 2H), 6.38 (t, J = 2.1 Hz, 2H). 

 

Ethyl 2-(4-bromo-2-(1H-pyrrol-1-yl)phenoxy)-2-(naphthalen-1-yl)acetate (56g) 

 

Compound 56g was synthesized from 83 and 58b by following the same protocol as 

described for 56a.The residue was purified on silica gel column chromatography 

(PE/EtOAc 20:1) in 60% yield. 1H NMR (300 MHz, CDCl3) δ: 7.59-7.48 (m, 4H), 7.50-

7.36 (m, 5H), 7.36-7.26 (m, 2H), 7.13 (t, J = 7.7 Hz, 1H), 6.98 (d, J = 8.3 Hz, 1H), 6.18 

(ddd, J = 13.4, 3.9, 1.4 Hz, 1H), 5.60 (s, 1H), 3.68 (dd, J = 4.0, 1.4 Hz, 2H), 1.57 (s, 3H). 

2-(4-Bromo-2-(1H-pyrrol-1-yl)phenoxy)-2-(quinolin-5-yl)acetic acid (53i) 
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Compound 53i was synthesized from 83 and 55a by following the same procedure as 

described for the synthesis of 53a, Method B. The residue was purified by a silica gel 

column chromatography (DCM/MeOH 20:1) in 60 % yield. 1H NMR (300 MHz, CDCl3) 

δ: 9.76 (s, 1H), 8.87 (d, J = 8.1 Hz, 2H), 8.73 (s, 1H), 7.92 (d, J = 7.5 Hz, 1H), 7.69 (s, 

2H), 7.58-7.49 (m, 2H), 7.38 (s, 2H), 6.18 (s, 3H), 6.02 (s, 1H), 5.28 (s, 1H). 

 

2-Bromo-6-(quinolin-5-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7(6H)-one (52i) 

 

Compound 52i was synthesized from 53i by following the same protocol as described for 

52a. The residue was purified by a silica gel column chromatography (PE/EtOAc 3:1) in 

65% yield. 1H NMR (300 MHz, CDCl3) δ: 8.95 (dd, J = 4.1, 1.4 Hz, 1H), 8.49 (d, J = 8.5 

Hz, 1H), 8.10 (d, J = 8.5 Hz, 1H), 7.61-7.38 (m, 4H), 7.39-7.21 (m, 2H), 7.10 (dd, J = 8.6, 

2.0 Hz, 1H), 6.64 (d, J = 8.5 Hz, 1H), 6.56 (dt, J = 7.9, 3.9 Hz, 1H), 6.15 (s, 1H). 406.0 

[M+H]+. 

 

(2-chloroquinolin-3-yl)boronic acid (85) 

 

Diisopropylamine (430 μL, 3.058 mmol) was added to a solution of n-butyllithium (1.6 M 

in hexane, 1.9 mL, 3.058 mmol) in dry THF (8 mL) at -78 °C and stirred at the same 

temperature for 1 h. A solution of commercially available 84 (500 mg, 3.058 mmol) in dry 

THF (6 mL) was added to the reaction mixture while maintaining the temperature and 

stirred for another 2 h. Afterwards, a solution of trimethyl borate (340 μL, 3.058 mmol) in 

dry THF (4 mL) was added at -78 °C and stirred for another 2 h by maintaining the 

temperature. Water was added at -10 °C and the reaction mixture was allowed to reach the 

room temperature while stirring continously. The aqueous layer was extracted with Et2O (2 

x 10 mL). A solution of 6N HCl was added to the aqueous layer to adjust the pH = 4 and 

was extracted with Et2O (1 x 10 mL). The combined organic layers was dried over 
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anhydrous Na2SO4, filtered, and concentrated under vacuum at 20 °C to obtain the product 

in 79% yield without any purification.1H NMR (300 MHz, DMSO) δ: 8.60 (s, 2H), 8.42 (s, 

1H), 8.01 (d, J = 8.4 Hz, 1H), 7.91 (d, J = 8.5 Hz, 1H), 7.78 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 

7.62 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H). 

2-Chloroquinolin-3-ol (86) 

 

A solution of NH4Cl (400 mg, 7.39 mmol) in water (6 mL) and 50% hydrogen peroxide 

(2.1 mL, 33.5 mmol) was added to the solution of 85 (828 mg, 3.99 mmol) in ethanol (6 

mL) at room temperature and stirred for 16h. A white precipitate appeared. Solvent was 

removed completely and the crude was dissolved in diethyl ether. The organic layer was 

washed with water, dried over anhydrous sodium sulfate, filtered, and concentrated to 

afford the title compound in 90% yield. 1H NMR (300 MHz, DMSO) δ: 11.09 (s, 1H), 

7.88-7.76 (m, 2H), 7.66 (s, 1H), 7.61-7.44 (m, 2H). 

 

3-(Benzyloxy)-2-chloroquinoline (87a) 

 

Compound 87a was synthesized from 86 as described for the synthesis of 73a in 

quantitative yield. 1H NMR (300 MHz, CDCl3) δ: 7.97 (t, J = 7.4 Hz, 1H), 7.64 (t, J = 10.9 

Hz, 1H), 7.60-7.29 (m, 8H), 5.23 (d, J = 5.8 Hz, 2H). 

 

3-(Benzyloxy)-2-(1H-pyrrol-1-yl)quinoline (80c) 

 

Compound 80c was synthesized from 87a by following the same protocol as described for 

the synthesis of 74. The residue was purified on an alumina gel column chromatography 

(PE/EtOAc, 5:1) in 58% yield.1H NMR (300 MHz, CDCl3) δ: 7.99 (d, J = 8.4 Hz, 1H), 
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7.91-7.83 (m, 2H), 7.70 (d, J = 8.0 Hz, 1H), 7.63-7.54 (m, 2H), 7.54-7.35 (m, 6H), 6.43-

6.32 (m, 2H), 5.26 (s, 2H). 

 

2-(1H-Pyrrol-1-yl)quinolin-3-ol (54e) 

 

Compound 54e was synthesized from 80c by following the same protocol as described for 

76 in quantitative yield. 

This compound was also synthesized from 80d. BBr3 (1.0 M solution in DCM, 13 μL, 

0.134 mmol) was added slowly to a solution of 80d (10 mg, 0.046 mmol) in dry DCM (1 

mL) at 0 °C and the reaction mixture was stirred for 30 minutes by maintaining the 

temperature. After that the reaction mixture was stirred at room temperature for 12h. 

Reaction mixture was quenched with a saturated solution of NaHCO3, extracted with DCM 

(3 x 10 mL). The combined organic layers was dried over anhydrous sodium sulfate, 

filtered, and concentrated. The residue was purified on silica gel column chromatography 

(PE/EtOAc, 5:1) to provide the compound 54e as a yellow solid in 55% yield. 1H NMR 

(300 MHz, (CD3)2CO) δ: 9.99 (s, 1H), 8.00-7.91 (m, 2H), 7.88 (d, J = 8.3 Hz, 1H), 7.82-

7.70 (m, 2H), 7.55 (t, J = 7.6 Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H), 6.33-6.22 (m, 2H). 

 

2-((2-(1H-Pyrrol-1-yl)quinolin-3-yl)oxy)-2-(naphthalen-1-yl)acetic acid (53j) 

 

Compound 53j was synthesized from 54e and 55b by following the same procedure as 

53a, Method B in 56% yield after the purification on silica gel chromatography 

(DCM/MeOH 10:1). 1H NMR (300 MHz, CD3OD) δ: 8.51-8.39 (m, 1H), 7.96-7.67 (m, 

8H), 7.60-7.35 (m, 5H), 6.53 (s, 1H), 6.25-6.14 (m, 2H). 

 

5-(Naphthalen-1-yl)quinolin[3,2-b]pyrrolo[1,2-d][1,4]oxazepin-4(5H)-one (52j) 



[114] 
 

 

Compound 52j was synthesized from 53j by following the same procedure as per the 

synthesis of 52b. The residue was purified in alumina column chromatography (PE/EtOAc 

5:1) in 75% yield. 1H NMR (300 MHz, CDCl3) δ: 8.39-8.26 (m, 2H), 7.94 (d, J = 8.5 Hz, 

1H), 7.85 (d, J = 8.2 Hz, 1H), 7.79-7.52 (m, 5H), 7.49-7.32 (m, 3H), 7.20 (d, J = 4.7 Hz, 

2H), 6.68-6.59 (m, 1H), 6.45 (s, 1H). 

 

5-(Naphthalen-1-yl)quinolin[3,2-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl acetate (47) 

 

The compound 47 was synthesized from 52j by following the same procedure as described 

for the synthesis of 29. The residue was purified on silica gel column chromatography (n-

hexane/EtOAc 20:1) to afford 47 in 72% yield. 1H NMR (300 MHz, CDCl3) δ: 8.21-7.81 

(m, 5H), 7.64 (d, J = 8.1 Hz, 3H), 7.60-7.39 (m, 5H), 6.50 (s, 2H), 1.87 (s, 3H); 13C NMR 

(75 MHz, CDCl3) δ: 168.8, 145.1, 144.8, 144.3, 133.8, 131.2, 130.3, 129.9, 129.4, 128.4, 

128.3, 128.1, 127.5, 127.3, 127.0, 126.6, 126.4, 126.3, 125.1, 123.2, 112.2, 111.2, 20.5. 

 

5-(Naphthalen-1-yl)quinolin[3,2-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl diethylcarbamate 

(48) 

 

 

To a solution of 52j (20 mg, 0.053 mmol) in dry THF (1 mL), sodium 

bis(trimethylsilyl)amide (1 M solution in THF, 133 mL, 0.13 mmol) was added at -78 °C 

and stirred for 30 min. A solution of phosgene (68 μL, 0.636 mmol) in 20% toluene was 

added at to the reaction mixture at -78 °C and stirred for another 10 min. After that, 
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diethylamine (77 µL, 0.742 mmol) and TEA (16 μL, 0.10 mmol) were added together into 

the reaction mixture at the same temperature and stirred for another 2 h. Water was added 

slowly to the reaction mixture at 0 °C and the solution was extracted rapidly with EtOAc 

(3 x 5 mL). The combined organic layers were dried over anhydrous sodium sulfate, 

filtered, and concentrated under reduced pressure at 20 °C and the residue was purified in 

(PE/EtOAc 7:1) to afford the compound 48 in 42% yield. 1H NMR (300 MHz, CDCl3) δ: 

8.24-8.13 (m, 1H), 8.07-7.84 (m, 4H), 7.76-7.36 (m, 8H), 6.58-6.43 (m, 2H), 3.06 (t, J = 

12.7 Hz, 2H), 2.96 (dd, J = 13.6, 6.6 Hz, 2H), 0.87 (t, J = 6.7 Hz, 3H), 0.69 (t, J = 6.9 Hz, 

3H). 13C NMR (75 MHz, CDCl3) δ: 153.1, 145.4, 144.9, 144.3, 144.1, 134.4, 133.6, 131.4, 

130.7, 129.6, 128.4 (2C), 128.1, 127.6, 127.4, 127.2, 126.4, 126.3, 126.1, 125.1, 122.9, 

122.8, 112.1, 111.9, 111.3, 111.1, 42.1, 41.5, 13.7, 13.0. 

 

5-(Naphthalen-1-yl)quinolin[3,2-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl-4-methylpiperazine-

1-carboxylate (49) 

 

 

The compound 49 was synthesized from 52j by following the same procedure as 48 in 

presence of N-methylpiperazine. The residue was purified on a silica gel column 

chromatography (DCM/ MeOH 60:1) to afford 49 in 65% yield. 1H NMR (300 MHz, 

CDCl3) δ: 8.13 (d, J = 7.9 Hz, 1H), 8.07-7.92 (m, 3H), 7.96-7.82 (m, 2H), 7.75-7.38 (m, 

8H), 6.61-6.44 (m, 2H), 3.25 (d, J = 32.8 Hz, 4H), 2.14 (s, 5H), 1.75 (s, 2H). 13C NMR (75 

MHz, CDCl3) δ: 152.5, 145.2, 144.9, 144.3, 143.7, 134.3, 133.7, 131.3, 130.7, 129.7, 

129.4, 128.4, 128.3, 128.1, 127.8, 127.4, 127.3, 126.9, 126.9, 126.6, 126.4, 125.3, 123.2, 

123.1, 112.4, 111.4, 67.9, 53.9, 45.5, 43.9. 

 

1-tert-Butyl 4-(5-(naphthalen-1-yl)quinolin[3,2-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl) 

piperidine-1,4-dicarboxylate (88) 
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Compound 88 was synthesized from 52j by following the same procedure as 36 in 

quantitative yield. 1H NMR (300 MHz, CDCl3) δ: 8.20-7.81 (m, 5H), 7.65 (d, J = 12.2 Hz, 

3H), 7.48 (d, J = 9.2 Hz, 5H), 6.46 (d, J = 14.3 Hz, 2H), 3.65 (d, J = 11.1 Hz, 3H), 3.34 (s, 

1H), 2.63 (s, 2H), 2.27 (s, 1H), 1.76 (d, J = 52.7 Hz, 2H), 1.40 (s, 9H). 

 

5-(Naphthalen-1-yl)quinolin[3,2-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl piperidine-4-

carboxylate (50) 

 

 

Compound 50 was synthesized from 52j by following the same procedure as 37 in 79%.  

1H NMR (300 MHz, CDCl3) δ: 8.11-7.81 (m, 5H), 7.75-7.58 (m, 3H), 7.59-7.36 (m, 5H), 

6.47 (dd, J = 13.0, 9.7 Hz, 2H), 4.78 (s, 1H), 2.58 (s, 4H), 2.48-2.26 (m, 1H), 1.67 (s, 2H), 

1.47 (d, J = 6.7 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ: 171.0, 144.9, 144.8, 144.3, 143.9, 

133.6, 133.4, 131.1, 130.2, 129.5, 128.4, 128.2, 127.6, 127.1, 126.8, 126.6, 125.9, 125.8, 

125.2, 123.5, 123.4, 112.2, 112.1, 111.4, 111.2, 42.4, 37.8, 24.9. 

 

2-Chloro-3-methoxyquinoline (87b) 

 

The compound 87b was synthesized from 86 by following the same procedure as described 

for 87a in presence of methyl iodide without any purification as a light brown solid in 

quantitative yield. 1H NMR (300 MHz, CDCl3) δ: 7.94 (d, J = 8.1 Hz, 1H), 7.70 (dd, J = 

7.9, 1.3 Hz, 1H), 7.52 (tdd, J = 14.7, 7.1, 1.4 Hz, 2H), 7.38 (s, 1H), 3.99 (s, 3H). 

 

3-Methoxy-2-(1H-pyrrol-1-yl)quinoline (80d) 
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The compound 80d was synthesized from 87b by following the same procedure as 

described for 80c. The residue was purified by column chromatography on silica gel 

(PE/EtOAc, 5:1) to provide the title compound as a dark-yellow solid in 74% yield. 1H 

NMR (300 MHz, CDCl3) δ: 7.97 (d, J = 8.1 Hz, 1H), 7.82-7.76 (m, 2H), 7.72 (d, J = 8.0 

Hz, 1H), 7.60-7.43 (m, 3H), 6.38 (t, J = 2.2 Hz, 2H), 4.02 (s, 3H). ESI-MS m/z 225.0 

[M+H]+. 

 

4-Nitro-2-(1H-pyrrol-1-yl)phenol (90) 

 

The compound 90 was synthesized from the commercially available 89 by following the 

same procedure as described for the synthesis of 54a without any purification in 

quantitative yield. 1H NMR (300 MHz, CD3OD) δ: 8.14 (d, J = 2.8 Hz, 1H), 8.07 (dd, J = 

9.0, 2.8 Hz, 1H), 7.14 – 7.06 (m, 3H), 6.30 – 6.23 (m, 2H). ESI-MS m/z 204.9 [M+H]+. 

 

4-Amino-2-(1H-pyrrol-1-yl)phenol (91) 

 

Compound 91 was synthesized from 90 by following the same procedure as described for 

77 in 70% yield. 1H NMR (300 MHz, CD3OD) δ: 6.99 (t, J = 2.1 Hz, 2H), 6.76 (d, J = 8.5 

Hz, 1H), 6.69 (d, J = 2.5 Hz, 1H), 6.57 (dd, J = 8.6, 2.4 Hz, 1H), 6.18 (t, J = 2.0 Hz, 2H). 

ESI-MS m/z 175.0 [M+H]+. 

 

4-Methoxy-3-(1H-pyrrol-1-yl)aniline (92) 
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Compound 92 was synthesized from 91 in quantitative yield without any purification by 

following the same procedure as described for 87b. 1H NMR (300 MHz, CDCl3) δ: 8.21-

8.15 (m, 1H), 8.00 (s, 1H), 7.10-7.07 (m, 1H), 7.06-6.99 (m, 2H), 6.35 (t, J = 2.1 Hz, 2H), 

3.95 (d, J = 15.4 Hz, 3H). 

 

5-(((4-Methoxy-3-(1H-pyrrol-1-yl)phenyl)amino)methylene)-2,2-dimethyl-1,3-dioxane-4,6-

dione (93) 

 

A solution of meldrum acid (90 mg, 0.631 mmol) in trimethoxymetahne (623 μL, 5.698 

mmol) was refluxed at 105 °C for 1 h. A solution of 92 (100 mg, 0.571 mmol) in dry DMF 

(1 mL) was added to the reaction mixture and refluxed for another 1 h. Water was added to 

the cooled down reaction mixture and the precipitate was filtered off by washing with 

water and saturated solution of brine to obtain the product in 80% yield without any 

purification. 1H NMR (300 MHz, CDCl3) δ: 8.48 (d, J = 14.3 Hz, 1H), 8.00 (s, 1H), 7.18-

7.08 (m, 2H), 7.00 (d, J = 8.8 Hz, 1H), 6.96-6.88 (m, 2H), 6.24 (s, 2H), 4.60 (s, 1H), 3.82-

3.75 (s, 3H), 1.72-1.61 (s, 6H). 

 

N-(4-(Benzyloxy)-3-(1H-pyrrol-1-yl)phenyl)cinnamamide (94) 

 

Intermediate 92 (100 mg, 0.378 mmol) and dry TEA (53 μL, 0.378 mmol) was added into 

a solution of cinnamoyl chloride (63 mg, 0.378 mmol) in dry DCM (2 mL) at room 

temperature and stirred for 2 h. A saturated solution of NH4Cl was added dropwise to the 

reaction mixture and the aqueous layer was extracted with DCM (3 x 10mL). The 

combined organic layer was dried with anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure at 20 °C. The residue was purified on a silica gel 

column chromatography (PE/EtOAc 5:1) to obtain the product 94 in 80% yield. 1H NMR 

(300 MHz, CDCl3) δ: 8.58 (s, 1H), 7.74 (d, J = 15.5 Hz, 1H), 7.63 (s, 1H), 7.53 (t, J = 14.7 
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Hz, 1H), 7.40 (d, J = 6.7 Hz, 2H), 7.37-7.19 (m, 8H), 7.04 (s, 2H), 6.91 (d, J = 8.8 Hz, 

1H), 6.67 (d, J = 15.6 Hz, 1H), 6.28 (s, 2H), 4.92 (s, 2H). ESI-MS m/z 395.0 [M+H]+. 

 

5-Methoxy-2,4-dinitrobenzaldehyde (96) 

 

The commercially available 95 (500 mg, 3.7 mmol) was added to a solution of H2SO4 (0.8 

mL) and HNO3 (0.8 mL) at -10 °C and the reaction mixture was stirred for 1 h at the same 

temperature. A solid precipitate appeared. Water was added dropwise to the reaction 

mixture at the same temperature. Aqueous layer was extracted with EtOAc (5 x 3 mL) and 

the organic layer was washed with a saturated solution of brine, dried with anhydrous 

sodim sulfate, filtered, and concentrated. The residue was purified on a silica gel column 

chromatography (PE/EtOAC 5:1) to afford the title compound in 20% yield. 1H NMR (300 

MHz, CDCl3) δ: 10.55 (s, 1H), 8.71 (s, 1H), 7.57 (s, 1H), 4.17 (s, 3H). 

 

2,4-Diamino-5-methoxybenzaldehyde (97) 

 

Compound 97 was synthesized from 96 in 48% yield by following the same procedure as 

the synthesis of 77 and a silica gel column chromatography (PE/EtOAc 5:1). 1H NMR (300 

MHz, (CD3)2CO) δ: 9.48 (s, 1H), 6.82 (s, 1H), 6.54 (s, 2H), 6.01 (s, 1H), 5.35 (s, 2H), 3.77 

(s, 3H). ESI-MS m/z 167.1 [M+H]+. 

 

(Z)-4-(((2,2-Dimethoxyethyl)imino)methyl)-2-nitrophenol (99) 

 

2,2-dimethoxyethylamine (94 mg, 0.897 mmol) was added into a suspension of 98 (100 

mg, 0.598 mmol) in toluene (1 mL) at room temperature and then the reaction mixture was 

refluxed at 110 °C for 12 h. 5 mL of toluene was added to the cooled down reaction 
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mixture and the solvent was removed under reduced pressure. The crude was used for the 

next step without any further purification by considering a quantitative yielding step.1H 

NMR (300 MHz, (CD3)2CO) δ: 8.43 (d, J = 2.0 Hz, 1H), 8.34 (s, 1H), 8.08 (dd, J = 8.7, 2.0 

Hz, 1H), 7.21 (t, J = 9.4 Hz, 1H), 4.54 (dd, J = 5.7, 5.0 Hz, 1H), 3.72 (d, J = 5.3 Hz, 2H), 

3.34 (d, J = 0.9 Hz, 6H). 
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PART 1 ABBREVIATION 

 

AIBN Azobisisobutirronitrile 

AMPK 5' Adenosine monophosphate-activated protein kinase 

APC Adenomatous polyposis coli 

ATG Autophagy related genes 

BINAP 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl 

CCND1 Cyclin D1 

CDI 1,1'-Carbonyldiimidazole 

CDK1 Cyclin dependent kinase 1 

CDKN2A Cyclin dependent kinase inhibitor 2A 

CLint Intrinsic clearance 

COX-2 Cyclooxygenase-2 

CQ Chloroquine 

CRT Chemoradiotherapy 

CT Chemotherapy 

Cryo-EM Cryogenic electron microscopy 

CYP Cytochrome P450 

DCE Dichloroethane 

DCM Dichloromethane 

DIAD Diisopropyl azodicarboxylate 

DIPA Diisopropylamine 

DIPEA N,N-Diisopropylethylamine 

DMAP 4-Dimethylaminopyridine 

DMF N,N-Dimethylformamide 

DNA Deoxyribonucleic acid 

DSC Disuccinimidyl carbonate 

EAC Esophageal adenocarcinoma 

EBSS Earle's balanced salt solution 

EGTA Ethylene glycol tetraacetic acid 

ESCC Esophageal squamous cell carcinoma 

ESI-MS Electrospray ionization mass spectroscopy 

GAB Glycerol- ethylene glycol tetraacetic acid 
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GDP Guanosine diphosphate 

GFP-LC3 Green fluorescent protein-Light chain 3 

GLOBOCAN Global cancer incidence, mortality and prevalence 

GTP Guanosine triphosphate 

HCQ Hydroxychloroquine 

HDR high-dose-rate 

HFIP Hexafluoroisopropanol 

HL Human leukemia 

HLM Human liver microsome 

HPLC High pressure liquid chromatography 

HPV Human papilloma virus 

HRESI-MS High resolution electrospray ionization mass spectroscopy 

HSV Herpes simplex virus 

Hz Hertz 

IaCh Intra-arterial chemotherapy 

ICT Induction chemotherapy 

LAMP Lysosome-associated proteins 

LDA Lithium diisopropylamide 

LC/MSD Liquid chromatography/mass selective detector 

MAPK Mitogen-activated protein kinase 

MDA Microtubule destabilizing agents 

MDM2 Mouse double minute 2 homolog 

MDR Multi-drug resistance 

MHz Megahertz 

MOM Methoxymethyl 

MT Microtubule 

MTA Microtubule targeting agents 

mTORC Mammalian/mechanistic target of rapamycin complex 1 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

RFP red fluorescent protein 

MSA Microtubule stabilizing agents 

NADPH-GS Nicotinamide adenine dinucleotide phosphate generating system 

NBS N-Bromosuccinimide 
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NIS N-Iodosuccinimide 

NMR Nuclear magnetic resonance 

NRU Neutral Red Uptake 

OS Overall survival 

OSCC Oral squamous cell carcinoma 

PBOX Pyrrolobenzoxazepines 

PE Phosphatidylethanolamine 

PGP Phosphoglycolate phosphatase 

PI3K Phosphoinositide 3-kinase 

PNOX Pyrrolonaphthooxazepines 

PPOEL Potentially premalignant oral epithelial lesions 

RB Retinoblastoma 

RMSD Root-mean-square deviation 

RPMI Roswell Park Memorial Institute 

RT Radiotherapy 

SAR Structure activity relationship 

SEM Scanning electron microscopy 

TEA Triethylamine 

TFA Trifluoroacetic acid 

THF Tetrahydrofuran 

TLC Thin layer chromatography 

TMRM Tetramethylrhodamine, methyl ester 

UICC Union for International Cancer Control 

ULK1 Autophagy activating kinase 1 complex 

UV-VIS Ultra violet-visible 

VPS34 Class III phosphoinositide 3-kinase 
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PART 2 CHAPTER I 

BACKGROUND 

 

2.1.1 Introduction  

Epigenetic modification regulates the heritability of gene expression through active post-

translational modifications, including methylation, phosphorylation, acetylation, 

ribosylation, along with the post-translational modifications of the histone proteins and 

modification in the nucleosomal organization.1,2 These modifications establish the 

‘epigenetic code’, collectively identified as the ‘epigenome’ to modulate several 

developmental stages and diverse disease states.3 Among all the post-translational 

modifications, there are many extensive studies focusing on histone acetylation and 

deacetylation.4 The field of histone acetylation has rapidly developed over the past few 

decades. The dynamic status of histone acetylation is under the control of histone 

deacetylases (HDACs) and histone acetyltransferases (HATs), which play an important 

role in the regulation of gene expression. HATs mediate the acetylation of lysine residue 

associated with gene transcription, whereas HDACs show an opposite effect and the 

deacetylation leads to a more condensed chromatin structure; this fact leads to the 

repression in the gene transcription.5 HDACs are frequently dysregulated and have been 

acknowledged as a crucial factor in numerous diseases, comprising cancer, 

neurodegenerative and inflammatory diseases.6 

 

2.1.2 Classification of HDACs 

There are four major classes of HDACs: three metal-containing classes and one NAD+-

dependent class.7,8 Based on their homology to yeast proteins , structure, function, and 

subcellular localization class I HDACs contain HDAC 1, 2, 3, and 8; class IIa HDACs are. 

HDAC4, 5, 7, and 9; class IIb HDACs are HDAC6 and 10; and HDAC11 is the only 

member of class IV HDAC. Class III deacetylases are seven sirtuins (SIRTs), SIRT1–7 

that depend on NAD+ as a cofactor for their function.9,10 The zinc-dependent 

amidohydrolases classes of HDACs, i.e., class I, II, and IV, are sensitive to hydroxamic 

acids that chelate Zn2+. On the other hand, HDACs class III, which are resistant to 

cytosolic as well as hydroxamic acid-derived inhibitors, are inhibited by nicotinamide. A 
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common deacetylase as well as catalytic domain is shared by class I, II, and IV HDACs 

that catalyzes the deacetylation with the assistance of the histidine–aspartate charge 

transfer system.11,12 A conserved deacetylase domain in the nucleus is possessed by class I 

HDACs. The class II HDACs govern the acetylation status of the non-histone substrates 

through shuttling between the nucleus and cytoplasm. Similarly, HDAC6 deacetylates the 

cellular proteins. Due to the lack of an intrinsic DNA-binding ability, the reinforcement of 

HDACs to DNA is facilitated via transcription factors and associated protein complexes. 

HDACs integrate with these transcription factors and protein complexes and reside there to 

obtain access to DNA. Sin3, mSin3A, N-CoR (nuclear receptor co-repressor), NuRD 

(nucleosome remodeling and deacetylation), Mi-2/NRD and PRC2, etc., provide shelter to 

HDAC1 and HDAC2, while SMRT complex performs this role for HDAC3.8,11,13 

 

 

Figure 1. Classification of HDAC family 

 

2.1.3 HDACs in cancer development 

Cancer has conventionally been regarded as the commencement of multiple diseases 

driven by the accumulation of genetic mutation, along with the disruption of the epigenetic 

regulatory mechanism that leads to the occurrence of neoplasia.5 Endogenous along with 

exogenous stimuli corrupt the canalization of cells through the reorganization of chromatin 

structure leading to the explicit of aberrant gene expression or repression, thereby 

conveying the cells to attain the features of cancer.6 The disruption of epigenome and 

constitutional epimutations may lead to gene expression alteration and epigenetic 

abnormality, which promotes the malignant transformation of cells, cancer initiation and 

progression.14 It is believed that epigenetic alteration and the genetic modifications such as 
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the loss or amplification of DNA and the loss of heterozygosity may be serving as the key 

initiating events in different forms of cancer.15  

 HDACs in cell cycle regulation 

HDAC inhibition has been demonstrated to have antiproliferative effects by inducing cell-

cycle arrest in G1 phase via the up-regulation of cyclin-dependent kinase (CDK) inhibitors 

or by down-regulation of cyclins and CDKs.16 Loss of HDAC1 and 2 induce expression of 

CDK inhibitors, leading to a cell-cycle block in G1. Knockdown of HDAC5 leads to a 

substantial up-regulation of p21 and down-regulation of cyclin D1 and CDK2/4/6, which 

leads in G1-phase cell-cycle arrest in human HCC cells.17 HDAC inhibition might block 

the G1/S cellular transition by dephosphorylation and subsequently inhibiting E2F 

activities in the transcription of genes for the G1 progression. Besides to controlling the 

G1/S transition, HDAC1 knockdown in tumor cells impairs G2/M transition and inhibits 

the cell growth as evidenced by a reduction of mitotic cells and an increased percentage of 

apoptotic cells.18 HDAC10 regulates the G2/M transition via the modulation of cyclin A2 

expression. The effect of HDAC10 on the cyclin A2 transcription is dependent on let-7 and 

HMGA2.19 Moreover, HDAC3 directly interacts with the cyclin A and regulates cyclin A 

stability by modulating its acetylation status. Given that cyclin A is vital for S phase 

progression and entry into mitosis, HDAC3 knockdown causes cell growth in S and G2/M 

phases.20 Collectively, HDAC inhibition can stimulate the cell cycle arrest at either G1/S 

or G2/Mphase, suggesting HDACs as therapeutic targets for unusual cell growth and 

proliferation in cancer. 

 HDACs in apoptosis 

HDACs regulate apoptosis in several cancer cells through altering the expression of pro- 

and anti-apoptotic proteins. HDAC inhibition could prompt the intrinsic pathway by 

decreasing the expression of anti-apoptotic proteins and increasing the expression of pro-

apoptotic proteins.21 Inhibition of HDAC1, 2, and/or 3 is necessary for caspase-8 activation 

in non-small cell lung cancer.22 Depletion of HDAC2 synergizes pancreatic cancer cells to 

TRAIL-induced apoptosis with an increased expression of TRAIL receptor DR5 (TRAIL-

R2).23 HDAC2 depletion results in activation of apoptosis via p53 and Bax activation and 

Bcl2 suppression in human lung cancer cells.24 In gastric cancer cells, HDAC2 selectively 

knockdown the expression of pro-apoptotic factors Bax, AIF, and Apaf-1, and repressed 
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the expression of anti-apoptotic Bcl-2.25 Inhibition of HDAC8 promoted BMF-mediated 

apoptosis in colon cancer cells.26  

 HDACs in autophagy 

Consistent with the double role of autophagy in cancer, many HDAC family members 

show both pro- and anti-autophagy activities.27 Depletion or inhibition of HDAC1 is 

reported to stimulate autophagy by promoting accumulation of the autophagosomal marker 

LC3-II.28 However, in mouse models, deletion of both the HDAC1 and HDAC2 in skeletal 

muscle blocks autophagy flux.29 Recent research indicates that the oncogenic role of class 

IIa HDAC4 and HDAC5 in cancer cells would be derived at least partially via decreasing 

autophagic flux, but the detailed mechanism needs further investigation. In HDAC6 

knockout mouse embryonic fibroblasts, HDAC6 appears to be important for ubiquitin-

selective basal autophagy, but not in starvation-induced autophagy.30 A similar mechanism 

is observed in mitophagy.31 HDAC6-mediated deacetylation promotes autophagosome 

processing.32 The acetylation level of LC3B-II is decreased upon serum deprivation and 

HDAC6 is at least partially responsible for deacetylating LC3-II. In neuroblastoma, 

depletion and inhibition of HDAC10 disables efficient autophagosome/lysosome fusion 

and interferes with the autophagic flux, resulting in an increase of sensitization to cytotoxic 

drug treatment. The deacetylation of Hsp70 protein families by HDAC10 might contribute 

to autophagy-mediated cell survival.33 Overall, class IIb HDACs seem to mainly regulate 

autophagic flux at the level of autophagosome–autolysosome fusion via deacetylation of 

cytoplasmic proteins.27 Sirt1 activity is essential for the induction of starvation-induced 

autophagy by directly deacetylating the critical regulators of the autophagy machinery, like 

Atg5, Atg7, Atg8, and LC3.34 SIRT1 and the PI3K/Akt/mTOR pathway are found to be 

related to autophagy in prostate cancer cells.35 Collectively, a better understanding of the 

context-dependent effects of individual HDACs enzymes on autophagic process will give 

us an advantage to treat cancers by exploiting this area in a specific targeted manner. 

 HDACs in metastasis of cancer 

Epithelial-to-mesenchymal transition (EMT) is a key process in cancer cell invasion and 

metastasis, and emerging studies have demonstrated the key role of HDACs in EMT 

regulation in several cancer contexts. It is characterized by the loss of epithelial cell 

markers, namely, epithelial-cadherin (CDH1), and several transcriptional repressors of 
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CDH1 have been identified. A mechanism of their action includes the recruitment of 

HDACs to the CDH1 promoter resulting in deacetylation of H3 and H4 histones. 

Treatment of cells with the HDAC inhibition induces CDH1 expression, and represses 

EMT and metastasis in triple-negative breast cancer. Deductions indicate the therapeutic 

potential of inhibition of class I HDACs in targeting EMT and metastasis of cancer cells.36 

 HDACs in angiogenesis 

Tumor growth and metastasis depend on angiogenesis. It is triggered by hypoxia or 

hypoxic microenvironment, and the cellular response to hypoxia is mainly regulated by 

transcription factor, hypoxia-inducible factors 1 a (HIF-1α). Many HDACs are associated 

with HIF-1α activity as cell treatment with HDAC inhibition causes HIF-1α degradation 

and functional repression. HDAC1 and 4 directly deacetylate HIF-1α and block 

degradation of the protein.37,38 Instead of regulating HIF-1α acetylation, HDAC5 and 6 

facilitate HIF-1α maturation and stabilization by deacetylating its chaperones, HSP70 and 

HSP90.39 Inhibition of HDAC5 and 6 results in hyperacetylation of these chaperones, 

accumulation of the immature HIF-1α complex, and degradation of HIF-1α by the 20S 

proteasome. HDAC4, 5, and 7 increased transcriptional activity of HIF-1α by promoting its 

association with p300.40,41 Taken together, HDACs play important roles in angiogenesis by 

modulating a multitude of pro- and anti-angiogenic factors, indicating that they are 

potential targets for anti-angiogenesis in cancer therapy. 

2.1.4 Selective HDAC6 inhibitions in cancer 

Overexpression of HDAC6 has been related to the invasive metastatic behavior of tumor 

cells. HDAC6 plays a role in regulation of microtubule dynamics by the acetylation of 

tubulin and microtubule-mediated processes, including cell migration and interactions.42 

The cell motility is regulated by tubulin function and actin network which is modulated by 

the actin remodeling protein.43 HDAC6 can also regulate oncogenic Ras/MAPK signaling 

pathways, which are required for efficient tumor growth. Since the inhibition of HDAC6 

stabilizes the MTs, other possible apoptotic pathways that inhibit oncogenic tumorigenesis 

need to be inspected. The overexpression of HDAC6 may be implicated in the malignant 

behavior of estrogen receptor positive breast cancer.44 In addition, HDAC6 has been 

implicated in regulation of endothelial cell migration.45 HDAC6 may contribute to the 

angiogenesis processes by modulating the stability of proangiogenic factors mediated by 

Hsp90, a substrate of HDAC6.46,47 Since Hsp90 plays a role in the stabilization of some 
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transcription factors, loss of Hsp90 function by hyperacetylation may have an ‘‘indirect’’ 

effect on the regulation of gene expression.48 Through its ubiquitin binding activity and 

interaction with other partner proteins, HDAC6 itself plays a role in degradation of 

misfolded proteins by binding polyubiquinated proteins and delivering to the dynein motor 

proteins for transport into aggresomes which are degraded by lysosomes. HDAC6 also 

participates in cell protection in response to environmental stress by interaction with stress 

granules.49 Thus, the multiple functions of HDAC6, through deacetylase-dependent and-

independent mechanisms, modulate many cellular pathways which are relevant to tumor 

cell biology and malignant behavior. On the basis of these functions, HDAC6 appears to be 

one of the most attractive targets among HDACs for cancer treatment.50 HDAC6 should be 

considered as a target in cancer therapy due to its essential role in many signaling 

pathways that provide a benefit to malignant cells to survive and maintain its phenotype. 

2.1.5 HDAC inhibitors in cancer 

The usual structure of HDAC inhibitors (HDACi) is characterized by three primary 

domains, consisting of the zinc binding group (ZBG), the linker region, and the cap 

group.51 Multiple studies have been reported to unveil the role of each domain in 

optimizing the drug-target interaction. The modification of the cap group appears the most 

promising strategy to generate isoform selectivity.52 Most of the known inhibitors have a 

hydroxamic acid-based structure. HDAC inhibitors exhert inhibitory effect by their ability 

to chelate the zinc cofactor at the active site of the enzyme 

 

 

Figure 2. Focused regions to develop HDAC inhibitors 

 

A large number of HDAC inhibitors have been identified and numerous HDACis are 

nowadays at various stages of clinical trial development for the treatment of cancers.53 

Two inhibitors, vorinostat (SAHA, 1) and romidepsin (depsipeptide, FK228, 2) have been 

approved for the chemical treatment of cutaneous T-cell lymphoma. During a 

multidimensional chemical genetic screen with a cell based assay, Haggerty et al. 

identified tubacin, 3 within a set of 7392 small molecules as a selective inhibitor of 

HDAC6.54,55 The large cap group is composed of six lipophilic rings and the 
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stereochemistry of the dioxane ring appears to confer selectivity allowing the cap group to 

interact with the protein surface. Tubacin inhibited the interaction of HDAC6 with the 

motor protein dynein and induced marked accumulation of ubiquitinated proteins. An 

interesting feature of tubacin was the lack of toxicity for normal haematological cells. 

Tubacin was used to validate HDAC6 as a drug target, but, as a consequence of its non-

drug-like structure, high lipophilicity, and tedious synthesis, it is more useful as a research 

tool than as a drug.56 

 

Figure 3. Available HDAC inhibitors from different class of biologically active compounds 

 

In a series of biarylalanine-containing hydroxamic acids, the selectivity for HDAC6 was 

documented using immunoprecipitated HDAC1 and HDAC6.57 The selectivity was 

confirmed by comparing histone and tubulin acetylation in treated cells. The most selective 

derivative was the synthetic intermediate with a bromophenylalanine structure and a 

suberic acid spacer. (4a). Taking the phenylalanine compounds as lead structures, a new 

series of analogues containing a pyridylalanine (4b) element was developed.58  

The triazolylphenyl derivative 5 inhibited HDAC6 with a IC50 value of 1.9 nM. The same 

group described a series of hydroxamate-based HDAC inhibitors containing a 
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phenylisoxazole (6) as the cap group. Both the length of the linker chain and the amine-

protecting group play a role in determining potency and selectivity.59 

Amino acids were attached to a rigid aryl moiety to form 3,4-dihydroquinoxalin-2(1H)-one 

caps (7) or incorporated into less rigid piperazine-2,5-dione caps (8). The hydroxamate 

inhibitors showed selectivity up to 40-fold for HDAC6 over other class I/IIa HDACs. The 

selectivity and potency were found to be markedly dependent on the absolute configuration 

of the chiral moiety. The chiral structure-dependent selectivity was confirmed in cell-based 

assays. The majority of compounds effectively induced α-tubulin acetylation at a level 

comparable to that of 3, with increased potency.60 

A structure-based drug design combined with homology modeling techniques was used to 

develop a novel series of carbazole hydroxamic acids with alkyl and alkylaryl linker 

groups. Selectivity for HDAC6 was monitored by assays using purified human HDAC 

proteins. Optimization of the tricyclic group with the aim of reducing lipophilicity led to 

the synthesis of a tetrahydro-gcarboline analogue, 9 (tubastatin A), with 1000-fold 

selectivity over HDAC1. Substitutions in the carboline cap group were well-tolerated, with 

substitutions at position 2 of β-carbolines being optimal for HDAC6 activity and 

selectivity (10). Studies on Tubastatin A analogues revealed that a benzyl linker that 

occupies the hydrophobic channel of active site may be favorable for improving selectivity 

toward HDAC6.61 

Recently, selected compounds of a novel series (ST3595, 11) characterized by a cinnamic 

linker and a substituted phenyl group were found to be very effective induction of tubulin 

and p53 hyperacetylation. 11 inhibited class I and II HDAC with high preference for 

HDAC6 versus HDAC1.62 This compound exhibited synergistic antitumor effects in 

combination with paclitaxel at well-tolerated doses.63 

In particular, a relevant selectivity toward this isoform was detected within the group of 

diamide-based macrocycles (R)- and (S)-12 (10–500-fold over the other HDACs). Further 

refinement of these novel non-natural macrocyclic templates could be promising for future 

development of more selective inhibitors of HDAC6.64 

2.1.6 Our previous efforts to develop selective HDAC inhibitors  

Our research group have reported a wide variety of chemical compounds as HDAC 

inhibitors in different diseases (Figure 4). A combined computational and medicinal 

chemistry efforts to rationally modulate HDAC isoform has been engaged to develop a 
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series of novel phenylpyrrole-based derivatives (13). In vitro evaluation on HDAC1 and 

HDAC6 enzyme isoforms was performed and selected compounds (14a,b and 

15)underwent western blot analysis on glioblastoma, neuroblastoma, and hematological 

tumor cell lines to verify their influence on tubulin and histone acetylation status in cell-

based assays. The best compounds were assessed for their effects on cell cycle and 

apoptosis, showing a promising antitumor potential in hematological tumor cell lines and 

no toxicity on NIH3T3 cell.65 In another attempt. a series of novel spiroindoline derivatives 

(16) capable of selective inhibition of the HDAC6 isoform has been reported. 

Computational studies and in vitro study of inhibitory potency for the developed 

compounds against HDAC6 and HDAC1 isoforms were converged by cell-based 

investigations on histone H3 and α-tubulin acetylation. The effects on cancer cell cycle and 

apoptosis of the best performing derivative 17 were assessed on cancer cell lines 

highlighting a promising antitumor potential. The compound was able to inhibit cell 

migration in neuroblastoma cells and did not show toxicity in NIH3T3 mouse fibroblasts.66 

Further attempts through virtual screening and phenotypical characterization of selected 

hits, we discovered two main classes of compounds characterized by the presence of a 

hydroxamate-based ZBG attached to a spiroindoline (18a,b) or tricyclic thieno[3,2-

b]indole (19a,b,c) or indoline (20) core as cap groups. Some of the compounds were 

deeply studied and displayed to affect the viability of larval, juvenile, and adult 

schistosomes, to impact egg production in vitro and/or to induce morphological alterations 

of the adult schistosome reproductive systems. Of note, all of them inhibit the recombinant 

form of SmHDAC8 enzyme in vitro.67 
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Figure 4. Previously explored compounds as selective HDAC inhibitors in cancer (14-17) and 

schistosomiasis (18-20)  

2.1.7 β-lactams as anticancer agents 

The family of beta-lactams have been used for many years to treat bacterial infections. 

Traditional betalactam antibiotics, such as penicillins (21a,b, Figure 5) and cephalosporins 

(22) contain a carboxyl group in close proximity to the lactam nitrogen, which is required 

for antimicrobial activity.68 A potent β-lactam-based monoacylglycerol lipase (MGL) 

inhibitor (23) was characterized by Brindisi et. al.. Mode-of-action studies demonstrated 

the 23 by blocking MGL, increases 2-arachidonoylglycerol and behaves as a receptor. 

Administration of 23 in mice suffering from experimental autoimmune encephalitis 

ameliorates the severity of the clinical symptoms in a cannabinoid -dependent manner.69 

The N-thiolated beta-lactams (24a,b), induce tumor cell apoptosis by introducing DNA 

damage in a potent, and more importantly, a tumor cell-specific manner with little or no 

effect on normal cells.70 Cainelli et al., describe that 4-alkylidene-betalactams (25 and 26) 

inhibit matrix metalloproteinases-2, and -9, essential for the tumor induced 

neovascularization.71 Banik et al., also show that beta-lactams with polyaromatic 
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substituents (27) induce tumor cell death in a variety of cancer cell lines, such as ovarian, 

prostate, breast, colon, and leukemic in vitro and demonstrated the inhibition of tumor cell 

growth in mice.72 

In the context of HDAC inhibition, Reddy et al. synthesized β-lactam compounds (28) as 

dual inhibitor with cancer cell toxicity by restraining the NF-B transcription factor 

mediated by HDAC inhibition.73 N-thiomethyl-β-lactam (29-32) has also been reported as 

a ZBG in the design of new selective HDAC8 inhibitors.74 Several lactam-based HDAC 

inhibitors have also been reported by numerous eorks.75–77 

 

 

Figure 5. Available β-lactams as antibiotics (21-22), monoacylglycerol lipase inhibitor (23), 

anticancer agents (24-28), and HDAC inhibitor (29-32). 
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PART 2 CHAPTER II 

AIM OF THE PROJECT 

 

We concentrated on the development of HDAC6 selective inhibitors, bearing a β-lactam 

core structure. After performing a molecular modelling approach, we designed a series of 

compounds with different cap groups and linkers while retaining the hydroxamic acid as 

the common ZBG. This project was collectively developed by a direct and active 

involvement of many of our research group members. Beside my Marie-Curie TRACT 

project (Part1), I have synthesized four of the designed compounds (Figure 6). 

The cap group is mainly represented by a β-lactam core with either a germinal bis(phenyl) 

(33 and 34) or vicinal bis(phenyl) (35 and 36) groups; offering a trans-isomeric form in the 

later. For the linker, either an N-benzylpiperidine-1-carboxamide (33-35) or N-

tolylpiperidine-1-carboxamide (36) moiety was used. 

 

Figure 6. Designed HDAC6 selective inhibitors 
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PART 2 CHAPTER III 

CHEMISTRY 

 

A described in the Scheme 1, the synthesis of the intermediate 42 started from the 

commercially available 1-benzylpiperidin-4-amine, 37, which was converted to a 

dimethylimidodithioate derivative 38 in presence of carbon disulfide and methyl iodide. 38 

was then submitted to a non-photochemical [2+2] cycloaddition (also known as Staudinger 

ketene-imine cycloaddition or Staudinger synthesis) with 2,2-diphenylacetic acid (39, to 

produce the in situ ketene) and triphosgene to yield the β-lactam core 40.69,78 A selective 

reduction of bis(thiomethyl) group of 40 was achieved in presence of nickelchloride 

hexahydrate and sodium borohydride to produce the geminal bis(phenyl) derivative 41, 

which after treatment with palladium in carbon under hydrogen pressure produced the key 

intermediate 42. 

 

Scheme 1. Synthesis of the intermediate 42 

 

 

Reagents and Conditions: (a) i) CS2, NaOH (20 M aqueous solution), toluene, 0 °C, 5 min; ii) 

MeI, TEBA, toluene, 20 °C, 30 min, quantitative; (b) triphosgene, TEA, dry DCM, 50 °C, 12 h, 

52%; (c) NiCl2.6H2O, NaBH4, MeOH, THF, 25 °C, 12 h, 20%; (d) Pd-C, H2, MeOH, 12 h, 

quantitative. 

 

Compound 44 was synthesized from our already developed β-lactam core compound 43 

after the debenzylation on the piperidine moiety with 1-chloroethylchloroformate (Scheme 

2).69,79 

 

Scheme 2. Synthesis of intermediate 44 
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Reagents and Conditions: (a) i) 1-chloroethylchloroformate, dry DCM, 0 °C; ii) MeOH, 65 °C, 1 

h, 50%. 

 

Synthesis of the isocyanate intermediate 48 is described in Scheme 3. Commercially 

available methyl 4-(bromomethyl)benzoate, 45 was treated with sodium azide in dry DMF 

under reflux condition at 80 °C to produce the corresponding azide 46. A Staudinger 

reaction on 46 in presence of triphenyl phosphine converted the azide group into the 

amine.80 Compound 47 was treated with phosgene for the formation of isocyanate 

intermediate 48, which was immediately used for the next step. 

 

Scheme 3. Synthesis of the intermediate 48 

 

Reagents and Conditions: (a) NaN3, dry DMF, 80 °C, 12 h, quantitative; (b) PPh3, THF, H2O, 25 

°C, 12 h, 52%; (c) COCl2 (20% in toluene), dry DCM, NaHCO3 (s.s), 0 °C, 10 min, quantitative. 

 

Scheme 4. Synthesis of 50 and 53 

 

Reagents and Conditions: (a) PdCl2, AgOAc, NaOAc, AcOH, 110 °C, 36 h, 20%; (b) SOCl2, 

MeOH, 0 °C to 65 °C, 12 h, 92%; (c) COCl2 (20% in toluene), dry DCM, NaHCO3 (s.s), 0 °C, 10 

min, quantitative. 

 

As described in Scheme 4, intermediate 50 was synthesized directly from the 

commercially available methyl 4-iodobenzoate, 49 after refluxing it with silver and sodium 
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acetate with palladium chloride in acetic acid at 110 °C. Whereas, 2-(4-aminophenyl)acetic 

acid 51 was esterified to afford 52, which underwent the used procedure in presence of 

phosgene for the preparation of 53. 

The synthesis of the final compounds 33 and 34 is described in the Scheme 5. The 

connecting urea bond in 54 was built up in the presence of the activated isocyanate 48, the 

free piperidine containing compound 42, and TEA operating at reflux condition in dry THF 

solution. Whereas, the amide containing compounds 55 was synthesized by reacting 42 and 

the phenylacetic acid compound 50 in the presences of EDCI, HOBt and DIPEA in dry 

DCM at room temperature. Both the compound 54 and 55 were converted into their 

hydroxamic acid derivatives 33 and 34, respectively after treatment with hydroxyl amine 

and methanolic potassium hydroxide in DCM medium at room temperature. 

 

Scheme 5. Synthesis of final compounds 33 and 34 

 

Reagents and conditions: (a) TEA, dry THF, 65 °C, 1.5 h, quantitative; (b) DCM, MeOH, 

NH2OH, KOH (4 M in MeOH), quantitative; (c) DIPEA, EDCI, HOBt, dry DCM, 0 °C (15 min) to 

25 °C (12 h), 60%. 

 

The synthesis of final compounds 35 and 36 (Scheme 6) was accomplished from the 

intermediates 44, 48, and 53 by following the same approach as described for the synthesis 

of the urea compound 34, described in Scheme 5. 
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Scheme 6. Synthesis of the final compounds 35 and 36 

 

Reagents and conditions: (a) TEA, dry THF, 65 °C, 1.5 h, quantitative; (b) DCM, MeOH, 

NH2OH, KOH (4 M in MeOH), quantitative. 
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PART 2 CHAPTER IV 

RESULTS AND CONCLUSIONS 

 

2.4.1. Results 

All the synthesized compounds have been tested for their inhibitory effect on HDAC1 and 

HDAC6 isoforms (Table 2). Compound 33 proved to be 1265-fold selective for HDAC6 

over HDAC1 with the IC50 value of 3.4 ± 0.8 nM. While compound 34 and 36 also 

selectively inhibited HDAC6 over HDAC1 with IC50 value of 91 ± 7 nM and 21 ± 1 nM, 

respectively. Compound 35 did not display any remarkable inhibition in these enzymatic 

studies. 

 

Table 2. IC50 value assessment of the synthesized compounds on HDAC1 and HDAC6 

 

Cpds 
HDAC1 IC50 μM 

(inhibition %, tested dose) 

HDAC6 IC50 nM 

(inhibition %, tested dose) 
Selectivity 

33 4.3 ± 0.3 3.4 ± 0.8  1265 fold 

34 9.7 ± 3.9 91 ± 7  106 fold 

36 4.2 ± 0.2 21 ± 1  200 fold 

35 

82.7% @ 50 μM 

53.3% @ 10 μM 

23.6%, @ 1 μM 

102.6%, @ 50 μM 

94.2%, @ 10 μM 

60.2%, @ 1 μM 

Not 

calculated 

 

In addition, the X-ray crystallographic study of the best performing compounds 33 and 36 

has been conducted with 1.8Ǻ and 2.0Ǻ value.  

 

2.4.2 Conclusions 

In conclusion, I have participated to the development of selective inhibitors of HDAC6 

through the synthesis of a set of β-lactam cored compounds. The newly developed 

structures were inspired to the scaffold of a previously developed inhibitor identified by 

our research group. All the compounds have been tested for the individual inhibitory effect 

on both HDAC1 and HDAC6. The best compound 33 showed an IC50 value of 3.4 nM on 

HDAC6 with 1265-fold selectivity over the HDAC1 isoform. The two best performing 

compounds (33 and 36) have also been subjected to X-ray crystallographic studies. Further 

characterizations for ascertaining potential therapeutic applications are currently ongoing. 
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PART 2 CHAPTER V 

EXPERIMENTAL SECTION 

General Remarks 

All chemicals and reagents were purchased from the commercial suppliers and used 

without further purification, unless and otherwise specified. Reaction progress was 

observed by thin-layer chromatography (TLC), carried out on silica (60 F254) or alumina 

(60 F254, basic) gel plates with detection by UV and the products were purified by means 

of either silica (60M, 0.040-0.063 μm) or alumina (90, standarized) column 

chromatography. 1H and 13C NMR spectra were documented in the indicated deuteriated 

solvent on a Varian 300 MHz or a Bruker 400 MHz spectrometer by using the residual 

signal of the deuterated solvent as internal standard. Splitting patterns are indicated by s 

(singlet), d (doublet), dd (doublet of doublets), t (triplet), q (quartet), m (multiplet), and br 

(broad); chemical shifts (δ) are defined in parts per million (ppm) and coupling constants 

(J) in Hertz (Hz). ESI-MS spectra were performed by an Agilent 1100 Series LC/MSD 

spectrometer. HRESIMS were carried out by a Thermo Finningan LCQ Deca XP Max ion-

trap mass spectrometer equipped with Xcalibur software, operated in positive ion mode 

and conducted at the University of Naples, Italy. Yields denote to purified products. HPLC 

analysis were performed with a Shimadzu Prominence apparatus equipped with a scanning 

absorbance UV-VIS detector (Diode Array SPD-M20A) also equipped with a thermostatic 

chamber and Purospher®STAR, RP-18ɛ (5 μM) HPLC column. All moisture-sensitive 

reactions were executed under nitrogen atmosphere using oven-dried glassware and freshly 

distilled dry solvents. 

 

Dimethyl (1-benzylpiperidin-4-yl)carbonimidodithioate (38) 

 

A solution of NaOH (10mL, 20 M aqueous) was added to the commercially available 37 

(1000 mg, 5.26 mmol) at 0 °C and stirred for 5 min. A solution of carbon disulfide (400 

mg, 5.26 mmol) in toluene (3 mL) was added to the reaction mixture, followed by a fast 

addition of methyl iodide (983 μL, 15.78 mmol) in toluene (3 mL) at room temperature and 

stirred for another 5 min. After that, benzyltriethylammonium chloride (120 mg, 0.526 

mmol) was added to the reaction mixture and stirred for another 30 min. Toluene was 
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removed completely under reduced pressure. The crude was dissolved in Et2O, washed 

with water, dried over anhydrous sodium sulfate, filtered, and concentrated to obtain the 

compound 38 in quantitative yield which was used in the next step without any further 

purification. 1H NMR (300 MHz, CDCl3) δ: 7.44-7.28 (m, 5H), 3.793.63 (m, 1H), 3.53 (d, 

J = 10.2 Hz, 2H), 2.91-2.78 (m, 2H), 2.55 (s, 3H), 2.37 (s, 3H), 2.30- 2.11 (m, 2H), 1.88-

1.61 (m, 4H); ESI-MS m/z 294.8 [M+H]+. 

 

1-(1-Benzylpiperidin-4-yl)-4,4-bis(methylthio)-3,3-diphenylazetidin-2-one (40) 

 

Triphosgene (227 mg, 0.765 mmol) was added to a solution of 39 (486 mg, 2.29 mmol) in 

dry DCM (9.3 mL) at room temperature and heated at 50 °C for 30 min. A solution of 38 

(450 mg, 1.53 mmol) in dry DCM (9.3 mL) and TEA (640 μL, 4.59 mmol) was added to 

the reaction mixture and refluxed for 12 h. A saturated solution of NaHCO3 was added 

slowly to the cooled down mixture at room temperature and the compound was extracted 

out with DCM (3 x 15 mL). The combined organic layers was dried over anhydrous 

sodium sulfate, filtered, and concentrated. The residue was purified with a silica gel 

column chromatography (DCM/Acetone 40:1) to obtain the product 40 in 52% yield. 1H 

NMR (300 MHz, CDCl3) δ: 7.73 (d, J = 7.0 Hz, 4H), 7.42-7.20 (m, 11H), 3.54 (s, 2H), 

3.27 (dt, J = 19.8, 7.9 Hz, 1H), 3.00 (d, J = 11.7 Hz, 2H), 2.66-2.46 (m, 2H), 2.11-1.92 (m, 

4H), 1.73 (s, 6H); ESI-MS m/z 488.9 [M+H]+. 

 

1-(1-Benzylpiperidin-4-yl)-3,3-diphenylazetidin-2-one (41) 

 

Nickel (II) chloride hexahydrate (730 mg, 3.069 mmol) and sodium borohydride (348 mg, 

9.21 mmol) was added to a solution of 40 (300 mg, 0.614 mmol) in methanol (32 mL) and 

THF (8 mL) solution at room temperature and stirred for 2 h. After that, the reaction was 

quenched with a slow addition of water and extracted with EtOAc, dried over anhydrous 
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sodium sulfate, filtered, and concentrated. The residue was purified on a silica gel column 

chromatography (PE/EtOAc 1:1) to afford the compound 41 in 20% yield. 1H NMR (300 

MHz, CDCl3) δ: 7.49-7.16 (m, 15H), 3.85 (s, 2H), 3.82-3.67 (m, 1H), 3.50 (s, 2H), 2.90 (d, 

J = 12.0 Hz, 2H), 2.07 (tt, J = 11.1, 5.5 Hz, 2H), 1.93-1.63 (m, 4H). ESI-MS m/z 396.9 

[M+H]+. 

 

3,3-Diphenyl-1-(piperidin-4-yl)azetidin-2-one (42) 

 

Catalytic amount of 10% Pd/C was added to a solution of 41 (250 mg, 0.631 mmol) in 

methanol (25 mL) at room temperature under nitrogen atmosphere. The mixture was 

stirred under hydrogen pressure for 12 h. Methanol was removed completely under 

reduced pressure; residue was diluted with EtOAc, filtered, and concentrated to obtain the 

compound 42 in quantitative yield. 1H NMR (300 MHz, CDCl3) δ: 7.49-7.16 (m, 15H), 

3.85 (s, 2H), 3.82-3.67 (m, 1H), 3.50 (s, 2H), 2.90 (d, J = 12.0 Hz, 2H), 2.07 (tt, J = 11.1, 

5.5 Hz, 2H), 1.93-1.63 (m, 4H). ESI-MS m/z 307.0 [M+H]+. 

 

3,4-Diphenyl-1-(piperidin-4-yl)azetidin-2-one (44) 

 

1-chloroethylchloroformate (30 μL, 0.271 mmol) was added to the solution of 43 (100 mg, 

0.251 mmol) in dry DCM (2.5 mL) at 0 °C and stirred for 2 h at the same temperature. 

After that, solvent was evaporated completely at room temperature under reduced pressure 

and the crude was dissolved in methanol (5 mL) and refluxed at 65 °C for 1 h. Solvent was 

removed completely to afford the product in 50% yield. 1H NMR (300 MHz, CD3OD) δ: 

7.49-7.17 (m, 10H), 4.65 (d, J = 2.2 Hz, 1H), 4.12 (t, J = 2.8 Hz, 1H), 3.94 (ddd, J = 19.3, 

7.9, 3.6 Hz, 2H), 3.68 (tdd, J = 11.9, 8.0, 3.7 Hz, 1H), 2.92-2.70 (m, 2H), 1.87 (ddt, J = 

42.0, 33.7, 16.1 Hz, 3H), 1.53-1.23 (m, 1H); ESI-MS m/z 307.0 [M+H]+. 
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Methyl 4-(azidomethyl)benzoate (46) 

 

Sodium azide (283 mg, 4.355 mmol) was added to a solution of 45 (200 mg, 0.871 mmol) 

in dry DMF (1 mL) and refluxed at 90 °C for 12 h. Water was added at room temperature 

and the product was extracted out with EtOAc (3 x 10 mL). The combined organic layer 

was dried over anhydrous sodium sulfate, filtered, and concentrated to afford the title 

compound 46 in quantitative yield. 1H NMR (300 MHz, ((CD3)2CO) δ: 8.08-7.97 (m, 2H), 7.54-

7.44 (m, 2H), 4.54 (s, 2H), 3.90-3.83 (m, 3H). 

Methyl 4-(aminomethyl)benzoate (47) 

 

Triphenylphosphine (301 mg, 1.151 mmol) was added to a solution of 46 (200 mg, 1.046 

mmol) in THF (4.5 mL) and water (0.7 mL) at room temperature and stirred for 12 h. 

Solution was diluted with water and then acidified to pH = 2 with a solution of 1(N) HCl. 

Aqueous solution was washed with Et2O and then 1(M) NaOH was added to basify until 

pH = 9, extracted with DCM, dried over anhydrous sodium sulfate, filtered, and 

concentrated to afford the title compound in 52% yield. 1H NMR (300 MHz, CDCl3) δ: 8.02-

7.88 (m, 2H), 7.34 (d, J = 8.1 Hz, 2H), 3.94-3.81 (m, 5H), 1.67 (s, 2H).  

 

Methyl 4-(isocyanatomethyl)benzoate (48) 

 

A saturated solution of NaHCO3 (1.4 mL) was added to a solution of 47 (25 mg, 0.151 

mmol) in dry DCM (1.4 mL) at 0 °C and stirred for 10 min. After that, the stirring was 

stopped completely and a solution of phosgene (37 μL, 0.303 mmol) in 20% toluene was 

added directly to the lower organic layer. Reaction mixture was stirred for another 15 min 

and extracted with DCM. The combined organic layer was dried over anhydrous sodium 

sulfate, filtered, and concentrated at room temperature. Toluene was removed completely 

form the crude of 48 under high vacuum and used for the next reaction immediately. 
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2-(4-(Methoxycarbonyl)phenyl)acetic acid (50) 

 

Sillver acetate (283 mg, 1.705 mmol), sodium acetate (468 mg, 5.707 mmol), and 

palladium chloride (20 mg, 0.113 mmol) was added to a suspension of 49 (300 mg, 1.141 

mmol) in acetic acid (3 mL) and refluxed at 110 °C for 36 h. A saturated solution of NH4Cl 

was added to the reaction mixture at room temperature and extracted with EtOAc (3 x 10 

mL), dried over anhydrous sodium sulfate, filtered, and concentrated. The residue was 

purified with silica gel column chromatography (PE/EtOAc 1:1) to afford the compound 

50 in 20% yield. 1H NMR (300 MHz, CDCl3) δ: 8.02-7.96 (m, 2H), 7.27-7.24 (m, 2H), 

3.88 (d, J = 4.8 Hz, 3H), 3.76 (s, 2H). 

 

Methyl 2-(4-aminophenyl)acetate (52) 

 

Thionyl chloride (0.3 mL, 4.000 mL) was added to a solution of 51 (200 mg, 1.321 mmol) 

in methanol (3 mL) at 0 °C and then was refluxed at 65 °C for 12 h. A saturated solution of 

NaHCO3 was added to the reaction mixture at room temperature and methanol was 

removed completely under reduced pressure. Aqueous solution was extracted with DCM 

and the combined organic layer was dried over anhydrous sodium sulfate, filtered, and 

concentrated. The residue was purified on a silica gel column chromatography 

(DCM/MeOH 20:1) to afford the compound 52 in 92% yield. 1H NMR (300 MHz, CDCl3) 

δ: 7.05 (d, J = 8.3 Hz, 2H), 6.60 (t, J = 9.5 Hz, 2H), 3.65 (d, J = 12.6 Hz, 5H), 3.51 (s, 2H). 

ESI-MS m/z 166.1 [M+H]+. 

 

Methyl 2-(4-isocyanatophenyl)acetate (53) 

 

The compound 53 was synthesized from the amine 52 by following the same procedure as 

describe for the synthesis of 48. 
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Methyl 4-((4-(2-oxo-3,3-diphenylazetidin-1-yl)piperidine-1-carboxamido)methyl)benzoate 

(54) 

 

A solution of 48 (0.151 mmol) in dry THF (0.8 mL) was added to a solution of 42 (23 mg, 

0.075 mmol) in dry THF (0.8 mL), followed by the addition of TEA (42 μL, 0.298 mmol). 

The reaction mixture was then refluxed at 65 °C for 1.5h. Solvent was removed completely 

under reduced pressure and the crude was purified on silica gel column chromatography 

(DCM/MeOH 10:1) to afford the compound 54 in quantitative yield. 1H NMR (300 MHz, 

CD3OD) δ: 7.93 (d, J = 8.0 Hz, 2H), 7.41-7.13 (m, 12H), 4.42-4.30 (m, 2H), 3.98 (t, J = 

15.9 Hz, 2H), 3.92-3.83 (m, 5H), 3.83-3.69 (m, 1H), 2.96-2.81 (m, 2H), 1.94-1.50 (m, 4H). 

ESI-MS m/z 498.7 [M+H]+. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-4-(2-oxo-3,3-diphenylazetidin-1-yl)piperidine-1-

carboxamide (33) 

 

Hydroxyl amine (660 μL, 10.049 mmol) was added to a solution of 54 (50 mg, 0.100 

mmol) in DCM (4 mL) and methanol (2 mL) at room temperature, followed by a dropwise 

addition of methanolic KOH (4M, 1.3 mL) solution and the reaction mixture was stirred 

for 3 h. After that, a solution of 1(N) HCl was added to the reaction mixture to reach the 

pH at 5-6. The solvent was removed completely under reduced pressure. The residue was 

purified on a silica gel flash column chromatography (DCM/MeOH/NH4OH 10:1:0.1) to 

obtain the title compound in quantitative yield. 1H NMR (300 MHz, DMSO) δ: 11.16-

10.97 (m, 1H), 8.94 (s, 1H), 7.89 (s, 1H), 7.65 (d, J = 8.2 Hz, 2H), 7.43-7.17 (m, 10H), 

7.11 (d, J = 5.7 Hz, 2H), 4.64-4.48 (m, 1H), 4.23 (d, J = 5.4 Hz, 2H), 4.00-3.82 (m, 3H), 

3.78-3.59 (m, 4H), 2.78 (dd, J = 26.3, 15.2 Hz, 8H), 1.75 (d, J = 10.2 Hz, 6H), 1.51 (d, J = 
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11.5 Hz, 7H).13C NMR (75 MHz, CD3OD) δ: 169.9, 166.6, 158.3, 154.7, 144.4, 140.2, 

130.5, 128.3, 127.0, 126.9, 126.8 (2C), 64.4, 52.3, 49.8, 43.6, 42.3, 29.1, 20.1, 13.4. ESI-

MS m/z 496.2 [M-H]-. 

 

Methyl 4-(2-oxo-2-(4-(2-oxo-3,3-diphenylazetidin-1-yl)piperidin-1-yl)ethyl)benzoate (55) 

 

DIPEA (90 μL, 0.521 mmol), EDCI (31 mg, 0.162 mmol), and HOBt (27 mg, 0.201 mmol) 

were added sequentially into a solution of 50 (25 mg, 0.131 mmol) in dry DCM (2 mL) at 

0 °C and stirred for 15 min. A solution of 42 (50 mg, 0.161 mmol) in dry DCM (2 mL) was 

added to the reaction mixture at the same temperature and then stirred at room temperature 

for 12 h. Reaction mixture was washed with a saturated solution of NH4Cl, NaHCO3, 

brine, dried over anhydrous sodium sulfate, filtered, and concentrated. The reaction crude 

was purified on a silica gel column chromatography (DCM/MeOH 50:1) to get the final 

compound 55 in 60% yield. 1H NMR (300 MHz, CDCl3) δ: 8.03-7.94 (m, 2H), 7.43-7.15 

(m, 12H), 4.52 (d, J = 13.5 Hz, 1H), 3.95-3.86 (m, 3H), 3.86-3.79 (m, 2H), 3.79-3.70 (m, 

3H), 3.16-2.99 (m, 1H), 2.94-2.69 (m, 1H), 1.85 (t, J = 14.4 Hz, 3H), 1.67-1.31 (m, 2H). 

ESI-MS m/z 482.8 [M+H]+. 

 

N-Hydroxy-4-(2-oxo-2-(4-(2-oxo-3,3-diphenylazetidin-1-yl)piperidin-1-yl)ethyl)benzamide 

(34) 

 

The title compound 34 was synthesized in quantitative yield from 55 by following the 

same procedure as described for 33. 1H NMR (300 MHz, DMSO) δ: 11.23-10.97 (m, 1H), 

8.97 (s, 1H), 7.66 (d, J = 8.2 Hz, 2H), 7.39-7.09 (m, 12H), 4.24 (d, J = 12.4 Hz, 1H), 3.94-

3.63 (m, 5H), 3.27 (dd, J = 1.1, 0.6 Hz, 1H), 3.17-2.99 (m, 1H), 2.78-2.61 (m, 1H), 1.74 (s, 
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2H), 1.48 (dd, J = 19.9, 11.4 Hz, 2H); 13C NMR (75 MHz, CD3OD) δ: 169.9, 158.3, 144.3, 

140.2, 130.6, 128.3, 126.9, 126.9, 126.8, 64.5, 52.3, 49.8, 43.5, 42.3, 29.1. ESI-MS m/z 

481.1 [M-H]-. 

 

Methyl 2-(4-(4-(2-oxo-3,4-diphenylazetidin-1-yl)piperidine-1-carboxamido)phenyl)acetate 

(56) 

 

Compound 56 was synthesized from 44 and 53 by using the same procedure as described 

for 54 in quantitative yield. 1H NMR (300 MHz, CD3OD) δ: 7.97-7.87 (m, 2H), 7.48-7.20 

(m, 10H), 7.13-6.99 (m, 2H), 4.69-4.61 (m, 1H), 4.37-4.31 (m, 2H), 4.14-4.08 (m, 1H), 

4.07-3.96 (m, 1H), 3.91-3.82 (m, 4H), 2.83 (ddd, J = 18.6, 13.7, 2.7 Hz, 2H), 2.05-1.69 (m, 

3H), 1.40 (ddd, J = 37.3, 20.6, 12.4 Hz, 2H). ESI-MS m/z 498.0 [M+H]+. 

 

N-(4-(2-(Hydroxyamino)-2-oxoethyl)phenyl)-4-(2-oxo-3,4-diphenylazetidin-1-

yl)piperidine-1-carboxamide (35) 

 

The title compound 35 was synthesized in quantitative yield from 56 by following the 

same procedure as described for 33. 1H NMR (300 MHz, CD3OD) δ: 7.55-6.92 (m, 14H), 

4.67 (d, J = 2.1 Hz, 1H), 4.15-3.88 (m, 3H), 3.78-3.57 (m, 1H), 3.32 (s, 2H), 2.90 (ddd, J = 

17.2, 14.1, 7.2 Hz, 2H), 2.08-1.68 (m, 3H), 1.49 (ddd, J = 24.3, 11.9, 3.9 Hz, 1H); 13C 

NMR (75 MHz, CD3OD) δ: 169.6, 169.5, 156.2, 138.4, 138.3, 134.8, 129.5, 128.8, 128.7, 

128.6, 128.5, 127.4, 127.1, 126.4, 120.8, 63.9, 63.2, 51.2, 42.8, 42.6, 38.6, 30.0, 29.6. ESI-

MS m/z 481.1 [M-H]-. 
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Methyl 4-((4-(2-oxo-3,4-diphenylazetidin-1-yl)piperidine-1-carboxamido)methyl)benzoate 

(57) 

 

Compound 57 was synthesized from 44 by using the same procedure as described for 55 in 

quantitative yield. 1H NMR (300 MHz, CD3OD) δ: 7.99-7.86 (m, 2H), 7.49-7.20 (m, 12H), 

4.64 (t, J = 4.9 Hz, 1H), 4.35 (s, 2H), 4.12 (t, J = 2.8 Hz, 1H), 4.08-3.85 (m, 5H), 3.68 (tdd, 

J = 11.9, 8.0, 3.7 Hz, 1H), 2.96-2.70 (m, 2H), 2.05-1.70 (m, 2H), 1.57-1.23 (m, 2H). ESI-

MS m/z 498.0 [M+H]+. 

 

N-(4-(Hydroxycarbamoyl)benzyl)-4-(2-oxo-3,4-diphenylazetidin-1-yl)piperidine-1-

carboxamide (36) 

 

The title compound 36 was synthesized in quantitative yield from 57 by following the 

same procedure as described for 33. 1H NMR (300 MHz, DMSO) δ: 11.12 (s, 1H), 8.95 (s, 

1H), 7.64 (d, J = 8.1 Hz, 2H), 7.51-7.16 (m, 10H), 7.12-6.98 (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), 3.63-3.44 (m, 

1H), 2.71 (dd, J = 25.3, 12.0 Hz, 2H), 1.96-1.55 (m, 4H); 13C NMR (75 MHz, DMSO) δ: 

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 481.1 [M-H]-. 
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PART 2 ABBREVIATIONS 

 

AIF Allograft inflammatory factor 1 

Akt Protein kinase B 

Apaf-1 Apoptotic peptidase activating factor 1 

ATG Autophagy related genes 

Bax Bcl2 associated X 

BMF Bcl2 modifying factor 

CDH1 Epithelial-cadherin 

CDK cyclin-dependent kinase 

DCM Dichloromethane 

DIPEA N,N-Diisopropylethylamine 

DMF N,N-Dimethylformamide 

DNA Deoxyribonucleic acid 

DR5 Death receptor 5 

EDCI 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EMT Epithelial-to-mesenchymal transition 

ESI-MS Electrospray ionization mass spectroscopy 

HATs Histone acetyltransferases 

HDACs Histone deacetylases 

HDACi Histone deacetylase inhibitors 

HIF-1α Hypoxia-inducible factors 1 α 

HMGA2 High Mobility Group AT-Hook 2 

HOBt Hydroxybenzotriazole 

HPLC High pressure liquid chromatography 

HRESI-MS High resolution electrospray ionization mass spectroscopy 

Hsp70 Heat shock protein 70 

IC50 Half maximal inhibitory concentration 

LC3-II Light chain 3-II 

LC/MSD Liquid chromatography/mass selective detector 

MAPK mitogen-activated protein kinase 

MGL monoacylglycerol lipase 
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MHz Megahertz 

Mi-2/NRD Nucleosome remodeling and deacetylation 

mTOR Mammalian/mechanistic target of rapamycin 

NAD Nicotinamide adenine dinucleotide 

N-CoR Nuclear receptor co-repressor 

NF-B Nuclear factor kappa-light-chain-enhancer of activated B cells 

PI3K Phosphoinositide 3-kinase 

PRC2 polycomb repressive complex 2 

SIRTs Sirtuins 

SmHDAC8 Schistosoma mansoni histone deacetylase 8 

TEA Triethylamine 

TEBA Benzyltriethylammonium chloride 

THF Tetrahydrofuran 

TLC Thin-layer chromatography 

TRAIL Tumor necrosis factor -related apoptosis-inducing ligand 

UV-VIS Ultraviolet-visible 

ZBG Zinc binding group 
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