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Riassunto dell’attività svolta 

 

L’attività di ricerca descritta in questa tesi di dottorato si inserisce all’interno di progetti 

avviati con diversi ricercatori presso Università sia italiane che estere e hanno come 

scopo principale l’identificazione, la sintesi e la validazione di nuove piccole molecole 

quali potenziali agenti farmacologici per il trattamento di diverse patologie: batteriche, 

antiparassitarie, tumorali e autoimmuni. I progetti presentano delle caratteristiche 

marcatamente multidisciplinari e questo ha permesso di estendere le mie esperienze ad 

ambiti non strettamente inerenti alla mia formazione curriculare e conseguentemente di 

acquisire consapevolezza della complessità della chimica farmaceutica nelle sue varie 

accezioni. 

La mia principale attività è consistita nella progettazione e sintesi chimica di 

composti organici a struttura policiclica ed etero-policiclica applicando metodi di 

sintesi classici ed avanzati. La diversità dei progetti mi ha indotto ad affrontare e 

approfondire lo studio di nuove procedure di sintesi organica fondamentali per 

l’ottenimento di una grande varietà di strutture chimiche proposte come potenziali 

farmaci. Accanto allo studio per la progettazione dei percorsi sintetici, questa tesi 

di dottorato è contraddistinta dalla grande mole di lavoro sperimentale in 

laboratorio come si evince dall’elevato numero di composti intermedi e finali 

ottenuti e che sono stati purificati e compiutamente caratterizzati da un punto di 

vista chimico-fisico. Pertanto, anche le mie competenze riguardo l’uso di 

strumentazioni presenti e non nel Dipartimento di Scienze del Farmaco si sono 

notevolmente consolidate, in particolare ho potuto approfondire le tecniche di 

indagine spettroscopica più diffuse ed essenziali nell’ambito della chimica 

farmaceutica come la spettroscopia NMR e la spettrometria di massa. La maggior 

parte dei composti da me preparati in laboratorio sono già stati studiati anche per 

la loro attività biologica allo scopo di valutarne il potenziale farmacologico e per 

questo sono molto grato ai ricercatori con cui ho proficuamente collaborato. 

Segue una breve descrizione dei risultati ottenuti nei vari capitoli. 

Capitolo 1. Diflunisal, un noto farmaco antiinfiammatorio della categoria dei salicilati, è 

stato recentemente riproposto come agente in grado di sensibilizzare lo Staphylococcus 

aureus meticillino-resistente all’azione della meticillina. I principali problemi legati 

all’utilizzo di questo farmaco nella terapia antibiotica sono legati al meccanismo d’azione 
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antiinfiammatorio, che può condurre a lesioni gastrointestinali anche gravi, e alla scarsa 

solubilità in acqua. Per queste ragioni abbiamo progettato e sintetizzato degli aza-

analoghi del diflunisal, seguendo una via sintetica che prevede l’ottenimento di intermedi 

ossazolici e l’applicazione della reazione di Diels-Alder per generare così una libreria di 

analoghi acidi idrossi-piridin-carbossilici variamente sostituiti. A seguito della 

valutazione biologica i composti sintetizzati non presentano attività citotossica ed alcuni 

di loro presentano interessanti proprietà antinfiammatorie e soprattutto antibatteriche, 

sensibilizzando i batteri S. aureus, Streptococcus pyogenes, Enterococcus faecium e 

Pseudomonas aeruginosa all’azione di alcuni antibiotici. 

Capitolo 2. I 7-fenilpirrolochinolinoni (7-PPyQ) appartengono alla famiglia dei 

pirrolochinolinoni, una classe di composti che ha rivelato in anni recenti interessanti 

proprietà antitumorali. In particolare, alcuni derivati del 7-PPyQ agiscono come forti 

inibitori della polimerizzazione della tubulina e dimostrano grande affinità per il sito della 

colchicina. I dati ottenuti dallo studio di numerosi derivati hanno consentito la 

comprensione delle relazioni struttura-attività. Il problema principale di questi composti è 

dovuto alla scarsa stabilità metabolica in seguito ad ossidazioni multiple. Per questo 

motivo sono stati progettati e sintetizzati alcuni derivati inserendo l’atomo di fluoro in 

diverse posizioni allo scopo di esplorare l’influenza di questo elemento sull’attività 

biologica e sulla stabilità metabolica. La valutazione biologica comprende i test di 

citotossicità in vitro e antitumorale in vivo su modello murino di melanoma., saggi di 

inibizione della polimerizzazione della tubulina e ovviamente i test in vitro di stabilità 

metabolica.  

Capitolo 3. Il recettore nucleare RORγt, un’isoforma del recettore orfano correlato ai 

recettori dell’acido retinoico ROR, è stato identificato come principale responsabile 

dell’attività e dello sviluppo dei linfociti T-helper 17 (TH17), i quali sono implicati nella 

patogenesi di alcune malattie autoimmuni. Questo rende RORγt un bersaglio ideale per il 

trattamento di queste patologie. Esplorando la struttura dei ligandi steroidei naturali e 

sintetici di questo recettore e dei ligandi arotenoidi, è stata progettata una struttura ibrida 

come lead compound e generato una piccola libreria di analoghi, sfruttando in particolar 

modo le reazioni di Friedel-Crafts e di coupling di Suzuki. Saggi di citotossicità, attività 

estrogenica e modulazione dell’attività del recettore RORγt sono stati effettuati. I 

composti risultano essere meno potenti dell’acido ursolico, agonista inverso usato come 

riferimento, ma rappresentano un buon punto di partenza per lo sviluppo di nuovi agonisti 

inversi del recettore RORγt, a struttura steroidea.  
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Capitolo 4. L’attività descritta in questo capitolo è stata possibile grazie ad un periodo di 

6 mesi trascorso presso il laboratorio di modellistica molecolare del professor Andrea 

Brancale presso Cardiff University (UK). Il recettore trans-membrana Notch e il suo 

sistema di signalling sono fattori chiave nello sviluppo e mantenimento dell’omeostasi in 

molti tessuti. Un’attività irregolare di questo sistema rappresenta uno dei principali driver 

nella patogenesi e progressione di molte forme tumorali, in particolar modo leucemiche. 

L’attività di Notch è fortemente dipendente dal contesto, infatti presenta caratteristiche sia 

di oncogene che di oncosoppressore. La sua modulazione rappresenta quindi una 

possibilità terapeutica concreta. Ad oggi, non esistono molecole in clinica che agiscono 

direttamente sul recettore Notch, per questo motivo prendendo in esame due diversi 

binding sites, è stato effettuato uno studio di modellistica molecolare adiuvato da 

simulazioni di docking per identificare nuovi possibili ligandi. Sono stati realizzati diversi 

studi di virtual screening, sia con approccio structure-based che ligand-based, e 62 

molecole provenienti da diversi database commerciali, sono state selezionate per la 

valutazione biologica. Dai risultati ottenuti è stato possibile identificare due hit 

compounds, i quali verranno sottoposti a ulteriore indagine in futuri studi di hit-to-lead 

optimization. 

Capitolo 5. La malattia di Chagas è una malattia tropicale negletta causata dal protozoo 

Tripanosoma cruzi. Attualmente, viene trattata mediante somministrazione di 

benznidazolo o nifurtimox, due vecchi agenti antiparassitari, che presentano molti effetti 

collaterali e limitata efficacia, soprattutto nella fase cronica dell’infezione. Un possibile 

bersaglio molecolare per il trattamento dell’infezione è rappresentato dall’enzima 

Tripanotione Reduttasi (TryR), responsabile della difesa del parassita contro lo stress 

ossidativo. L’inibizione di questo enzima incrementa la suscettibilità di T. cruzi nei 

confronti dei farmaci antiparassitari, probabilmente consentendo una riduzione del 

dosaggio e un maggiore successo della terapia. Uno structure-based virtual screening 

sulla struttura di TryR è stato effettuato confermando lo scaffold β-carbolinico come 

cruciale per la progettazione razionale di nuovi inibitori. La sintesi multi-step, 

comprendente reazione di Pictet-Spengler e coupling ammidico, è stata completata con 

successo per 7 derivati e al momento i composti sono sottoposti a valutazione biologica 

presso l’Universidad Metropolitana de Ciencias de la Educacion (UMCE), Santiago, 

Chile.  
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Summary 

 

The research projects described in this thesis are part of numerous collaborations with 

different scientific groups of italian and foreign universities but all aim at identifying, 

synthesising and validating new chemical structures as potential pharmacological agents 

for the treatment of several diseases (bacterial, cancerous, autoimmune or parasitic). All 

the projects are extremely multidisciplinary, and this gave me the chance to extend my 

knowledge towards new subjects, not strictly related to my educational background and at 

the same time to understand the complexity of medicinal chemistry, in all its facets. 

My principal task was to design and synthesise new chemical compounds with a 

polycyclic and hetero-polycyclic structure employing conventional and non-conventional 

synthetic methodologies. The high degree of diversity of these projects lead me to study 

and explore a considerable variety of chemical structures and functional groups, allowing 

me to learn and understand a very complex matter, but at the same time very fascinating, 

such as the organic chemistry applied to the pharmaceutical area. 

Beside the more theoretical knowledges related to the synthesis planning, this thesis is 

also marked by the strong impact and effort due to the laboratory practical for the 

preparation and physico-chemical characterization of the synthesised derivatives, which 

allowed me to deepen the understanding of fundamental spectroscopic and spectrometric 

techniques such as NMR and mass spectrometry. Moreover, the biological evaluation of 

the synthesised compounds played a crucial role in all this works and I am very grateful 

to the researchers with whom I had the chance to collaborate. 

A brief description of the major results presented in the various chapters follows. 

Chapter 1. Diflunisal, an old anti-inflammatory drug with a salicylic structure, has been 

recently repurposed for its capacity of sensitising methicillin-resistant Staphylococcus 

aureus to the action of methicillin. The major drawbacks related to the use of this drug in 

the antibacterial therapy are related to the anti-inflammatory mechanism of action, which 

can lead to gastrointestinal lesions, and to the poor water solubility. For this reasons we 

designed and synthesised some aza-analogs of diflunisal, following a synthetic route 

involving the obtainment of key oxazole intermediates and which exploit the Diels-Alder 

reaction to generate a small library of hydroxy-pyridine-carboxylic acids, variously 

substituted. From the biological investigation, the synthesised derivatives showed no 

cytotoxic activity, but some of them presented interesting anti-inflammatory and anti-
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bacterial properties, sensitising the bacteria S. aureus, Streptococcus pyogenes, 

Enterococcus faecium e Pseudomonas aeruginosa to the action of some common 

antibiotics. 

Chapter 2. In the last ten years, we have been developing 7-phenyl-pyrroloquinolinones 

derivatives as a class of compounds which showed interesting anticancer properties. 

These compounds act as tubulin polymerization inhibitors and numerous derivatives have 

already been synthesised allowing the comprehension of the structure-activity 

relationships. The major problem of these compounds is their poor metabolic stability due 

to multiple oxidations. For this reason, we designed and synthesised some fluorinated 

derivatives to explore the effect of this element on the biological activity and on the 

metabolic stability. The biological evaluation includes in vitro cytotoxic activity, tubulin 

polymerization inhibition assays, metabolic stability test and two in vivo experiment on a 

murine model of melanoma. 

Chapter 3. RORγt, an isoform of the retinoic acid-related orphan receptor gamma has 

been identified as the master regulator of T-helper 17 (TH17) cell function and 

development, making it an attractive target for the treatment of autoimmune disorders. By 

exploring the structures of natural and synthetic steroidal ligands and of arotinoids 

ligands, we designed a hybrid structure as lead compound and we generated a small 

library of analogs, taking advantage of the Friedel-Crafts and Suzuki reactions. Cytotoxic 

assays, estrogenic activity and modulation of RORγt activity were evaluated. The 

compounds demonstrated to be less potent than ursolic acid used as reference, but still 

represent a good starting point in the development of RORγt inverse agonists with a 

steroidal scaffold. 

Chapter 4. The work described in this chapter was performed during a 6-months research 

period spent in the molecular modelling laboratory of professor Andrea Brancale at 

Cardiff University (UK). The trans-membrane receptor Notch and its signalling system 

are key factors in the development and homeostasis maintenance of most tissues. An 

irregular activity of this system represents one of the principal driver in the pathogenesis 

and progression of cancer diseases, especially leukemia. Notch activity is highly context-

dependent; indeed, it shows oncogenic and tumour-suppressor roles. Thus, its modulation 

represents a concrete therapeutic possibility, but still no molecules that directly interact 

with Notch receptor are proceeding in the clinical phases at the moment. For this reasons, 

we decided to take in consideration two different binding sites and to perform a molecular 

modelling study to identify new possible ligands. Different virtual screening study were 
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performed, both structure-based and ligand-based and at the end, 62 molecules from 

different commercial database were selected and purchased for the biological evaluation. 

From the biological screening, it was possible to identify two new hit compounds, which 

will be subject to further hit-to lead optimization studies. 

Chapter 5. Chagas disease is a neglected tropical disorder caused by the protozoan 

Trypanosoma cruzi. The actual treatment consists in the administration of benznidazole or 

nifurtimox, two old anti-parasitic agents, which present several side effects and limited 

efficacy, especially in the chronic phase of the disease. An interesting molecular target for 

the treatment of the infection is represented by the enzyme Trypanothione reductase 

(TryR), which is responsible for the parasite’s defence against oxidative stress. TryR 

inhibition increases the susceptibility of T. cruzi towards anti-parasitic drugs, probably 

allowing a reduction in the dosage and thus a major success of the therapy. A virtual 

screening study on the structure of TryR was performed, and again the β-carboline 

scaffold was confirmed as a key core for the rational design of new inhibitors. The 

multistep synthesis, involving Pictet-Spengler and amidic coupling reactions, of 7 

derivatives was successfully completed, and the biological evaluation is ongoing at the 

Universidad Metropolitana de Ciencias de la Educacion (UMCE), Santiago, Chile. 
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Organization of the thesis 

 

This thesis is organized in five chapters and each of them is related to a specific and self-

standing medicinal chemistry topic. For this reason, this type of organization was 

preferred over a more traditional, monograph-style layout. Each chapter corresponds to an 

already published paper (Chapters 1 and 3), to a submitted paper (Chapter 2) or to a 

manuscript in preparation (Chapter 4-5) and represents a preliminary but relatively 

complete piece of research work. As medicinal chemistry is an interdisciplinary research, 

my contribution was mostly focused on the design, chemical synthesis and 

characterisation of all new derivatives, and in some cases on the molecular modelling 

sections. The fundamental contribution of the other participants to this research is 

acknowledged by their names as co-authors in each individual chapter. I hope the benefits 

of such organization outweigh its disadvantages.  
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Introduction 

 

Medicinal chemistry still represents one of the most investigated and studied chemical 

sciences. The reason for the high interest in this field is the strong impact that it has on 

human health, providing new strategies and approaches to fight “new and old” diseases. 

The principal aim of medicinal chemistry is to discover new pharmaceutical agents which 

can be divided in two main families: small organic molecules, representing the largest 

part of all pharmacological entities and “biologics”. Focusing on small organic molecules, 

medicinal chemistry by its nature is exceptionally multidisciplinary, requiring deep 

knowledge of organic chemistry and synthesis planning but always with the aim of 

finding compounds with a biological effect, thus also chemical biology, enzymology and 

structural biology expertise are fundamental. 

In this thesis, I will present five different medicinal chemistry projects hoping to highlight 

how the chemical and biological efforts have to meet in order to reach a specific goal.  

My personal contribution to all this work entitled “Design, Synthesis and 

Characterization of Polycyclic and Heteropolycyclic Compounds as Biologically Active 

Agents” was in the phases of design, chemical synthesis and physico-chemical 

characterization.  

The adequate design of new potential biologically active compounds is essential, and 

several approaches have been identified and studied, furnishing important guidelines for 

the effectiveness of this first phase. In particular, a clever design is important because it 

helps reducing the time required to find a molecule with the potentiality to become a 

drug, a process which is known to be onerous and long-standing. One strategy to speed-

up the drug discovery process is the so-called drug repurposing or repositioning, an 

approach which finds new uses for old drugs. This process consists in testing already 

approved drugs in order to find new potential pharmacological applications. This has the 

advantage that pharmacodynamic, pharmacokinetic and toxicity studies are usually 

already performed and available, conferring the chance of having a chemical entity as a 

starting point to develop new structures. In Chapter 1 (Synthesis and preliminary anti-

inflammatory and anti-bacterial evaluation of some diflunisal aza-analogs), an example 

on how we decided to modify the structure of the NSAID diflunisal in order to develop 

new agents endowed with both anti-inflammatory and anti-bacterial properties, improved 

water solubility but devoid of cyclooxygenase activity, is given.  
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Another strategy to design new biologically active agents is to exploit the structure of 

natural compounds with known biological activity and modifying the chemical groups 

according to the results obtained by the biological evaluation in order to increase potency 

and efficacy. In this respect, the last effort of the ten-years research work on the 

development of anticancer 7-phenylpyrrolequinolinones is presented in Chapter 2 (In 

vitro and in vivo anticancer activity of anti-tubulin fluorinated 7-phenyl-

pyrroloquinolinones). Furthermore, by means of a structure-based approach founded on 

hybridization of chemical structures, it is possible to mix structures of different known 

modulators for a specific target and to rationalize a new chemical entity with the potential 

to become a hit compound. In Chapter 3 (Targeting RORs nuclear receptors by novel 

synthetic steroidal inverse agonists for autoimmune disorders), there is an example on 

how we mix the structure of known steroidal natural ligands with arotinoids molecules to 

develop RORγ inverse agonists for the treatment of autoimmune disorders.  

On the other hand, this strategies are not always working because often even a little 

modification on a chemical structure may be totally detrimental for the activity because 

the rationalization between chemical modifications and biological behaviour is difficult to  

predict. For this reason, in the recent years, the drug discovery process has started to rely 

on computational techniques and docking simulations in order to find new hit compounds 

in a fast but random way. These techniques are based on molecular docking which 

simulates and enables the prediction of the conformation and the interaction mode of a 

ligand with its target. One of the techniques which take advantage of molecular docking 

is virtual screening. Virtual screening is used to search libraries of small molecules, in a 

fastest and more economically way than high-throughput screening, in order to identify 

structures which are most likely to bind to the target. Different virtual screening 

approaches exist, but the most studied and performed are the Structure Based Virtual 

Screening (SBVS) and the Ligand-Based Virtual Screening (LBVS). The first uses the 3D 

structure of the target to filter a library of small molecules through molecular docking 

studies. The main disadvantage of this approach is that the crystal structure of the target 

has to be determined and although protein sequences are easily determined, only a minor 

percentage of all protein discovered have been crystallised. Due to this complication, 

homology modelling methods have been improved to predict the three-dimensional 

structure of proteins using their amino acid sequence.  
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On its part, ligand-based approach uses the 3D structure of a known determined ligand to 

filter a library of small molecules to find molecules with similar shape, electronic and 

sterical features. This might help in finding apparently dissimilar structures which may 

bind to the same target. Examples on how these techniques can be useful in the search for 

new molecular structures to target a specific protein or enzyme are given in Chapter 4 (In 

silico screening as a tool to identify new anticancer agents acting in the Notch pathway), 

which describes the work performed during a 6-month research period at the molecular 

modelling laboratory of professor Andrea Brancale at Cardiff University (UK). In 

Chapter 5 (Rational design and synthesis of 2,3,4,9-tetrahydro-1H-β-carboline 

derivatives as trypanothione reductase inhibitors) a molecular modelling study is 

described with the aim of rationally design new trypanothione reductase inhibitors for the 

treatment of Chagas disease.  

Regarding the chemical synthesis part, in all the chapters that involve it, a remarkable 

attention was payed to polycyclic and heteropolycyclic structures which have always 

played a key role in medicinal chemistry. They can be usually divided in carbocyclic or 

heterocyclic systems, the former being totally composed by C atoms while the latter 

contain at least one heteroatom such as N, O, or S. Their importance have always been 

highlighted because the rigidity of a ring structure is able to maintain the binding groups 

in the correct position ensuring the “freezing” of the active conformation and reducing or 

eliminating the rotational freedom. Moreover, the minor loss of entropy freedom when a 

rigid cyclic structure bind to its target is always favourable. In the case of a more flexible 

acyclic drug when the binding process takes place, a significant loss in entropy freedom is 

paid because the small molecule can no longer adopt all the other explorable 

conformations. Furthermore, the cyclic system itself can participate in the binding process 

through the establishment of hydrophobic interactions or in the case of heterocycles also 

polar or ionic bonding. The presence of a heterocycle also influences and usually is 

beneficial for drug’s aqueous solubility ensuring an appropriate balance between 

hydrophilicity and hydrophobicity which is vital for membrane crossing and solubility in 

gastrointestinal environment or blood.  
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CHAPTER 1 

Synthesis and preliminary anti-inflammatory and anti-bacterial evaluation 

of some diflunisal aza-analogs1 

 

Synopsis  

Diflunisal, a classical nonsteroidal anti-inflammatory agent, has recently been repurposed 

for its anti-virulence properties against methicillin-resistant Staphylococcus aureus. The 

effective synthesis of some aza-analogs of the anti-inflammatory drug diflunisal was 

carried out following the route involving key oxazole intermediates to obtain o- and m-

hydroxypyridinecarboxylic acid derivatives. The newly synthesized diflunisal aza-analogs 

did not exhibit cytotoxic activity up to 80 µM and some of them reported anti-

inflammatory activities, damping the levels of pro-inflammatory cytokines and PGs 

induced by bacterial lipopolysaccharide in human primary macrophages. Ten of 

Diflunisal aza-analogs were found to have interesting antibacterial activity, sensitizing S. 

aureus, Streptococcus pyogenes, Enterococcus faecium, and Pseudomonas aeruginosa to 

the antibacterial effects of beta-lactam antibiotics and protein synthesis inhibitors. 

 

Introduction 

Antibiotic resistance is nowadays recognized as one of the most important threats to 

global human health and novel intervention strategies are required to cope or anticipate 

multiple mechanisms of drug resistance emerging in bacteria. Diflunisal, a well-known 

non-steroidal anti-inflammatory drug (NSAID), is currently used in many countries to 

treat painful conditions in patients suffering from rheumatoid arthritis and osteoarthritis,[1] 

but it has been recently repurposed as anti-virulent agent for the treatment of 

Staphylococcus aureus osteomyelitis.[2,3] The general anti-inflammatory mechanism of 

action of diflunisal has not been fully identified, but it has been demonstrated to act as 

prostaglandin synthetase inhibitor thus reducing prostaglandin levels at peripheral tissues 

 

1 Published as: Carta, D.; Brun, P.; Dal Prà, M.; Bernabè, G.; Castagliuolo, I.; Ferlin, 

M.G.; MedChemComm, 2018, 9, 1017-1032  
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and resulting in anti-inflammatory activity. Inhibition of prostaglandin synthetase, 

however, has been reported to increase rate of thrombotic events, myocardial infarction, 

and stroke following administration of diflunisal. Besides the cardiovascular adverse 

effects, administration of diflunisal has been associated with increased risk of bleeding, 

ulceration and perforation of stomach and intestine that, alike other NSAIDs, usually arise 

without any warning signs. 

Diflunisal is a derivative of salicylic acid with a structure differing from the latter because 

of the presence of the 2,4-difluoro-phenyl substitution at 5 position. Although the aza-

isosteres of salicylic acid, namely the o-hydroxy-pyridinecarboxylic acids[4] are generally 

less potent than salicylic acid itself, other pyridine derivatives such as flufenamic acid, 

niflumic acid and triflocin (Figure 1) were reported to have anti-inflammatory activity 

comparable to salicylic acid but with different metabolic properties and longer duration of 

the effects.  

The renewed worldwide pharmacological interest for the multiple biological effects of 

diflunisal and our experience in the synthesis and study of hydroxy-pyridinecarboxylic 

acid derivatives (HP23 and HP24 in Figure 1)[5,6] prompted us to target the synthesis of 

some diflunisal aza-analogs and related pyridine compounds, all called diflunisal aza-

analogs. Our aim was to identify new multi-target compounds endowed with both anti-

inflammatory and antibacterial activities to treat human infections with improved 

pharmacokinetics and possibly reduced side effects. Thus, multi-target approach is 

remarkable in treatment of infections induced by multi-drug resistant bacteria as an 

alternative to currently used combination therapies.[7-9] Further, in a benzene ring, the 

switch of a C to a N atom, a classical isosteric modification,[10] generally makes the aza-

derivatives more water soluble in comparison with the parent compound, in this case the 

insoluble diflunisal (diflunisal, LogP = 3.19 and the corresponding aza-analog, LogP = 

2.28, see also solubility determination in the experimental section), and also, previous 

studies on 3-hydroxy-4-pyridinecarboxylic acids reported for carboxylic function pKa 

values of order of 1. All these features taken together might be a noteworthy 

improvement for drug formulations. 
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Figure 1. Structures of compounds mentioned in the text. 

 

Results and Discussion 

 

Chemical synthesis 

Concerning the synthesis, we followed a shorter and efficient pathway different from the 

one implemented by some authors in 1971 for the preparation of Flufenisal aza-analogs 

(Figure 1).[11]  

Oxazole derivatives have become increasingly important because of their use as 

intermediates for the preparation of new biological materials.[12] In the past we exploited 

the reactivity of oxazole as azadiene in intramolecular cycloaddition Diels–Alder 

reactions with a dienophile for obtaining several o-hydroxypyridinecarboxylic acid (HP) 

derivatives.[5] As known, the reaction between a 5-alkoxy-oxazole and an alkene proceeds 

through a bicyclic adduct intermediate that spontaneously but with different reaction 

times and amounts depending on 2 and 4 substitutions, transforms into the pyridine 

structure (Figure 2).[13]  
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Figure 2. Oxazole synthesis of 3-hydroxy-4-pyridinecarboxylic acids. 

Hence, for the synthesis of diflunisal aza-analogs we have repurposed the same route 

involving key oxazole intermediates.  

Scheme 1. Synthesis of o- and m-hydroxypyridinecarboxylic acids derivatives 14 and 19-22 

 

 

 

 

 

 

Reagents and conditions: a) SOCl2, abs EtOH, 80°C, 4 h, 95-99%; b) trimethyl-o-formate or trimethyl-o-

acetate, ref., 3 h; 88-90% c) P2O5, Celite, MgO, CHCl3, ref, 24 h, 73-96%; d) Acrylic acid, rt, 0.5 h, 30%; e) 

Ethyl acrylate, 100°C, 48 h, 20-35%; f) NaOH 10% aq, MeOH, ref.,4 h, 95-98%. 

 

In Scheme 1, the key oxazoles 10-13 were obtained starting from amino acids phenyl-

alanine 2 and phenyl-glycine 3 that were transformed into the respective ethyl ester 

hydrochlorides 4 and 5 by treatment with SOCl2 in absolute ethanol at refluxing for 4 h, 

in almost quantitative yields. The esters 4 and 5 were reacted with trimethyl-o-formate or 

trimethyl-o-acetate at refluxing for 2 h to give the corresponding formyl and acetyl-

derivatives 6, 7 and 8, 9 (88-90% yields).[14] Following a previously described 

procedure,[15] compounds 6-9 were submitted to a cyclization reaction carried out with 

P2O5, MgO in chloroform and in the presence of celite at refluxing for 24 h. After work 
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up of the reaction mixture, oxazole derivatives 10-13 were obtained in good yields (73-

96%).  

The next Diels–Alder reactions were performed with acrylic acid or ethyl acrylate to 

obtain HP compounds. Thus, 4-benzyl-oxazole derivative 10 was reacted with acrylic 

acid at room temperature to give the 2-benzyl-o-HP 14 (30% yield).[13] 4-Phenyl-oxazole 

derivative 11 was reacted with ethyl acrylate at 100 °C for 24-48 h[16] to give after 

separation by Flash Chromatography two 2-phenyl-isomers as ethyl esters: the o-HP 

derivative 15 (16%) and the m-HP derivative 17 (28%). The 2-methyl-4-benzyl-oxazole 

12 by reacting with ethyl acrylate gave the corresponding ethyl ester o-HP derivative 16 

(35%), while by the same reaction the 2-methyl-4-phenyl-oxazole 13 yielded the ethyl 

ester isomer m-HP 18 (19%). Finally, all the ethyl esters 15-18 were transformed into the 

corresponding acids by treatment with a mixture of 10% NaOH aqueous solution and 

methanol at reflux for 4 h furnishing the o- and m-HPs 19-22, in almost quantitative 

yields.  

 

Scheme 2. Synthesis of o- and m-hydroxypyridinecarboxylic acid derivatives 42-45 and 49-51. 

 

Reagents and conditions: a) Et3N, CH2Cl2, rt, 1 h, 95-99%; b)1. PCl5, Et2O/diox., rt, 1 h; 2. 40°C, dark, 48 

h, 50-90%; c) Ethyl acrylate, 100°C, 24-48 h, 20-40%; d) NaOH 10% aq, MeOH, ref., 4 h, 80-90%. 

 

In Scheme 2, the phenylalanine ethyl ester 4 (Scheme 1) and the commercial ethyl 

glycine and alanine ethyl esters 26 and 27 were reacted with benzoyl chlorides derivatives 
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23-25 in CH2Cl2 at room temperature for 1 h to give amide derivatives 28-32 in almost 

quantitative yields (95-99%). All these last ones were submitted to a cyclisation reaction 

carried out in diethyl ether/dioxane 4:1 in the presence of an excess of dehydrating PCl5 

for 1 h. After removal of the solvents, the mixture was left at 40 °C in the dark for 48 h 

and oxazole derivatives 33-37 were obtained in high yields (50-90%).[17] The following 

Diels–Alder reactions with compounds 33-37 were all performed in the presence of ethyl 

acrylate[16] because with acrylic acid they did not work. Therefore, in all cases the ethyl 

esters of HP derivatives were obtained. As described in Scheme 2, the 2-phenyl-oxazole 

33 by reacting with ethyl acrylate gave the two o- and m-isomers HP 38 and 39 

respectively (15% and 21%). By the same way, also oxazole compound 34 gave the two 

isomer HPs 40 and 41 (11% and 31%). Whereas, oxazoles 35-37 provided only the ethyl 

esters of o-HPs 46-48. Finally, all the ethyl esters of HPs 38-41 and 46-48 were 

transformed to HPs derivatives 42-45 and 49-51 by treatment with 10% NaOH methanol 

solution for 4 h (80-90% yields). 

Scheme 3. Synthesis of 6,8-difluoro-4-hydroxyquinoline-3-carboxylic acid (54) 

 

Reagents and conditions: a) 90°C, 3 h, 99%; b) boiling Ph2O, 15 min., 60%; c) NaOH 10% aq, CH3OH, 

ref., 4 h, 86.5%. 

 

Scheme 3 describes the route carried on to obtain a quinoline compound showing the 

same structural elements as in diflunisal aza-analog 51 (Scheme 2) such as pyridine ring, 

the o-hydroxy-carboxylic acid groups and the two fluorine in meta position between them 

on an aromatic ring, although in a different arrangement. The starting 2,4-difluoroaniline 

was reacted with diethyl ethoxymethylenemalonate for 3 h at 90 °C to yield the 

condensed product 52 that submitted to thermal cyclisation in boiling diphenyl ether for 

15 min gave the ethyl ester of the quinoline-4-hydroxy-3-carboxylic acid derivative 53 

(60%).[18] As before, this last ethyl ester was hydrolyzed to the corresponding acid by 

treatment with 10% NaOH aqueous methanol solution (86.5%). 
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Scheme 4. Synthesis of N-methylated o-hydroxypyridinecarboxylic derivatives 55-57. 

 

 

 

 

 

Reagents and conditions: a) CH3I, DMF, NaOH 10%, ref., 24 h, 20-70%; b) H2O2, CHCl3, H2O, HCl 1M 

 

As a final step, the diflunisal aza-analogs 14, 42 and 50, prepared as in the Schemes 1 and 

2, were submitted to methylation with CH3I in DMF and NaOH 10% aqueous solution at 

refluxing for 24 h (scheme 4). The scope for an N-alkylation was to get water soluble 

zwitterion compounds as previously found out for similar pyridine derivatives.[5] In all 

cases only 1N-methylated compounds were obtained as sodium and iodine salts. These 

intermediate salts were not isolated but were transformed directly into the zwitterions 55–

57. To do this, they were dissolved in water, treated with H2O2 and the iodine formed was 

removed by CHCl3 extraction. The aqueous phase was acidified with 1 M HCl and the 

formed precipitate was subjected to reverse-phase flash chromatography to remove 

inorganics. In this way, pure zwitterion compounds 55–57 were obtained as proved by 

spectral evidence. 

 

Biological activity 

 

The cytotoxic activity of diflunisal aza-analogs was assessed on cultured human 

macrophages by the MTT assay. Compounds were tested at concentrations ranging from 

10 nM to 100 µM and the calculated IC50 values are listed in Table 1. All the aza-analogs 

show minimal cytotoxic activity, with IC50 values generally higher than 80 µM whereas 

diflunisal reported a more evident cytotoxic activity (IC50 53 µM). 

 

 

 

 

 

 



Chapter 1 

22 
  

Table 1. Cytotoxic activity of diflunisal aza-analogs assessed in vitro on human macrophages. 

 

 

 

 

 

 

 

 

 
 

Diflunisal and aza-analogs were tested for anti-inflammatory activity by ELISA in 

cultured macrophages stimulated with lipopolysaccharide (LPS). Production of tumor 

necrosis factor (TNF)-α and interleukin (IL)-1β significantly increased in macrophages 

stimulated with LPS (404.1±23.22 pg/mL and 612.2±30.1 pg/mL, respectively) as 

compared with unstimulated macrophages (TNF-α: 75.6±10.4; IL-1β: 216.9±14.2; 

P<0.02). Compounds were tested at concentrations ranging from 10 nM to 10 µM and 

results are reported in Table 2 as the lowest concentration able to reduce by 25% the 

production of pro-inflammatory cytokines triggered by LPS. As reported, compounds 19, 

22, 43, 44, and 45 significantly (P<0.05) reduced production of TNF-α and IL-1β at 10 

µM, whereas the anti-inflammatory activity of compounds 51 and 54 was already evident 

at 1 µM. Likewise, in human macrophages LPS stimulation induced secretion of the 

chemokine interleukin (IL)-8 (544.0±29.7 pg/mL) as compared with unstimulated cells 

(176.9±2.6 pg/mL; P<0.02). Compounds 19, 44, 45, 51, and 54 significantly (P<0.05) 

reduced by at least 25% the production of IL-8 induced by LPS (Table 2). Unstimulated 

human macrophages produced low levels of PGs (56.0±3.6 pg/mL) which were 

significantly increased by LPS stimulation (632.9±31.7 pg/mL; P<0.02). As expected, 

diflunisal significantly reduced PGs production at 0.1 µM (P<0.05), whereas only 

compounds 43, 51, and 54 inhibited PGs release at 10 µM. All the other tested 

compounds did not report anti-inflammatory activity. No significant increase in pro-

inflammatory cytokines or PGs production were observed in human macrophages 

incubated with diflunisal aza-analogs without LPS (data not shown). 

 

 

Compd IC50 (µM) Compd IC50 (µM) 

14 >100 45 92.1 

19 >100 49 90.8 

20 >100 50 88.6 

21 >100 51 97.3 

22 97.4 54 96.5 

42 84.5 55 >100 

43 81.2 56 91.4 

44 87.9 57 95.0 

diflunisal 53     
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Table 2. Anti-inflammatory activity of diflunisal aza-analogs evaluated by ELISA. Data are 

reported as the lowest concentration (µM) of compounds which significantly (P<0.05) reduced by 

at least 25% the levels of cytokines triggered by LPS stimulation. n.d.: the anti-inflammatory 

activity was not detected at the range 10 nM-10 µM. PGs: prostaglandins 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. 

 

Up to 32 µM final concentration, diflunisal or aza-analogs alone did not report an 

intrinsic antibacterial activity, as expected. The highest final concentrations of DMSO or 

NaOH caused no significant bacterial growth inhibition (data not shown). 

Diflunisal aza-analogs were then investigated for their ability to potentiate the 

antibacterial activity of antibiotics. In a first screening test, the minimum inhibitory 

concentration (MIC) of antibiotics against S. aureus, S. pyogenes, K. pneumoniae, E. 

faecium, P. aeruginosa, and E. coli was assessed, and antibiotic susceptibility was 

defined as per clinical breakpoints.[19] 

As reported with diflunisal,[3] we tested diflunisal aza-analogs for their ability to 

potentiate the antibacterial activity, in combination with methicillin (MET), geneticin 

(GEN), ciprofloxacin (CPR), tetracycline (TET), and erythromycin (ERY) as 

representative antibiotics for different mechanism of actions. Bacterial strains were then 

incubated with each compound (final concentrations ranging 0.25 µM to 32 µM) in 

combination with antibiotics at sub-inhibitory concentration (MIC/4). Data were 

compared with bacteria incubated with antibiotics (MIC/4) alone. As reported in Table 3, 

Compd TNF-α IL-8 IL-1β PGs 

14 n.d. n.d. n.d. n.d. 

19 10 10 10 n.d. 

20 n.d. n.d. n.d. n.d. 

21 n.d n.d n.d. n.d. 

22 10 n.d. 10 n.d. 

42 n.d. n.d. n.d. n.d. 

43 10 n.d. 10 10 

44 10 10 10 n.d. 

45 10 10 10 n.d. 

49 n.d. n.d. n.d. n.d. 

50 n.d. n.d. n.d. n.d. 

51 1 1 1 10 

54 1 10 1 10 

55 n.d. n.d. n.d. n.d. 

56 n.d. n.d. n.d. n.d. 

57 n.d. n.d. n.d. n.d. 

Diflunisal n.d. n.d. n.d. 0.1 
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the diflunisal aza-analogs 19, 21, 22, 43, 44, 45, 51 and 54 significantly potentiated the 

antimicrobial activity of antibiotics in Gram-positive bacteria (S. aureus, S. pyogenes, E. 

faecium) and the effect was no evident in Gram-negative bacteria K. pneumoniae and E. 

coli, while interestingly in P. aeruginosa it was. In Gram-positive bacteria diflunisal aza-

analogs reported the most important antibacterial effects when used in combination with 

MET, a β-lactam disrupting the synthesis of the peptidoglycan layer of bacterial cell wall, 

and with protein synthesis inhibitors (GEN, TET, ERY). On the contrary, the combination 

with CPR, which targets DNA gyrase, was ineffective. The same diflunisal aza-analogs 

increased inhibitory capacity against P. aeruginosa only when used in combination with 

CPR and ERY, antibiotics previously reported to interfere with virulence factors 

regulated by quorum sensing system.[20] 

 

Table 3. Antibacterial activity of diflunisal aza-analogs in combination with antibiotics. Data are 

reported as minimum modulatory concentration (MMC, in µM, significative results are reported 

in red) of diflunisal aza-analog required to obtain significant (P<0.05) antibacterial activity in 

combination with sub-inhibitory concentration (MIC/4) of antibiotic. MET: methicillin; GEN: 

geneticin; CPR: ciprofloxacin; TET: tetracycline; ERY: erythromycin. 

 

Activity against Staphylococcus aureus (MMC4 µM) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compd MET GEN CPR TET ERY 

14 >32 >32 >32 >32 >32 

19 0.25 0.5 16 2 0.25 

20 >32 >32 >32 >32 >32 

21 0.5 2 >32 0.25 2 

22 0.5 4 16 4 4 

42 16 >32 16 >32 >32 

43 4 8 16 2 2 

44 8 16 >32 1 4 

45 4 8 16 8 8 

49 16 16 >32 16 >32 

50 16 >32 >32 >32 >32 

51 0.5 2 16 2 4 

54 0.5 4 16 2 1 

55 >32 >32 >32 >32 >32 

56 >32 >32 >32 >32 >32 

57 >32 >32 >32 >32 >32 

diflunisal 8 >32 >32 >32 >32 
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Activity against Streptococcus pyogenes (MMC4 µM) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Activity against Klebsiella pneumoniae (MMC4 µM) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compd  MET GEN CPR TET ERY 

14 >32 >32 >32 >32 >32 

19 0.5 2 >32 1 2 

20 >32 >32 >32 16 >32 

21 1 8 >32 4 4 

22 4 2 >32 4 4 

42 16 16 >32 >32 >32 

43 2 4 >32 8 4 

44 1 2 >32 2 4 

45 1 2 >32 4 8 

49 >32 >32 >32 >32 >32 

50 >32 >32 >32 >32 >32 

51 2 8 >32 8 4 

54 1 4 >32 4 8 

55 >32 >32 >32 >32 >32 

56 >32 >32 >32 >32 >32 

57 >32 >32 >32 >32 >32 

diflunisal 16 >32 >32 >32 >32 

Compd  MET GEN CPR TET ERY 

14 >32 >32 >32 >32 >32 

19 >32 >32 >32 >32 >32 

20 >32 >32 >32 >32 >32 

21 >32 >32 >32 >32 >32 

22 >32 >32 >32 >32 >32 

42 >32 >32 >32 >32 >32 

43 >32 >32 >32 >32 >32 

44 >32 >32 >32 >32 >32 

45 >32 >32 >32 >32 >32 

49 >32 >32 >32 >32 >32 

50 >32 >32 >32 >32 >32 

51 >32 >32 >32 >32 >32 

54 >32 >32 >32 >32 >32 

55 >32 >32 >32 >32 >32 

56 >32 >32 >32 >32 >32 

57 >32 >32 >32 >32 >32 

diflunisal >32 >32 >32 >32 >32 
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Activity against Enterococcus faecium (MMC4 µM) 

 

Compd MET GEN CPR TET ERY 

14 >32 >32 >32 >32 >32 

19 1 4 >32 2 4 

20 >32 >32 >32 >32 >32 

21 0.5 8 >32 1 4 

22 0.5 8 >32 1 4 

42 >32 >32 >32 >32 >32 

43 2 8 >32 2 2 

44 2 8 >32 4 2 

45 1 4 >32 2 2 

49 >32 >32 >32 >32 >32 

50 16 >32 >32 >32 >32 

51 0.25 4 >32 4 4 

54 0.25 4 >32 4 4 

55 >32 >32 >32 >32 >32 

56 >32 >32 >32 >32 >32 

57 >32 >32 >32 >32 >32 

diflunisal 16 >32 >32 >32 >32 

 

Activity against Pseudomonas aeruginosa (MMC4 µM) 

 

 

 

 

 

 

 

 

 

 

 

 

Compd MET GEN CPR TET ERY 

14 >32 >32 >32 >32 >32 

19 8 >32 4 >32 4 

20 >32 >32 >32 >32 >32 

21 16 >32 4 >32 4 

22 16 >32 4 >32 4 

42 >32 >32 >32 >32 >32 

43 8 >32 8 >32 8 

44 16 >32 8 >32 8 

45 16 >32 4 >32 8 

49 >32 >32 >32 >32 >32 

50 >32 >32 >32 >32 >32 

51 8 >32 4 >32 4 

54 8 >32 4 >32 4 

55 >32 >32 >32 >32 >32 

56 >32 >32 >32 >32 >32 

57 >32 >32 >32 >32 >32 

diflunisal >32 >32 >32 >32 >32 
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Activity against Escherichia coli (MMC4 µM) 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 

 

Following the multi-target approach in treatment of infections induced by multi-drug 

resistant bacteria, in this study we investigated the anti-inflammatory and antibacterial 

properties of some newly synthesized aza-analogs of the known diflunisal, taken as 

reference compound. Regarding the anti-inflammatory activity, diflunisal was confirmed 

to inhibit production of PGs while in our experiments, it did not influence pro-

inflammatory cytokines TNF-α, IL-8, and IL-1β, in LPS stimulated macrophages. On the 

contrary, except for compounds 43, 51 and 54, diflunisal aza-analogs lost the inhibitory 

activity against prostaglandin synthetase but some of them (19, 22, 44 and 45) revealed 

interesting anti-inflammatory effects probably acting on the NF-B pathway (Table 2). 

This way of aza-analogs action might result advantageous by reducing gastrointestinal 

adverse effects. Nevertheless, 51 and 54 reported the best anti-inflammatory activity since 

at concentration ranging 1-10 µM reduced the levels of both cytokines and PGs in human 

macrophages. However, their effects on PGs were 100 folds less than diflunisal (0.1 μM). 

From a SAR point of view, it is possible to affirm that the presence of fluorine atoms on 

Compd MET GEN CPR TET ERY 

14 >32 >32 >32 >32 >32 

19 >32 >32 >32 >32 >32 

20 >32 >32 >32 >32 >32 

21 >32 >32 >32 >32 >32 

22 >32 >32 >32 >32 >32 

42 >32 >32 >32 >32 >32 

43 >32 >32 >32 >32 >32 

44 >32 >32 >32 >32 >32 

45 >32 >32 >32 >32 >32 

49 >32 >32 >32 >32 >32 

50 >32 >32 >32 >32 >32 

51 >32 >32 >32 >32 >32 

54 >32 >32 >32 >32 >32 

55 >32 >32 >32 >32 >32 

56 >32 >32 >32 >32 >32 

57 >32 >32 >32 >32 >32 

diflunisal >32 >32 >32 >32 >32 
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the phenyl moiety is crucial for a wide anti-inflammatory activity. The most interesting 

results were observed when we studied the antibacterial activity of diflunisal aza-analogs 

in combination with common antibiotics. Our results (Table 3) clearly reported that some 

diflunisal aza-analogs (19, 21, 22, 43, 44, 45, 51, and 54) significantly potentiated the 

antimicrobial activity of antibiotics targeting the synthesis of peptidoglycan or proteins in 

tested Gram-positive bacteria and to a lesser extent in P. aeruginosa whereas no intrinsic 

antibacterial activities were observed when compounds were tested alone. The fluorine 

compounds 51 and 54 were again the most effective, reporting low values of minimum 

modulatory concentration (range 0.25-16 µM). Important antibacterial activities were 

observed also for compounds 21 and 22 although they lack both fluorine atoms and the 

specific salicylic acid structure. The observed synergistic effects could be explained by 

several mechanisms such as alterations in superficial properties of bacteria induced by 

aza-analogs. Moreover, compelling evidences reported that bi-aryl compounds interfere 

with the bacterial quorum sensing, a signaling mechanism controlling bacterial phenotype 

through the exchange of autoinducer peptides (AIPs).[3] We hypothesize that, since the 

AIPs regulate bacterial virulence and survival,[21] the use of the here pyridine compounds 

lowered the dose of antibiotics required for the antibacterial effects likely reducing side 

effects and the selective pressure in the emergence of new resistant bacteria.[22] In this 

perspective, and taking in account that the almost pyridine derivatives are more water 

soluble than the corresponding phenyl compounds (see diflunisal, LogP = 3.19 and the 

aza-analog 51, LogP = 2.28, ESI) and less cytotoxic than diflunisal (Table 1), they 

represent a promising chemo type for the development of new multi-target agents able to 

sensitize bacteria to co-administered antibiotics. 

 

Experimental section 

 

Chemistry 

1H NMR spectra were determined on Bruker 300 and 400 MHz spectrometers, with the 

solvents indicated; chemical shifts are reported in δ (ppm) downfield from 

tetramethylsilane as internal reference. Coupling constants are given in hertz. In the case 

of multiplets, chemical shifts were measured starting from the approximate center. 

Integrals were satisfactorily in line with those expected based on compound structure. 

Mass spectra were obtained on a Mat 112 Varian Mat Bremen (70 eV) mass spectrometer 
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and Applied Biosystems Mariner System 5220 LC/MS (nozzle potential 140 eV). Column 

flash chromatography was performed on Merck silica gel (250−400 mesh ASTM); 

chemical reactions were monitored by analytical thin-layer chromatography (TLC) on 

Merck silica gel 60 F-254 glass plates. Solutions were concentrated on a rotary evaporator 

under reduced pressure. The purity of new tested compounds was checked by HPLC 

using the instrument HPLC SHIMADZU model LC-10 AT-VP, with detector UV-Vis A-

VP. The analysis was performed with a flow of 1 mL/min, a C-18 column of dimensions 

250 mm x 4.6 mm, a particle size of 5 mm, and a loop of 10 µL. The detector was set at 

254 nm. The mobile phase consisted of phase A (Milli-Q H2O, 18.0 MU, TFA 0.05%) 

and phase B (MeCN). Gradient elution was performed as reported: 0 min, % B = 0; 3 

min, % B = 0; 33 min, % B = 30; 38 min, % B = 30; 39 min, % B = 0; 45 min, % B = 0. 

Starting materials were purchased from Sigma-Aldrich and Alfa Aesar, and solvents were 

from Carlo Erba, Fluka and Lab-Scan.  

 

General Procedure for the Synthesis of aminoacidic derivatives (4-5). As a typical 

procedure, the synthesis of ethyl 2-amino-3-phenylpropanoate hydrochloride 4 is 

described in detail. Into a round-bottomed flask, 25 g (151 mmol) of phenylalanine (2) 

were suspended in absolute ethanol (150 mL). 13 mL (181 mmol) of SOCl2 were added 

dropwise, under stirring at 0°C. The mixture was then refluxed for 4 h, being monitored 

by TLC analysis (eluent BuOH/CH3COOH/H2O, 3:1:1). At the end of the reaction, SOCl2 

was evaporated in a N2 chamber and the mixture was left at room temperature overnight, 

leading to the formation of a white precipitate. The precipitate was filtered and dried to 

obtain 33.31 g of ester derivative. 

Ethyl 2-amino-3-phenylpropanoate hydrochloride (4).  

Yield 96%; Rf = 0.45 (eluent BuOH/CH3COOH/H2O, 3:1:1); 1H NMR (300 MHz, 

CDCl3): δ 7.29 (m, 5H, H-2’,H-3’,H-4’,H-5’and H-6’), 4.13 (q, J = 6.75 Hz, 2H, 

OCH2CH3), 4,36 (sb, 1H, H-2), 3.39 (m, J = 5.53 Hz, 2H, CH2), 1.89 (sb, 2H, NH2), 1.18 

(t, J = 6.93 Hz, 3H, OCH2CH3) ppm. 

Ethyl 2-amino-2-phenylacetate hydrochloride (5).  

Compound 5 was prepared as for compound 4 by reacting commercial 2-phenyl glycine 

(3) (15.0 g, 99.23 mmol) and SOCl2 (14.2 mL, 119,08 mmol) in absolute ethanol. The 

reaction was monitored by TLC analysis (eluent BuOH/CH3COOH/H2O, 3:1:1) and at the 

end of the workup procedure, 21.40 g of a brownish solid were obtained. Yield 99%; Rf: 

0.58 (eluent BuOH/CH3COOH/H2O, 3:1:1); 1H NMR (300 MHz, CDCl3): δ 7.53 (m, 2H, 
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H-2’and H-6’), 7.36 (m, 2H, H-3’and H-5’), 7.35 (m, 1H, H-4’), 5.11 (sb, 1H, H-2), 4.15 

(q, J = 7.4 Hz, 2H, OCH2CH3), 1.89 (sb, 2H, NH2), 1.16 (t, J = 7.11 Hz, 3H, OCH2CH3) 

ppm. 

General Procedure for the Synthesis of amide derivatives (6-9). As a typical procedure, 

the synthesis of ethyl 2-(formyl-amino)-3-phenylpropanoate 6 is described in detail. 5 g 

(21.76 mmol) of compound 4 were mixed with 7.16 mL (65.30 mmol) of trimethyl 

orthoformate and refluxed for 2 h. The reaction was monitored by TLC analysis (eluent n-

hexane/ethyl acetate 1:1). At the end of the reaction, the mixture was cooled to room 

temperature and the solvents evaporated to yield 5.503 g of a brownish oil.  

Ethyl 2-(formyl-amino)-3-phenylpropanoate (6).  

Yield 88%; Rf: 0.56 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 

8.14 (s, 1H, CHO), 7.2 (m, 5H, H-2’, H-3’, H-4’, H-5’and H-6’), 6.38 (d, J = 5.83 Hz 

,1H, NH), 4.63 (t, J = 5.86, 1H, CH), 4.2 (q, J = 7.15 Hz, 2H, OCH2CH3), 3.14 (qb, J = 

2.97, 2H, H-3), 1.25 ppm (t, J = 7.13 Hz, 3H, OCH2CH3) ppm. 

Ethyl 2-(formyl-amino)-2-phenylacetate (7).  

Compound 7 was prepared as for compound 6 by reacting previously synthesized 

compound 5 (5.0 g, 23.18 mmol) with trimethyl orthoformate (7.62 mL, 69.54 mmol), 

yielding 4.82 g of a brown oil. Yield 92%; Rf: 0.41 (eluent n-hexane/ethyl acetate 1:1); 

1H NMR (300 MHz, CDCl3): δ 8.11 (s, 1H, CHO), 7.26 (m, 5H, H-2’, H-3’, H-4’, H-

5’and H-6’), 6.9 (d, J = 5.47 Hz, 1H, NH), 5.5 (d, J = 7.55 Hz, 1H, H-2), 4.1 (q, J = 7.18 

Hz, 2H, OCH2CH3), 1.19 (t, J = 7.14 Hz, 3H, OCH2CH3) ppm. 

Ethyl 2-(acetyl-amino)-3-phenylpropanoate (8).  

Compound 8 was prepared as for compound 6 by reacting previously synthesized 

compound 4 (5.0 g, 21.76 mmol) with trimethyl orthoacetate (8.21 mL, 65.30 mmol), 

yielding 5.08 g of a brownish residue. Yield 92%; Rf: 0.34 (eluent n-hexane/ethyl acetate 

1:1); 1H NMR (300 MHz, CDCl3): δ 7.28 (m, 3H, H-2’, H-4’and H-6’), 7.1 (m, 2H, H-

3’and H-5’), 5.99 (d, J = 6.83 Hz, 1H, NH), 4.2 (q, J = 7.15 Hz, 2H, OCH2CH3), 4.85 (dd, 

J = 7.78 Hz and J = 5.84 Hz, 1H, H-2), 3.14 (qbr, J = 2.97, 2H, H-3), 1.97 (s, 3H, 

COCH3), 1.24 (t, J = 7.14 Hz, 3H, OCH2CH3) ppm. 

Ethyl 2-(acetyl-amino)-2-phenylacetate (9).  

Compound 9 was prepared as for compound 6 by reacting previously synthesized 

compound 5 (5.0 g, 23.18 mmol) with trimethyl orthoacetate (8.85 mL, 69.54 mmol), 

yielding 4.63 g of a transparent oil. Yield 90%; Rf: 0.41 (eluent n-hexane/ethyl acetate 

1:1); 1H NMR (300 MHz, CDCl3): δ 7.26 (m, 5H, H-2’, H-3’, H-4’, H-5’ and H-6’), 6.67 
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(d, J = 6.78 Hz, 1H, NH), 5.5 (d, J = 7.37 Hz, 1H, H-2), 4.12 (q, J = 7.15 Hz, 2H, 

OCH2CH3), 1.93 (s, 3H, COCH3), 1.12 (t, J = 7.14 Hz, 3H, OCH2CH3) ppm. 

General Procedure for the Synthesis of oxazole derivatives (10-13). As a typical 

procedure, the synthesis of 4-benzyl-5-ethoxyoxazole 10 is described in detail. Into a 500-

mL round-bottomed flask, 5.17 g (19.13 mmol) of celite (CaO)3∙Al2O3 and 5.17 g (128.18 

mmol) of MgO are suspended in 150 mL of chloroform. With stirring, 17.18 g (120.53 

mmol) of P2O5 are added quickly to the suspension. 5.50 g (24.87 mmol) of compound 6 

were dissolved in 5 mL of chloroform and added dropwise to the mixture at room 

temperature. The mixture was refluxed for 24 h under N2 atmosphere and monitored by 

TLC analysis (eluent n-hexane/ethyl acetate 1:1). At the end of the reaction, the mixture 

was cooled to room temperature and neutralized with a saturated NaHCO3 solution, until 

pH = 7. The mixture was then extracted with chloroform and the combined organic layers 

dried over sodium sulphate and evaporated under vacuum. 

4-Benzyl-5-ethoxyoxazole (10).  

Yield 77%; Rf: 0.76 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 

7.38 (s, 1H, H-2), 7.27 (m, 5H, H-2’, H-3’, H-4’, H-5’and H-6’), 4.12 (q, J = 7.08 Hz, 2H, 

OCH2CH3), 3.75 (s, 2H, CH2), 1.31 (t, J = 7.08 Hz, 3H, OCH2CH3) ppm. 

5-Ethoxy-4-phenyloxazole (11).  

Compound 11 was prepared as for compound 10 by reacting compound 7 (4.83 g, 23.32 

mmol) with 4.49 g (17.94 mmol) of celite (CaO)3∙Al2O3, 4.48 g (120.18 mmol) of MgO 

and 14.87 g (113 mmol) of P2O5, yielding 4.23 g of a brown-orange semi-solid residue. 

Yield 96%; Rf: 0.77 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (400 MHz, CDCl3): δ 

7.87 (m, 2H, H-2’and H-6’), 7.50 (s, 1H, H-2), 7.42 (m, 2H, H-3’and H-5’), 7.25 (dd, J = 

7.45 Hz e J = 1.29Hz, 1H, H-4’), 4.38 (q, J = 7.08 Hz, 2H, OCH2CH3), 1.48 (t, J = 7.08 

Hz, 3H, OCH2CH3) ppm. 

4-Benzyl-5-ethoxy-2-methyloxazole (12).  

Compound 12 was prepared as for compound 10 by reacting compound 8 (5.09 g, 21.62 

mmol) with 4.49 g (17.94 mmol) of celite (CaO)3∙Al2O3, 4.48 g (120.18 mmol) of MgO 

and 14.87 g (113 mmol) of P2O5, yielding 2.07 g of a brown-orange semi-solid residue. 

Yield 44%; Rf: 0.70 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 

7.27 (m, 4H, H-2’, H-3’, H-5’and H-6’), 7.19 (m, 1H, H-4’), 4.07 (q, J = 7.10 Hz, 2H, 

OCH2CH3), 3.74 (s, 2H, CH2), 2.30 (s, 3H, CH3), 1.24 (t, J = 7.14 Hz, 3H, OCH2CH3) 

ppm. 

5-Ethoxy-2-methyl-4-phenyloxazole (13).  
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Compound 13 was prepared as for compound 10 by reacting compound 9 (3.00 g, 13.56 

mmol) with 2.82 g (10.43 mmol) of celite (CaO)3∙Al2O3, 2.83 g (69.88 mmol) of MgO 

and 9.33 g (65.70 mmol) of P2O5, yielding 2.02 g of a brown-orange semi-solid residue. 

Yield 73%; Rf: 0.80 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 

7.79 (m, 2H, H-2’and H-6’), 7.35 (m, 2H, H-3’and H-5’), 7.22 (m, 1H, H-4’), 4.32 (q, J = 

7.09 Hz, 2H, OCH2CH3), 2.40 (s, 3H, CH3), 1.45 (t, J = 7.08 Hz, 3H, OCH2CH3) ppm. 

Synthesis of 2-benzyl-3-hydroxypyridine-4-carboxylic acid (14). 

 4 g (19.7 mmol) of compound 10 were mixed with 2.81 mL (56 mmol) of acrylic acid at 

room temperature. After 10 minutes, a precipitate formed at the bottom of the flask. The 

precipitate was filtered under vacuum, washed with acetone and dried to obtain 1.43 g of 

hydroxypyridine-4-carboxylic acid 14. Yield 32 %; Rf: 0.64 (eluent 

BuOH/CH3COOH/H2O, 3:1:1); mp = 314-315 °C; 1H NMR (400 MHz, D2O/NaOD): δ 

7.23 (m, J = 6.96 Hz, 1H, H-6), 7.11 (m, 2H, H-2’and H-6’), 7.01 (m, 3H, H-3’, H-4’and 

H-5’), 6.77 (d, J = 4.84 Hz, 1H, H-5), 3.88 (s, 2H, CH2) ppm; 13C NMR (101 MHz, 

D2O/NaOD): δ 177.90 (COOH), 168.38 (COH), 152.77 (C2), 141.07 (C4), 136.46 (C1’), 

131.30 (C6), 128.73 (C3’and C5’), 128.43 (C2’ and C6’), 125.79 (C4’), 120.42 (C5), 

37.26 (CH2) ppm; IR (KBr): ν = 3423.00 (OH, bounded), 3068.10 (CH, aromatic), 

2433.78 (CO-OH, bounded), 2137.88 (intermolecular H bond), 1680.00 (C=O), 1474.31 

(C=N), 1474.31 (CH2), 1230.52 and 1192.17 (C-OH); UV-Vis (H2O, 0.05% NaOH): 

316.46 nm; fluorescence (H2O, 0.05% NaOH): λexc = 316 nm, λems = 431.96 nm; HRMS 

(ESI-MS, 140 eV): m/z [M+H]+ calculated for C13H12NO3
+, 230.0812; found, 230.0870; 

calculated for C13H11NNaO3
+,  252.0631; found, 252.0682; RP-C18 HPLC: tR = 8.61 min, 

96.16 %. 

General Procedure for the Synthesis of pyridine derivatives (15-18). As a typical 

procedure, the synthesis of the mixture composed by ethyl 3-hydroxy-2-phenylpyridine-

4-carboxylate 15 and ethyl 5-hydroxy-6-phenylpyridine-3-carboxylate 17 is described in 

detail. Into a sealed tube, 1.0 g (5.29 mmol) of oxazole derivative 11 were mixed with 

0.634 mL (5.81 mmol) of ethyl acrylate, and the mixture was stirred at 100°C for 48 h. 

The reaction was monitored by TLC analysis (eluent n-hexane/ethyl acetate 8:2), and at 

the end of the reaction, two fluorescent spots appeared. The excess ethyl acrylate was 

evaporated, and the mixture separated by Flash-column chromatography (silica gel, n-

hexane/ethyl acetate 8:2), to yield 0.208 g of derivative 15 and 0.350 g of derivative 17. 

Ethyl 3-hydroxy-2-phenylpyridine-4-carboxylate (15).  
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Yield 16%; Rf: 0.56 (eluent n-hexane/ethyl acetate 8:2); 1H NMR (400 MHz, CDCl3): δ 

11.10 (s, 1H, OH), 8.31 (d, J = 5.00 Hz, 1H, H-6), 8.02 (m, 2H, H-2’and H-6’), 7.62 (d, J 

= 5.00 Hz, 1H, H-5), 7.47 (m, 2H, H-3’and H-5’), 7.41 (m, 1H, H-4’), 4.48 (q, J = 7.14 

Hz, 2H, OCH2CH3), 1.45 (t, J = 7.12 Hz, 3H, OCH2CH3) ppm; 13C NMR (101 MHz, 

CDCl3): δ 169.55 (COOCH2CH3), 154.06 (C2), 149.05 (C3), 139.84 (C6), 136.77 (C1’), 

129.21 (C2’and C6’), 128.79 (C4’), 128.08 (C3’and C5’), 120.79 (C5), 118.68 (C4), 

62.46 (OCH2CH3), 14.08 (OCH2CH3) ppm. 

Ethyl 5-hydroxy-6-phenylpyridine-3-carboxylate (17).  

Yield 28%; Rf: 0.23 (eluent n-hexane/ethyl acetate 8:2);1H NMR (400 MHz, CDCl3): δ 

8.88 (d, J = 1.76 Hz, 1H, H-2), 7.86 (d, J = 1.80, 1H, H-4), 7.81 (m, 2H, H-2’ and H-6’), 

7.52 (m, 2H, H-3’and H-5’), 7.47 (m, 1H, H-4’), 5.90 (sb, 1H, OH), 4.42 (q, J = 7.13 Hz, 

2H, OCH2CH3), 1.42 (t, J = 7.14 Hz, 3H, OCH2CH3) ppm; 13C NMR (101 MHz, CDCl3): 

δ 165.13 (COOCH2CH3), 149.64 (C6), 149.35 (C5), 142.99 (C2), 135.78 (C1’), 129.63 

(C4’), 129.17 (C2’and C6’), 128.67 (C3’and C5’), 126.33 (C3), 124.41 (C4), 61.49 

(OCH2CH3), 14.28 (OCH2CH3) ppm. 

Ethyl 2-benzyl-3-hydroxy-6-methylpyridine-4-carboxylate (16).  

Compound 16 was prepared as for compound 15 by reacting oxazole derivative 12 (1.0 g, 

4.60 mmol) with ethyl acrylate (0.552 mL, 5.06 mmol). After 48 h, the excess ethyl 

acrylate was evaporated, and the crude product was purified by Flash-column 

chromatography (silica gel, n-hexane/ethyl acetate 9:1) yielding 0.439 g of pyridinic ester 

derivative. Yield 35%; Rf: 0.40 (eluent n-hexane/ethyl acetate 9:1); 1H NMR (400 MHz, 

CDCl3): δ 10.45 (sb, 1H, OH), 7.41 (m, 2H, H-2’and H-6’), 7.38 (s, 1H, H-5), 7.29 (m, 

2H, H-3’and H-5’), 7.20 (m, 1H, H-4’), 4.42 (q, J = 7.14 Hz, 2H, OCH2CH3), 4.27 (s, 2H, 

CH2), 2.54 (s, 3H, CH3), 1.43 (t, J = 7.14 Hz, 3H, OCH2CH3) ppm; 13C NMR (101 MHz, 

CDCl3): δ 169.31 (COOCH2CH3), 151.66 (C3), 151.05 (C2), 147.54 (C6), 139.15 (C1’), 

129.03 (C2’and C6’), 128.23 (C3’and C5’), 126.10 (C4’), 119.15 (C5), 118.17 (C4), 

62.12 (OCH2CH3), 38.89 (CH2), 23.45 (CH3), 14.09 (OCH2CH3) ppm. 

Ethyl 5-hydroxy-2-methyl-6-phenylpyridine-3-carboxylate (18). 

 Compound 18 was prepared as for compound 15 by reacting oxazole derivative 13 (1.0 

g, 4.92 mmol) with ethyl acrylate (0.590 mL, 5.41 mmol). After 48 h, the excess ethyl 

acrylate was evaporated, and the crude product was purified by Flash-column 

chromatography (silica gel, n-hexane/ethyl acetate 9:1) yielding 0.239 g of pyridinic ester 

derivative. Yield 19%; Rf: 0.41 (eluent n-hexane/ethyl acetate 9:1); 1H NMR (300 MHz, 

CDCl3): δ 7.81 (s, 1H, H-4), 7.80 (m, 2H, H-2’and H-6’), 7.51 (m, 2H, H-3’and H-5’), 
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7.45 (m, 1H, H-4’), 5.50 (sb, 1H, OH), 4.40 (q, J = 7.14 Hz, 2H, OCH2CH3), 2.82 (s, 3H, 

CH3), 1.43 (t, J = 7.12 Hz, 3H, OCH2CH3) ppm; 13C NMR (75 MHz, CDCl3): δ 166.29 

(COOCH2CH3), 149.27 (C2), 147.78 (C6), 147.41 (C5), 135.88 (C1’), 129.39 (C4’), 

129.08 (C3’and C5’), 128.74 (C2’and C6’), 126.10 (C3), 125.04 (C4), 61.32 (OCH2CH3), 

23.95 (CH3), 14.27 (OCH2CH3) ppm. 

General Procedure for the Synthesis of pyridine-carboxylic acid derivatives (19-22). As a 

typical procedure, the synthesis of 3-hydroxy-2-phenylpyridine-4-carboxylic acid 19 is 

described in detail. Into 50-mL round-bottomed flask, compound 15 (0.272 g) is 

dissolved in 5 mL of MeOH and 3 mL of 10% NaOH solution were added. The mixture 

was refluxed for 4 h and monitored by TLC analysis (eluent BuOH/CH3COOH/H2O, 

3:1:1). At the end of the reaction, MeOH was removed under vacuum and the water layer 

was acidified with HCl 10% to obtain a precipitate corresponding to the pyridine-4-

carboxylic acid derivative 19. The precipitate was filtered and dried to yield 0.236 g of a 

white solid. 

3-Hydroxy-2-phenylpyridine-4-carboxylic acid (19).  

Yield 98%; Rf: 0.69 (eluent BuOH/CH3COOH/H2O, 3:1:1); mp = 310-311°C; 1H NMR 

(400MHz, D2O/NaOD): δ 7.59 (m, J = 6.96 Hz, 2H, H-2’and H-6’), 7.53 (d, J = 4.76 Hz, 

1H, H-6), 7.39 (m, J = 7.38 Hz, J = 1.41 Hz, 2H, H-3’and H-5’), 7.31 (m, J = 7.36 Hz e J 

= 1.38 Hz, 1H, H-4’), 7.00 (d, J = 4.76 Hz, 1H, H-5) ppm; 13C NMR (101 MHz, 

D2O/NaOD): δ 177.88 (C-4), 157.71 (C-2), 150.69 (C-3), 140.08 (C-4), 138.71 (C-1’), 

131.84 (C-6), 128.99 (C-2’and C-6’), 128.05 (C-3’and C-5’), 127.30 (C-4’), 121.23 (C-5) 

ppm; IR (KBr): ṽ (cm-1) = 3462.05 (OH, bounded), 3106.95 (CH, aromatic), 2445.37 

(CO-OH, bounded), 2059.46 (intermolecular H bond), 1670.32 (C=O), 1534.71 (C=N), 

1401.54 (C-OH), 1239.16 and 1277.69 (C-OH); UV-Vis (H2O, 0.05% NaOH): 341.19 

nm; fluorescence (H2O, 0.05% NaOH): λexc = 342 nm, λems = 456.06 nm; HRMS (ESI-

MS, 140 eV): m/z [M+H]+ calculated for C12H10NO3
+, 216.0655; found, 216.0756; 

calculated for C12H9NNaO3
+,  238.0475; found, 238.0531; RP-C18 HPLC: tR = 7.00 min, 

99 %. 

2-Benzyl-3-hydroxy-6-methylpyridine-4-carboxylic acid (20).  

Compound 20 was prepared as for compound 19 by reacting compound 16 (0.439 g) with 

10% NaOH solution (3 mL) to obtain 0.374 g of a white solid. Yield 95%; Rf: 0.75 

(eluent BuOH/CH3COOH/H2O, 3:1:1); mp = 241-244°C; 1H NMR (400 MHz, 

D2O/NaOD): δ 6.95 (m, 2H, H-2’and H-6’), 6.85 (m, 3H, H-3’, H-4’and H-5’), 6.49 (s, 

1H, H-3), 3.71 (s, 2H, CH2), 1.88 (s, 3H, CH3) ppm; 13C NMR (101 MHz, D2O/NaOD): δ 
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177.85 (COOH), 168.35 (C3), 155.39 (C2), 151.16 (C6), 141.13 (C4), 139.74 (C1’), 

137.25 (C4’), 128.30 (C2’and C6’), 125.70 (C-3’and C5’), 119.73 (C5), 37.53 (CH2), 

21.24 (CH3) ppm; IR (KBr): ṽ (cm-1)= 3412.41 (OH, bonded), 3082.88 (CH, aromatic), 

2553.89 (CO-OH, bonded), 2083.48 (intermolecular H bond), 1670.19 (C=O), 1542.41 

(C=N), 1352.43 (C-OH), 1279.59 and 1279.59 (C-OH); UV-Vis (H2O, 0.05% NaOH): 

213.83 nm, 327.30 nm; fluorescence (H2O, 0.05% NaOH): λexc = 342 nm, λems = 429 nm; 

HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C14H14NO3
+, 244.0968; found, 

244.1124; calculated for C14H13NNaO3
+,  266.0788; found, 266.0905; RP-C18 HPLC: tR 

= 8.39 min, 98.63 %. 

5-Hydroxy-6-phenylpyridine-3-carboxylic acid (21).  

Compound 21 was prepared as for compound 19 by reacting compound 17 (0.350 g) with 

10% NaOH solution (3 mL) to obtain 0.294 g of a white solid. Yield 95%; Rf: 0.86 

(eluent BuOH/CH3COOH/H2O, 3:1:1); mp = 312-314°C; 1H NMR (300 MHz, 

D2O/NaOD): δ 8.18 (d, J = 1.78 Hz, 1H, H-2), 7.16 (d, J = 1.81 Hz, 1H, H-4), 7.11 (m, 

2H, H-2’and H-6’), 6.92 (m, 2H, H-3’and H-5’), 6.72 (m, 1H, H-4’) ppm; 13C NMR (75 

MHz, D2O/NaOD): δ 169.13 (COOH), 150.12 (C2), 148.28 (C6), 140.19 (C2), 138.28 

(C1’), 128.63 (C4’), 128.19 (C3’and C5’), 127.67 (C2’and C6’), 120.71 (C4), 119.31 

(C3) ppm; IR (KBr): ṽ (cm-1)= 3601.23(OH bonded), 3000.00 (CH, aromatic), 1686.23 

(C=O), 1559.75 (C=N), 1382.02 (C-OH), 1301.64 and 1221.59 (C-OH); UV-Vis (H2O, 

0.05% NaOH): 341.5; fluorescence (H2O, 0.05% NaOH): λexc = 342 nm, λems = 448.49 

nm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C12H10NO3
+, 216.0655; found, 

216.0734; calculated for C12H9NNaO3
+,  238.0475; found, 238.0559; RP-C18 HPLC: tR = 

10.10 min, 95.55 %. 

5-Hydroxy-2-methyl-6-phenylpyridine-3-carboxylic acid (22).  

Compound 22 was prepared as for compound 19 by reacting compound 18 (0.095 g) with 

10% NaOH solution (3 mL) to obtain 0.083 g of a yellowish solid. Yield 98%; Rf: 0.65 

(eluent BuOH/CH3COOH/H2O, 3:1:1); mp = 308-309°C; 1H NMR (300 MHz, 

D2O/NaOD): δ 7.31 (m, 2H, H-2’and H-6’), 7.20 (m, 2H, H-3’and H-5’), 7.13 (m, 1H, H-

4’), 6.74 (s, 1H, H-4), 2.12 (s, 3H, CH3) ppm; 13C NMR (75 MHz, D2O/NaOD): δ 175.28 

(COOH), 168.28 (C3), 151.29 (C2), 147.88 (C6), 139.27 (C4), 135.28 (C1’), 129.03 

(C2’and C6’), 127.87 (C3’and C5’), 127.41 (C4’), 125.61 (C5), 19.40 (CH3) ppm; IR 

(KBr): ṽ (cm-1)= 3611.16 (OH bonded), 3000.00 (CH, aromatic), 1676.44 (C=O), 

1553.14 (C=N), 1360.09 (C-OH), 1311.14 and 1229.51 (C-OH); UV-Vis (H2O, 0.05% 

NaOH): 336 nm; fluorescence (H2O, 0.05% NaOH): λexc = 336 nm, λems = 445 nm; 
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HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C13H12NO3
+, 230.0812; found, 

230.0843; calculated for C13H11NNaO3
+,  252.0631; found, 252.0615; RP-C18 HPLC: tR 

= 11.12 min, 96.64 %. 

General Procedure for the Synthesis of amide derivatives (28-32). As a typical procedure, 

the synthesis of ethyl 2-(benzamido) acetate 28 is described in detail. 1.40 g (10.03 

mmol) of compound 27 were suspended in 30 mL of DCM, and then 3.07 mL (22 mmol) 

of Et3N were added. The mixture was cooled to 0°C and then 1.280 mL (11 mmol) of 

benzoyl chloride were added dropwise. The mixture was stirred for 1 h and monitored by 

TLC analysis (eluent n-hexane/ethyl acetate 1:1). At the end of the reaction, 25 mL of 

water were added, and the mixture extracted with DCM. The organic layers were dried 

over sodium sulphate, filtered and evaporated. The obtained residue was dissolved with a 

mixture n-hexane/ethyl acetate 1:1, and the obtain precipitate was filtered. The filtrate 

was evaporated to dryness to yield 2.02 g of a yellow solid.  

Ethyl 2-(benzamido) acetate (28).  

Yield 97.6%; Rf: 0.52 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 

7.81 (m, 2H, H-2’and H-6’), 7.51 (m, 2H, H-3’and H-5’), 7.45 (m, 1H, H-4’), 6.67 (sbr, 

1H, NH), 4.26 (q, J = 7.15 Hz, 2H, OCH2CH3), 4.24 (d, J = 5.09 Hz, 2H, H-2), 1.31 (t, J = 

7.13 Hz, 3H, OCH2CH3) ppm. 

Ethyl 2-(benzamido)-2-phenylacetate (29).  

Compound 29 was prepared as for compound 28 by reacting compound 5 (1.40 g, 6.49 

mmol) with Et3N (2.0 mL, 13.63 mmol) and benzoyl chloride (0.829 mL, 7.14 mmol) to 

yield 1.838 g of a white solid. Yield 99%; Rf: 0.29 (eluent n-hexane/ethyl acetate 8:2); 1H 

NMR (300 MHz, CDCl3): δ 7.82 (m, 2H, H-2’and H-6’), 7.5 (m, 2H, H-2’’and H-6’’), 

7.45 (m, 4H, H-3’, H-5’, H-3’’and H-5’’), 7.36 (m, 2H, H-4’and H-4’’), 7.16 (d, J = 6.38, 

1H, NH), 5.76 (d, J = 7.04 Hz, 1H, H-2), 4.26 (q, J = 7.15 Hz, 2H, OCH2CH3), 1.24 (t, J = 

7.13, 3H, OCH2CH3) ppm. 

Ethyl 2-(benzamido) propanoate (30).  

Compound 30 was prepared as for compound 28 by reacting compound 26 (1.53 g, 10 

mmol) with Et3N (3.06 mL, 22 mmol) and benzoyl chloride (1.28 mL, 11 mmol) to yield 

2.212 g of a yellow solid. Yield 99%; Rf: 0.70 (eluent n-hexane/ethyl acetate 9:1); 1H 

NMR (300 MHz, CDCl3): δ 7.78 (m, 2H, H-2’and H-6’), 7.46 (m, 2H, H-3’and H-5’), 

7.45 (m, 1H, H-4’), 6.86 (d, J = 6.54, 1H, NH), 4.74 (quin, J = 7.17 Hz, 1H, H-2), 4.23 (q, 

J = 7.14 Hz, 2H, OCH2CH3), 1.49 (d, J = 7.15, 3H, CH3), 1.27 (t, J = 7.13, 3H, 

OCH2CH3) ppm. 
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Ethyl 2-(3-methoxybenzamido) acetate (31).  

Compound 31 was prepared as for compound 28 by reacting compound 27 (1.40 g, 10 

mmol) with Et3N (3.06 mL, 22 mmol) and 3-methoxybenzoyl chloride (1.55 mL, 11 

mmol) to yield 2.320 g of an orange solid. Yield 99%; Rf: 0.48 (eluent n-hexane/ethyl 

acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 7.81 (m, 2H, H-2’and H-6’), 7.51 (m, 2H, H-

3’and H-5’), 6.9 (m, 1H, H-4’), 6.7 (sbr, 1H, NH), 4.25 (q, J = 7.16 Hz, 2H, OCH2CH3), 

4.21 (d, J = 4.97 Hz, 2H, H-2), 3.73 (s, 3H, OCH3), 1.31 (t, J = 7.14 Hz, 3H, OCH2CH3) 

ppm. 

Ethyl 2-(2,4-difluorobenzamido) acetate (32).  

Compound 32 was prepared as for compound 28 by reacting compound 27 (1.40 g, 10 

mmol) with Et3N (3.06 mL, 22 mmol) and 2,4-difluorobenzoyl chloride (1.35 mL, 11 

mmol) to yield 2.420 g of a yellowish solid. Yield 99 %; Rf = 0.60 (eluent n-hexane/ethyl 

acetate 1:1); 1H NMR (300 MHz, CDCl3) δ 8.13 (m, J H-F = 8.9, J H-H = 6.6 Hz, 1H, H-

3’), 7.24 (s, 1H, NH), 7.03 – 6.96 (m, J H-F = 7.68 Hz, J H-H = 1.33 Hz, 1H, H-5’), 6.89 

(m, J H-F = 11.9, J H-H = 8.5, 1H, H-6’), 4.28 (q, J = 7.15 Hz, 2H, OCH2CH3), 4.25 (dd, 

J = 4.95 Hz, J = 1.24 Hz, 2H, H-2), 1.31 (t, J = 7.1 Hz, 3H, OCH2CH3) ppm. 

General Procedure for the Synthesis of oxazole derivatives (33-37). As a typical 

procedure, the synthesis of 5-ethoxy-2-phenyloxazole 33 is described in detail. 1.00 g 

(4.82 mmol) of compound 28 was dissolved in a mixture of dioxane/ethyl ether 1:4. At 

room temperature, with stirring, 1.00 g (4.82 mmol) of PCl5 was added to the solution. 

The mixture was stirred for 1 h and then, the solvents were evaporated. The obtained 

residue was left in the dark at 40°C for 48 h. Then, the mixture was cooled to 0°C and 

PCl5 was neutralized with a saturated solution of NaHCO3. The mixture was extracted 

with chloroform and the combined organic layers dried and evaporated in vacuo, to obtain 

0.817 g a red liquid. 

5-Ethoxy-2-phenyloxazole (33).  

Yield 98%; Rf = 0.61 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 

7.32 (m, 2H, H-2’and H-6’), 7.58 (m, 2H, H-3’and H-5’), 7.45 (m,  1H, H-4’), 6.87 (s, 

1H, H-4), 4.37 (q, J = 7.05 Hz, 2H, OCH2CH3), 1.54 (t, J = 7.01 Hz, 3H, OCH2CH3) ppm. 

5-Ethoxy-2,4-diphenyloxazole (34).  

Compound 34 was prepared as for compound 33 by reacting compound 29 (1.00 g, 3.53 

mmol) with PCl5 (0.74 g, 3.53 mmol) to obtain 0.918 g of a red liquid. Yield 95 %; Rf = 

0.76 (eluent n-hexane/ethyl acetate 8:2); 1H NMR (300 MHz, CDCl3): δ 8.01 (m, 2H, H-
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2’and H-6’), 7.93 (m, 2H, H-2’’and H-6’’), 7.44 (m, 6H, H-3’, H-5’, H-3’’, H-5’’, H-4’, 

H-4’’), 4.44 (q, J = 7.08 Hz, 2H, OCH2CH3), 1.52 (t, J = 7.08, 3H, OCH2CH3) ppm. 

5-Ethoxy-4-methyl-2-phenyloxazole (35).  

Compound 35 was prepared as for compound 33 by reacting compound 30 (2.21 g, 11.12 

mmol) with PCl5 (2.32 g, 11.12 mmol) to obtain 2.160 g of a red liquid. Yield 97 %; Rf = 

0.84 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 8.38 (m, 2H, H-

2’and H-6’), 7.59 (m, 2H, H-3’and H-5’), 7.53 (m, 1H, H-4’), 4.40 (q, J = 7.08 Hz, 2H, 

OCH2CH3), 2.41 (s, 3H, CH3), 1.27 (t, J = 7.13, 3H, OCH2CH3) ppm. 

5-Ethoxy-2-(3-methoxyphenyl)oxazole (36). 

Compound 36 was prepared as for compound 33 by reacting compound 31 (2.32 g, 9.79 

mmol) with PCl5 (2.04 g, 9.79 mmol) to obtain 2.05 g of a red liquid. Yield 95 %; Rf = 

0.52 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 8.04 (s, 1H, H-

2’), 7.77 (d, J = 7.72 Hz, 1H, H-6’), 7.47 (t, J = 7.87, 1H, H-5’), 7.2 (d, J = 6.42 Hz, 1H, 

H-4’), 6.69 (s, 1H, H-4), 4.38 (q, J = 7.14 Hz, 2H, OCH2CH3), 3.69 (s, 3H, OCH3), 1.55 

(t, J = 6.77 Hz, 3H, OCH2CH3) ppm. 

5-ethoxy-2-(2,4-difluorophenyl)oxazole (37).  

Compound 37 was prepared as for compound 33 by reacting compound 32 (0.949 g, 3.90 

mmol) with PCl5 (0.812 g, 3.90 mmol) to obtain 0.456 g of a red liquid. Yield 52 %; Rf = 

0.81 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 7.90 (m, J H-F = 

12.16 Hz, J H-H = 6.10 Hz, 1H, H-3’), 6.95 – 6.84 (m, 2H, H-5’ and H-6’), 6.26 (s, 1H, 

H-4), 4.26 (q, J = 7.07 Hz, 2H, OCH2CH3), 1.47 (t, J = 7.06 Hz, 3H, OCH2CH3) ppm. 

General procedure for the synthesis of pyridine derivatives (38–41 and 46–48). The 

synthesis of derivatives 38–41 and 46–48 follows the general procedure reported for the 

preparation of derivatives (15–18). 

Synthesis of ethyl 5-hydroxy-2-phenylpyridine-4-carboxylate (38) and of ethyl 5-hydroxy-

2-phenylpyridine-3-carboxylate (39).  

Compounds 38 and 39 were prepared as described for compound 15 by reacting 0.817 g 

(4.32 mmol) of the oxazole derivative 33 with 0.520 mL (4.75 mmol) of ethyl acrylate to 

yield a crude product consisting of the two isomers 38 and 39. The two isomers were 

separated by Flash-column chromatography (silica gel, n-hexane/ethyl acetate 1:1) to 

obtain 0.160 g of a yellow oil (38) and 0.224 g of a yellow solid (39). Compound 38: 

Yield 15%; Rf = 0.84 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 

10.34 (s, 1H, OH), 8.57 (d, J = 0.69 Hz, 1H, H-6), 8.05 (d, J = 0.66 Hz, 1H, H-3), 7.94 

(m, 2H, H-2’and H-6’), 7.46 (m, 2H, H-3’and H-5’), 7.38 (m, 1H, H-4’), 4.50 (q, J = 7.14 
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Hz, 2H, OCH2CH3), 1.47 ppm (t, J = 7.12 Hz, 3H, OCH2CH3); 
13C NMR (75 MHz, 

CDCl3): δ 168.86 (COOCH2CH3), 154.68 (C2), 148.78 (C5), 141.40 (C6), 138.25 (C1’), 

128.80 (C3’and C5’), 128.51 (C4’), 126.33 (C2’and C6’), 119.18 (C4), 118.42 (C3), 

62.51 (OCH2CH3), 14.15 (OCH2CH3) ppm; Compound 39: Yield 21%; Rf = 0.48 (eluent 

n-hexane/ethyl acetate 1:1); 1H NMR (400 MHz, CDCl3): δ 8.88 (d, J = 1.76 Hz, 1H, H-

6), 7.86 (d, J = 1.76 Hz, 1H, H-4), 7.80 (m, 2H, H-2’ e H-6’), 7.50 (m, 2H, H-3’ and H-

5’), 7.47 (m, 1H, H-4’), 5.86 (sbr, 1H, OH), 4.42 (q, J = 7.13 Hz, 2H, OCH2CH3), 1.42 (t, 

J = 7.14 Hz, 3H, OCH2CH3) ppm; 13C NMR (101 MHz, CDCl3): δ 169.79 

(COOCH2CH3), 150.27 (C2), 148.27 (C5), 142.95 (C6), 135.82 (C1’), 129.83 (C4’), 

129.21 (C3’and C5’), 128.72 (C2’and C6’), 124.51 (C4), 119.27 (C1’), 61.47 

(OCH2CH3), 14.55 (OCH2CH3) ppm. 

Synthesis of ethyl 3-hydroxy-2,6-diphenylpyridine-4-carboxylate (40) and of ethyl 5-

hydroxy-2,6-diphenylpyridine-3-carboxylate (41).  

Compounds 40 and 41 were prepared as described for compound 15 by reacting 0.890 g 

(3.35 mmol) of the oxazole derivative 34 with 0.400 mL (3.69 mmol) of ethyl acrylate to 

yield a crude product consisting of the two isomers. The two isomers were separated by 

Flash-column chromatography (silica gel, n-hexane/ethyl acetate 8:2) to obtain 0.117 g of 

a yellow semi-solid compound (40) and 0.335 g of a yellowish solid (41). Compound 40: 

Yield 11%; Rf = 0.67 (eluent n-hexane/ethyl acetate 8:2); 1H NMR (400 MHz, CDCl3): δ 

11.17 (sb, 1H, OH), 8.23 (m, 2H, H-2’’and H-6’’), 8.11 (s, 1H, H-5), 8.10 (m, 2H, H-

2’and H-6’), 7.53 (m, 2H, H-3’’ and H-5’’), 7.50 (m, 2H, H-3’and H-5’), 7.48 (m, 1H, H-

4’), 7.41 (m, 1H, H-4’’), 4.54 (q, J = 7.14 Hz, 2H, OCH2CH3), 1.52 (t, J = 7.14 Hz, 3H, 

OCH2CH3) ppm; 13C NMR (101 MHz, CDCl3): δ 169.69 (COOCH2CH3), 153.19 (OH), 

147.97 (C6), 147.56 (C2), 138.66 (C1’’), 137.07 (C1’), 129.54 (C2’and C6’), 129.46 

(C2’’and C6’’), 128.82 (C4’), 128.70 (C3’’and C5’’), 128.36 (C4’’), 126.33 (C2’’and 

C6’’), 119.47 (C4), 117.29 (C5), 62.55 (OCH2CH3), 14.17 (OCH2CH3) ppm. Compound 

41: Yield 31%; Rf = 0.16 (eluent n-hexane/ethyl acetate 8:2); 1H NMR (300 MHz, 

CDCl3): δ 8.02 (s, 1H, H-4), 8.01 (m, 2H, H-2’and H-6’), 7.94 (m, 2H, H-2’’and H-6’’), 

7.53 (m, 2H, H-3’’and H-5’’), 7.46 (m, 2H, H-3’and H-5’), 7.45 (m, 1H, H-4’’), 7.43 (m, 

1H, H-4’), 4.16 (q, J = 7.17 Hz, 2H, OCH2CH3), 1.26 (t, J = 7.13 Hz, 3H, OCH2CH3) 

ppm; 13C NMR (75 MHz, CDCl3): δ 171.06 (COOCH2CH3), 167.38 (COH), 150.19 (C2), 

149.27 (C6), 140.17 (C3), 136.63 (C1’), 135.92 (C1’’), 128.76 (C4’), 128.72 (C2’and 

C6’), 128.56 (C3’and C5’), 128.25 (C3’’and C5’’), 128.12 (C4’’), 127.97 (C2’’and C6’’), 

127.23 (C4), 61.42 (OCH2CH3), 14.02 (OCH2CH3) ppm. 
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Ethyl 3-hydroxy-2-methyl-6-phenylpyridine-4-carboxylate (46). 

 Compound 46 was prepared as for compound 15 by reacting oxazole derivative 35 

(0.790 g, 3.89 mmol) with ethyl acrylate (0.451 mL, 4,28 mmol). After 48 h, the excess 

ethyl acrylate was evaporated, and the crude product was purified by Flash-column 

chromatography (silica gel, n-hexane/ethyl acetate 1:1) yielding 0.350 g of pyridinic ester 

derivative. Yield 35%; Rf: 0.91 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (400 MHz, 

CDCl3): δ 10.64 (s, 1H, OH), 7.96 (m, 2H, H-2’ and H-6’), 7.92 (d, J = 0.48 Hz, 1H, H-

3), 7.47 (m, 2H, H-3’ and H-5’), 7.38 (m, 1H, H-4’), 4.50 (q, J = 7.13 Hz, 2H, 

OCH2CH3), 2.64 (s, J = 0.34, 3H, CH3), 1.48 ppm (t, J = 7.14 Hz, 3H, OCH2CH3); 
13C 

NMR (101 MHz, CDCl3): δ 169.52 (COOCH2CH3), 153.15 (C2), 150.13 (C5), 147.27 

(C6), 138.96 (C1’), 128.68 (C3’ and C5’), 128.10 (C4’), 126.31 (C2’and C6’), 117.56 

(C4), 116.16 (C3), 62.28 (OCH2CH3), 19.34 (CH3), 14.15 (OCH2CH3) ppm.  

Ethyl 5-hydroxy-2-(3-methoxyphenyl)pyridine-4-carboxylate (47).  

Compound 47 was prepared as for compound 15 by reacting oxazole derivative 36 (2.05 

g, 9.35 mmol) with ethyl acrylate (1.12 mL, 10,28 mmol). After 48 h, the excess ethyl 

acrylate was evaporated, and the crude product was purified by Flash-column 

chromatography (silica gel, n-hexane/ethyl acetate 1:1) yielding 0.410 g of pyridinic ester 

derivative. Yield 16%; Rf: 0.87 (eluent n-hexane/ethyl acetate 1:1); 1H NMR (400 MHz, 

CDCl3): δ 10.34 (s, 1H, OH), 8.56 (d, J = 0.56 Hz, 1H, H-6), 8.05 (d, J = 0.52 Hz, 1H, H-

3), 7.54 (m, 1H, H-6’), 7.50 (m, 1H, H-2’), 7.37 (t, J = 7.98 Hz, 1H, H-5’), 6.93 (ddd, J = 

8.17, J = 2.06 e J = 0.90 Hz, 1H, H-4’), 4.49 (q, J = 7.14 Hz, 2H, OCH2CH3), 3.89 (s, 3H, 

OCH3), 1.47 (t, J = 7.14 Hz, 3H, OCH2CH3) ppm; 13C NMR (101 MHz, CDCl3): δ 168.84 

(COOCH2CH3), 160.14 (COCH3), 154.78 (C2), 148.49 (C5), 141.28 (C6), 139.71 (C1’), 

129.79 (C5’), 119.09 (C4), 118.58 (C3), 114.37 (C4’), 111.75 (C6’), 62.53 (OCH3 e 

OCH2CH3), 14.16 (OCH2CH3) ppm. 

Ethyl 2-(2,4-difluorophenyl)-5-hydroxypyridine-4-carboxylate (48).  

Compound 48 was prepared as for compound 15 by reacting oxazole derivative 37 (0.215 

g, 0.884 mmol) with ethyl acrylate (0.243 mL, 0.972 mmol). After 48 h, the excess ethyl 

acrylate was evaporated, and the crude product was purified by Flash-column 

chromatography (silica gel, n-hexane/ethyl acetate 8:2) yielding 0.043 g of pyridinic ester 

derivative. Yield 20%; Rf = 0.73 (eluent n-hexane/ethyl acetate 8:2); 1H NMR (300 MHz, 

CDCl3): δ 8.68 (s, 1H, H-6), 8.34 (d, J = 1.5 Hz, 1H, H-3), 8.23 (td, J = 8.5, 6.5 Hz, 1H, 

H-3’), 8.04 (td, J = 8.8, 6.6 Hz, 1H, H-6’), 6.99 – 6.92 (m, 1H, H-5’), 4.32 (q, J = 7.1 Hz, 

2H, OCH2CH3), 1.23 (t, J = 7.1 Hz, 3H, OCH2CH3) ppm; 13C NMR (101 MHz, CDCl3): δ 
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168.14 ppm (COOCH2CH3), 162.99 (dd, J = 243.70 Hz, J = 8.90 Hz, C4’), 158.50 (d, J = 

3.00 Hz, C2), 158.36 (dd, J = 248.72 Hz, J = 7.99 Hz, C2’), 147.27 (C5), 141.88 (C6), 

137.72 (dd, J = 13.21 Hz, J = 3.89 Hz, C6’), 132.01 (dd, J = 9.00 Hz, J = 4.95 Hz, C5’), 

123.69 (dd, J = 5.00 Hz, C3), 116.14 (d, J = 1.90 Hz, C4), 112.64 (dd, J = 21.60 Hz, J = 

3.39 Hz, C5’), 105.13 (t, J = 26.50 Hz, C3’), 62.51 (OCH3 e OCH2CH3), 14.15 

(OCH2CH3) ppm. 

General procedure for the synthesis of pyridine carboxylic acid derivatives (42–45 and 

49–51). The synthesis of derivatives 42–45 and 49–51 follows the general procedure 

reported for the preparation of derivatives (19–22). 

5-Hydroxy-2-phenylpyridine-4-carboxylic acid (42).  

Compound 42 was prepared as for compound 19 by reacting compound 38 (0.160 g) with 

10% NaOH solution (3 mL) to obtain 0.112 g of a brownish solid. Yield 70%; Rf: 0.69 

(eluent BuOH/CH3COOH/H2O, 3:1:1); mp = 314-315°C; 1H NMR (300 MHz, DMSO): δ 

8.47 (s, 1H, H-6), 8.09 (s, 1H, H-3), 7.98 (m, J = 7.96 Hz, 2H, H-2’and H-6’), 7.47 (m, J 

= 7.58 Hz, 2H, H-3’and H-5’), 7.39 (m, J = 7.07 Hz e J = 2.06 Hz, 1H, H-4’) ppm; 13C 

NMR (75 MHz, DMSO): δ 182.45 (COOH), 154.92 (C2), 146.69 (C5), 144.69 (C4), 

140.18 (C6), 137.66 (C1’), 128.77 (C3’and C5’), 128.30 (C4’), 125.79 (C2’and C6’), 

119.07 (C3) ppm; IR (KBr): ṽ (cm-1)= 3432.40 (OH, bounded), 3029.21 (CH, aromatic), 

2395.47 (CO-OH, bounded), 2115.97 (intermolecular H bond), 1647.32 (C=O), 1545.63 

(C=N), 1492.63 (C-OH), 1259.66 and 1283.33 (C-OH); UV-Vis (H2O, 0.05% NaOH): 

254.33, 337.27 nm; fluorescence (H2O, 0.05% NaOH): λexc = 337 nm, λems = 445 nm; 

HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C12H10NO3
+, 216.0655; found, 

216.0670; calculated for C12H9NNaO3
+,  238.0475; found, 238.0483; RP-C18 HPLC: tR = 

7.69 min, 97 %. 

3-Hydroxy-2,6-diphenylpyridine-4-carboxylic acid (43).  

Compound 43 was prepared as for compound 19 by reacting compound 40 (0.117 g) with 

10% NaOH solution (3 mL) to obtain 0.104 g of a yellowish solid. Yield 98%; Rf: 0.81 

(eluent BuOH/CH3COOH/H2O, 3:1:1); mp = 119-120°C; 1H NMR (300 MHz, 

D2O/NaOD): δ 7.58 (m, J = 7.88 Hz, 2H, H-2’’and H-6’’), 7.53 (m, J = 7.59 Hz, 2H, H-

2’and H-6’), 7.28 (s, 1H, H-5), 7.24 (m, 2H, H-3’’and H-5’’), 7.23 (m, 2H, H-3’and H-

5’), 7.17 (m, 1H, H-4’’), 7.12 ppm (m, 1H, H-4’); 13C NMR (75 MHz, D2O/NaOD): δ 

177.61 (COOH), 168.30 (COH), 157.65 (C6), 150.60 (C2), 140.24 (C4), 139.93 (C1’’), 

139.47 (C1’), 129.03 (C3’’and C5’’), 128.68 (C3’’and C5’’), 128.16 (C3’and C5’), 

127.88 (C2’and C6’), 127.28 (C4’’), 127.06 (C4’), 119.08 (C5) ppm; UV-Vis (H2O, 
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0.05% NaOH): 224.86, 360.23 nm; fluorescence (H2O, 0.05% NaOH): λexc = 360 nm, 

λems = 455 nm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C18H14NO3
+, 

292.0968; found, 292.1117; calculated for C18H13NNaO3
+,  314.0788; found, 314.0863; 

RP-C18 HPLC: tR = 17.07 min, 98 %. 

5-Hydroxy-2-phenylpyridine-3-carboxylic acid (44).  

Compound 44 was prepared as for compound 19 by reacting compound 39 (0.224 g) with 

10% NaOH solution (3 mL) to obtain 0.226 g of a brown solid. Yield 98%; Rf: 0.72 

(eluent BuOH/CH3COOH/H2O, 3:1:1); mp = 312-314°C; 1H NMR (400 MHz, 

D2O/NaOD): δ 7.69 (s, 1H, H-6), 7.54 (m, J = 7.24 Hz, 2H, H-2’and H-6’), 7.35 (s, 1H, 

H-4), 7.27 (m, J = 7.66 Hz, 2H, H-3’and H-5’), 7.15 (m, J = 7.36 Hz, 1H, H-4’) ppm; 13C 

NMR (101 MHz, D2O/NaOD): δ 176.60 (COOH), 159.78 (C5), 142.64 (C2), 140.52 

(C1’), 139.77 (C6), 129.14 (C3’and C5’), 127.19 (C4’), 125.38 (C2’and C6’), 120.84 

(C4), 119.70 (C3) ppm; IR (KBr): ṽ (cm-1)= 3560.20 (OH,),3000.00 (CH, aromatic), 

1656.54 (C=O), 1543.56 (C=N), 1399.83 (C-OH), 1259.23 and 1212.69 (C-OH); UV-Vis 

(H2O, 0.05% NaOH): 253.49, 337.39 nm; fluorescence (H2O, 0.05% NaOH): λexc = 337 

nm, λems = 428.93 nm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for 

C12H10NO3
+, 216.0655; found, 216.0736; calculated for C12H9NNaO3

+,  238.0475; found, 

238.0555; RP-C18 HPLC: tR = 7.67 min, 95.2 %. 

5-Hydroxy-2,6-diphenylpyridine-3-carboxylic acid (45).  

Compound 45 was prepared as for compound 19 by reacting compound 41 (0.335 g) with 

10% NaOH solution (3 mL) to obtain 0.293 g of a brown solid. Yield 96%; Rf: 0.94 

(eluent BuOH/CH3COOH/H2O, 3:1:1); mp = 149-151°C; 1H NMR (300 MHz, 

D2O/NaOD): δ 7.23 (m, J = 8.09 Hz, 2H, H-2’and H-6’), 7.11 (m, J = 8.24 Hz, 2H, H-

2’’and H-6’’), 6.95 (m, 2H, H-3’and H-5’), 6.80 (m, 2H, H-3’’and H-5’’), 6.73 (m, 1H, 

H-4’’), 6.72 (m, 1H, H-4’), 6.44 (s, 1H, H-4) ppm; 13C NMR (75 MHz, D2O/NaOD): δ 

177.66 (COOH), 165.34 (C5), 151.28 (C2), 150.27 (C6), 136.27 (C1’), 135.92 (C1’’), 

129.98 (C2’and C6’), 128.48 (C3’and C5’), 128.44 (C2’’and C6’’), 128.15 (C3’’and 

C5’’), 128.11 (C4’), 128.02 (C4’’), 127.36 (C3), 125.26 (C4) ppm; UV-Vis (H2O, 0.05% 

NaOH): 329.44 nm; fluorescence (H2O, 0.05% NaOH): λexc = 329 nm, λems = 437.67 nm; 

HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C18H14NO3
+, 292.0968; found, 

292.1080; calculated for C18H13NNaO3
+,  314.0788; found, 314.0933; RP-C18 HPLC: tR 

= 12.84 min, 99 %. 

3-Hydroxy-2-methyl-6-phenylpyridine-4-carboxylic acid (49).  

Compound 49 was prepared as for compound 19 by reacting compound 46 (0.350 g) with 
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 10% NaOH solution (3 mL) to obtain 0.302 g of a yellow solid. Yield 96%; Rf: 0.74 

(eluent BuOH/CH3COOH/H2O, 3:1:1); mp = 300-302°C; 1H NMR (400 MHz, 

D2O/NaOD): δ 7.28 (m, J = 7.16 Hz, 2H, H-2’ and H-6’), 7.02 (m, J = 7.66 Hz, 2H, H-

3’and H-5’), 6.95 (d, J = 0.40 Hz, 1H, H-3), 6.91 (m, J = 7.94 Hz, J = 1.24 Hz, 1H, H-4’), 

1.93 (s, J = 0.23, 3H, CH3) ppm; 13C NMR (101 MHz, D2O/NaOD): δ 177.36 (COOH), 

168.29 (C5), 157.82 (C2), 151.67 (C6), 139.34 (C4), 134.83 (C1’), 128.64 (C3’and C5’), 

126.94 (C4’), 125.63 (C2’and C6’), 112.89 (C3), 19.35 (CH3) ppm; IR (KBr): ṽ (cm-1)= 

3503.88 (OH, bounded), 3074 (CH, aromatic), 2607.89 (CO-OH, bounded), 2048.53 

(intermolecular H bond), 1670.21 (C=O), 1534.17 (C=N), 1458.46 (CH3); UV-Vis (H2O, 

0.05% NaOH): 253.72 nm, 342.10 nm; fluorescence (H2O, 0.05% NaOH): λexc = 342 nm, 

λems = 451.96 nm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C13H12NO3
+, 

230.0812; found, 230.0854; calculated for C13H11NNaO3
+,  252.0631; found, 252.0672; 

RP-C18 HPLC: tR = 7.50 min, 98.8 %. 

5-hydroxy-2-(3-methoxyphenyl)pyridine-4-carboxylic acid (50).  

Compound 50 was prepared as for compound 19 by reacting compound 47 (0.417 g) with 

10% NaOH solution (3 mL) to obtain 0.334 g of a yellow solid. Yield 91%; Rf: 0.87 

(eluent BuOH/CH3COOH/H2O, 3:1:1); mp = 240°C; 1H NMR (400 MHz, D2O/NaOD): δ 

7.50 (s, 1H, H-6), 7.15 (s, 1H, H-3), 6.89 (m, 2H, H-2’ and H-6’), 6.80 (m, 1H, H-5’), 

6.42 (m, J = 6.92 Hz, J = 2.24 Hz, 1H, H-4’), 6.36 ppm (s, 3H, OCH3); 
13C NMR (101 

MHz, D2O/NaOD): δ 176.45 (COOH), 168.33 (C3’), 160.22 (C2), 158.81 (C5), 142.83 

(C6), 140.81 (C4), 135.77 (C1’), 129.89 (C5’), 119.97 (C3), 118.27 (C2’), 112.59 (C4’), 

110.76 (C6’), 55.27 (OCH3) ppm; UV-Vis (H2O, 0.05% NaOH): 219.79, 257.44, 340.04 

nm; fluorescence (H2O, 0.05% NaOH): λexc = 342 nm, λems = 455 nm; HRMS (ESI-MS, 

140 eV): m/z [M+H]+ calculated for C13H12NO4
+, 246.0761; found, 246.0841; calculated 

for C13H11NNaO4
+,  268.0580; found, 268.0604; RP-C18 HPLC: tR = 8.87 min, 98.8 %. 

2-(2,4-Difluorophenyl)-5-hydroxypyridine-4-carboxylic acid (51).  

Compound 51 was prepared as for compound 19 by reacting compound 48 (0.043 g) with 

10% NaOH solution (3 mL) to obtain 0.037 g of a yellow solid. Yield 97%; Rf = 0.71 

(eluent BuOH/CH3COOH/H2O, 3:1:1); 1H NMR (400 MHz, D2O/NaOD): δ 7.76 (d, J = 

0.5 Hz, 1H, H-6), 7.44 (m, J H-H = 8.86 Hz, J H-F = 6.72 Hz, 1H, H-3’), 7.27 (dd, J = 

2.1 Hz, J = 0.5 Hz 1H, H-3), 6.90 (m, H-4H’ and H-6’) ppm; 13C NMR (101 MHz, 

D2O/NaOD): δ 104.13 (t, J = 26.40 Hz, C3’), 111.54 (dd, J = 21.30 Hz, J = 3.38 Hz, 

C5’), 122.59 (d, J = 4.99 Hz, C3), 123.83 (dd, J = 13.11 Hz, J = 3.91 Hz, C1’), 131.01 

(dd, J = 8.98 Hz,  J = 4.65 Hz, C6’), 136.22 (d, J = 1.82 Hz, C4), 142.78 (C6), 159.26 
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(dd, J = 249.82 Hz, J = 7.88 Hz, C2’), 159.60 (dd, J = 249.82 Hz, J = 7.88 Hz, C2’), 

161.89 (dd, J = 242.82 Hz, J = 8.80 Hz, C4’), 168.40 (C5), 176.71 (COOH) ppm; UV-vis 

(H2O, 0.05% NaOH) : λmax = 250.11, 330.46 nm; fluorescence λexc= 342 nm, λems = 

433.03 nm;  HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C12H8F2NO3
+, 

252.0467; found, 252.0520; calculated for C12H7F2NNaO3
+, 274.0286; found, 274.0337; 

RP-C18 HPLC: tR = 10.59 min, 98.83 %. 

Synthesis of diethyl 2-((2,4-difluorophenylamino)methylene)malonate (52).  

Into a 100-mL round bottomed flask, 1.00 g (7.74 mmol) of 2,4-difluoroaniline are mixed 

with 1.565 mL (7.74 mmol) of diethyl 2-(ethoxymethylene)malonate. The mixture was 

stirred at 90 °C for 3 h and the reaction was monitored by TLC analysis (eluent n-

hexane/ethyl acetate 1:1). At the end of the reaction, the mixture was evaporated under 

vacuum to obtain 2.32 g of condensation product. Yield 99%; Rf: 0.78 (eluent n-

hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): δ 11.00 (d, J = 13.24 Hz, 2H, N-

H), 8.14 (d, J = 13.46 Hz, 1H, C-H), 7.24 (ddt, J = 5.39 Hz, J = 9.49 Hz, 1H, H-3), 6.92 

(m, J = 6.99 Hz, 2H, H-5 and H-6), 4.28 (ddq, J = 7.12 Hz, 4H, OCH2CH3), 1.38 (ddt, J = 

7.12 Hz, 6H, OCH2CH3) ppm. 

Synthesis of ethyl 6,8-difluoro-4-hydroxyquinoline-3-carboxylate (53).  

In a two-necked round-bottomed flask, 15 mL of diphenyl ether were heated to boiling. 

An amount of 2.32 g of derivative 52 were then added portion wise, and the resulting 

mixture was refluxed for 15 min. After cooling to room temperature, a precipitate started 

to precipitate from the mixture. The separated precipitate was collected by filtration and 

washed many times with diethyl ether and dried, obtaining 1.460 g of a pink solid. Yield 

60%; Rf: 0.48 (eluent chloroform/MeOH 95:5); 1H NMR (400 MHz, DMSO-d6): δ 8.40 

(s, 1H, H-2), 7.81 (m, J = 10.96 Hz, J = 2.76 Hz, 1H, H-7), 7.66 (m, J = 9.07 Hz, J = 1.46, 

1H, H-5), 4.23 (q, J = 7.09 Hz, 2H, OCH2CH3), 1.28 ppm (t, J = 7.10 Hz, 3H, OCH2CH3); 

13C NMR (101 MHz, DMSO-d6): δ 172.03 (dd, J = 2.85 Hz, COH), 164.80 

(COOCH2CH3), 158.39 (dd, J = 245.59 Hz, J = 11.29 Hz, C8), 152.83 (dd, J = 253.18 Hz, 

J = 12.24 Hz, C6), 145.23 (C2), 129.96 (dd, J = 7.22 Hz, J = 1.47 Hz, C4a), 126.14 (dd, J 

= 12.75 Hz, J = 2.02 Hz, C8a), 110.31 (C3), 108.16 (dd, J = 29.17 Hz, J = 21.14 Hz, C7), 

106.50 (dd, J = 22.83 Hz, J = 4.22 Hz, C5), 62.32 (OCH2CH3), 14.72 (OCH2CH3) ppm. 

Synthesis of 6,8-difluoro-4-hydroxyquinoline-3-carboxylic acid (54).  

Into 50-mL round-bottomed flask, compound 53 (1.00 g) was dissolved in 5 mL of 

MeOH and 3 mL of 10% NaOH solution were added. The mixture was refluxed for 4 h 

and monitored by TLC analysis (eluent chloroform/MeOH, 95:5). At the end of the 
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reaction, MeOH was removed under vacuum and the water layer was acidified with HCl 

10% to obtain a precipitate corresponding to the carboxylic acid derivative 54. The 

precipitate was filtered and dried to yield 0.865 g of a white solid. Yield 87%; Rf: 0.11 

(eluent chloroform/MeOH 95:5); mp = 284-285°C; 1H NMR (400 MHz, DMSO-d6): δ 

14.73 (sbr, 1H, OH), 13.87 (sbr, 1H, COOH), 8.63 (s, 1H, H-2), 8.00 (m, J = 9.90 Hz, J = 

2.76 Hz, 1H, H-7), 7.78 (m, J = 8.74 Hz, J = 2.74 Hz, J = 1.54 Hz, 1H, H-5) ppm; 13C 

NMR (101 MHz, DMSO-d6): δ 177.33 ppm (dd, J = 3.06 Hz, OH), 166.12 (COOH), 

159.14 (dd, J = 247.78 Hz, J = 11.22 Hz, C8), 153.11 (dd, J = 254.91 Hz, J = 12.78 Hz, 

C6), 145.44 (C2), 127.19 (dd, J = 9.19 Hz, J = 2.10 Hz, C4a), 126.73 (dd, J = 14.18 Hz, J 

= 2.36 Hz, C8a), 109.66 (dd, J = 29.73 Hz, J = 21.13 Hz, C3), 108.45 (C3), 106.04 (dd, J 

= 23.16 Hz, J = 4.19 Hz, C5) ppm; IR (KBr): ṽ (cm-1)= 1690.00 (C=O), 1490.20 (C=N), 

1389.89 (C-OH), 1315.54 and 1284.36 (C-OH), 1119.33 (C-F); UV-Vis (H2O, 0.05% 

NaOH): 228.28 nm, 303.90 nm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for 

C10H6F2NO3
+, 226.031; found, 226.0414; calculated for C10H5F2NNaO3

+,  248.013; 

found, 248.0232; RP-C18 HPLC: tR = 9.75 min, 97.04 %. 

General procedure for the synthesis of N-methylated derivatives (55-57). As a typical 

procedure, the synthesis of 2-benzyl-3-hydroxy-1-methylpyridin-1-ium-4-carboxylate 55 

is described in detail. 0.200 g (0.872 mmol) of compound 14 were dissolved in 4 mL of 

DMF.  The resulting suspension was stirred at room temperature and 10% NaOH (7.5 ml) 

was added drop-wise until complete dissolution of the solid was obtained (pH 9-10). 

Methyl iodide, 0.163 g (2.62 mmol, d=2.28 g ml-1) was added under stirring and the 

mixture was heated to 150°C for 24 h and monitored by TLC analysis (eluent 

CH3CN/H2O, 1:1).  Once the starting material disappeared, the solvent was removed 

under reduced pressure obtaining a coloured solid which was dissolved in boiling water 

(50 mL) and added of 5% H2O2 (1 mL). Then, the iodine was exhaustively extracted with 

CHCl3 (5×15 mL) in a separating funnel. The mixture was separated, and the aqueous 

phase was acidified with HCl 1M to obtain the precipitation of the desired methylated 

compound, which was filtered and dried. The crude product was purified by Biotage 

Isolera Spektra Flash-column chromatography (RP-C18, eluent CH3CN/H2O, 1:1) to 

yield 0.071 g of a yellow solid. 

2-Benzyl-3-hydroxy-1-methylpyridin-1-ium-4-carboxylate (55).  

Yield 36%; Rf: 0.36 (eluent CH3CN/H2O, 1:1); mp = 260-262°C; 1H NMR (300 MHz, 

D2O/NaOD): δ 7.36 (m, J = 6.03 Hz, 1H, H-6), 7.16 (m, 2H, H-3’and H-5’), 7.13 (m, 1H, 

H-4’), 7.10 (m, 1H, H-5), 6.97 (m, 2H, H-2’and H-6’), 4.24 (s, 2H, CH2), 3.72 (s, 3H, 
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CH3) ppm; 13C NMR (75 MHz, D2O/NaOD): δ 174.75 (C4), 168.33 (C3), 148.15 (C2), 

141.96 (C4), 135.91 (C1’), 128.93 (C3’and C5’), 128.29 (C6), 127.87 (C2’and C6’), 

126.79 (C4’), 121.48 (C5), 45.34 (CH3), 37.45 (CH2) ppm; IR (KBr): ṽ (cm-1)= 3422.04 

(OH, bonded), 3086.09 (CH, aromatic), 1653.88 (C=O), 1474.71 (C=N), 1376.11 (C-

OH), 1302.11 and 1246.64 (C-OH); UV-Vis (H2O, 0.05% NaOH): 214.31, 321.85 nm; 

HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C14H13NO3
+, 244.0968; found, 

244.1166; calculated for C14H12NNaO3
+,  266.0788; found, 266.0927; RP-C18 HPLC: tR 

= 8.70 min, 97.7 %. 

2-Phenyl-5-hydroxy-1-methylpyridin-1-ium-4-carboxylate (56).  

Compound 56 was prepared as for compound 55 by reacting compound 38 (0.045 g) with 

CH3I (0.039 mL) to obtain 0.037 g of a yellow solid. Yield 70%; Rf: 0.43 (eluent 

CH3CN/H2O, 1:1); mp = 165°C; 1H NMR (300 MHz, D2O/NaOD): δ 7.68 (s, 1H, H-6), 

7.49 (m, 3H, H-3’, H-4’and H-5’), 7.40 (m, 2H, H-2’ and H-6’), 7.29 (s, 1H, H-3), 3.82 

(s, 3H, CH3) ppm; 13C NMR (75 MHz, D2O/NaOD): δ 182.45 (COOH), 154.92 (C2), 

146.69 (C5), 144.69 (C4), 140.18 (C6), 137.66 (C1’), 128.77 (C3’and C5’), 128.30 (C4’), 

125.79 (C2’and C6’), 119.07 (C3) ppm; IR (KBr): ṽ (cm-1)= 3422.37 (OH, bonded), 

2980.59 (CH, aromatic), 2775.42 (CH3), 2446.10 (CO-OH, bonded), 1647.96 (C=O), 

1458.47 (C=N), 1354.99 (C-OH), 1299.27 and 1262.20 (C-OH); UV-Vis (H2O, 0.05% 

NaOH): 326.87 nm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C13H12NO3
+, 

230.0812; found, 230.0934; calculated for C13H11NNaO3
+,  252.0631; found, 252.0750; 

RP-C18 HPLC: tR = 6.52 min, 97.9 %. 

5-Hydroxy-2-(3’-methoxyphenyl)-1-methylpyridin-1-ium-4-carboxylate (57).  

Compound 57 was prepared as for compound 55 by reacting compound 41 (0.122 g) with 

CH3I (0.093 mL) to obtain 0.059 g of an orange solid. Yield 46%; Rf: 0.40 (eluent 

CH3CN/H2O, 1:1); mp = 140-143°C; 1H NMR (300 MHz, D2O/NaOD): δ 7.55 (s, 1H, H-

6), 7.28 (t, J = 8.02 Hz, 1H, H-5’), 7.14 (s, 1H, H-3), 6.94 (dd, J = 8.18 Hz, J = 2.28 Hz, 

1H, H-4’), 6.88 (m, J = 1.5Hz, 1H, H-6’), 6.85 (m, 1H, H-2’), 3.68 (s, 3H, CH3), 3.64 (s, 

3H, OCH3) ppm; 13C NMR (75 MHz, D2O/NaOD): δ 173.72 (COOH), 164.27 (C5), 

161.24 (C3’), 154.23 (C2), 140.11 (C4), 139.43 (C5), 139.27 (C1’), 129.08 (C5’), 127.78 

(C2’), 126.94 (C6’), 121.72 (C3), 120.76 (C4’), 62.74 (OCH3), 48.25 (CH3) ppm; IR 

(KBr): ṽ (cm-1)= 3412.41 (OH, bonded), 3082.88 (CH, aromatic), 2553.89 (CO-OH, 

bonded), 2083.48 (intermolecular H bond), 1670.19 (C=O), 1542.41 (C=N), 1352.43 (C-

OH), 1279.59 (C-OH), 1279.59 and 1229.93 (C-O-C); UV-Vis (H2O, 0.05% NaOH): 

216.14, 325.17 nm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C14H14NO4
+, 
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260.0917; found, 260.1043; calculated for C14H13NNaO3
+,  282.0737; found, 282.0879; 

RP-C18 HPLC: tR = 7.57 min, 95.9 %. 

Solubility in water of compound 51 

Five standard solutions of 2-(2,4-difluorophenyl)-5-hydroxypyridine-4-carboxylic acid 

(51) of concentration within the range 1-4·10-5 M were prepared by diluting with water a 

10-4 M mother solution in water. The absorbance of each solution was measured at 250 

nm, which corresponds to a plateau region in the UV absorption spectrum of 4 and plotted 

against concentration. Linear regression analysis of the data points yielded this equation: 

y = 13405x – 0.0333. The obtained curve was used to interpolate the concentration of an 

aqueous saturated solution of 51 prepared by vigorously stirring 51 (2.5 mg) in water (2 

mL) for 16 h, a time considered sufficient to reach equilibrium. The clear supernatant 

(200 μL) was diluted with water (3 mL) and the absorbance of the resulting solution 

measured at 250 nm. Three repetitions of this experiment yielded an average value of A = 

0.256 ± 0.00015, from which a concentration of (2.15 ± 0.003) 10-5 M was interpolated 

using the calibration curve. Correcting for the dilution factor, a solubility of (3.44 ± 

0.0046) 10-4 mol/L is obtained. 

 

Biology 

Isolation and culture of human monocyte derived macrophages 

Human macrophages were differentiated from peripheral blood mononuclear cells 

(PBMCs) obtained from buffy-coat preparations of whole human blood. The buffy-coat 

was mixed at a ratio of 1:1 (vol/vol) with sterile RPMI 1640 Medium (Gibco; Life 

Technologies, Monza, Italy) and layered over Ficoll-Paque PLUS (GE Healthcare; 

Sigma, Milan, Italy). After centrifugation (1200 rpm, 30 min, at 20°C without brake), 

PBMCs were separated by collecting the ring of cells located at the interface of the two 

phases. Cells were washed by centrifugation (1600 rpm, 10 min) in sterile RMPI 1640 

medium, pooled, resuspended in RPMI 1640 supplemented with 1% penicillin-

streptomycin and 10% FBS (all provided by Life Technologies), and counted. PBMCs 

were seeded (3x105 cells/well) on 96-well tissue-culture plates (Corning, Sigma) and 

cultured for 3 h in a 5% CO2, humidified, 37°C incubator. Floating cells consisting 

mainly lymphocytes were then removed by aspiration. Attached cells were extensively 

washed with RPMI 1640 and differentiated in mature macrophages by incubation for 10 

days with complete medium supplemented with recombinant human granulocyte-
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macrophage colony-stimulating factor (rh GM-CSF, 2 ng/ml; ImmunoTools; Friesoythe, 

Germany). The culture medium was renewed every 3 days. 

Cytotoxic assay 

Diflunisal was dissolved in dimethylsulfoxide (DMSO; Sigma); aza-analogs of diflunisal 

were dissolved in 5N NaOH to obtain a stock solution of 100 mM. Compounds were then 

diluted in sterile water. For the cytotoxic assay, mature macrophages were treated for 24 h 

with compounds at final concentrations ranging 0 - 100 µM. Controls received the highest 

final DMSO and NaOH concentrations used. Treatments were removed, and cells 

cultured for additional 48 h. Then MTT solution (50 µg/100 µL; Sigma) was added. Cells 

were incubated for 4 h at 37°C and formazan crystals were then solubilized in 100 µL of 

SDS 10% w/vol, HCl 0.01 N. The absorbance was recorded 16 h later at 590 nm using a 

micro plate reader (Sunrise; Tecan, Switzerland). IC50 values were determined in three 

separate experiments, each one performed in duplicate.  

Cytokines and prostaglandins measurement 

Differentiated macrophages were incubated in serum-free media for 24 h with compounds 

at final concentrations ranging 0 - 10 µM with or without 100 ng/ml lipopolysaccharide 

(LPS from Salmonella enterica serotype typhimurium; Sigma). At the end of incubation, 

conditioned media was collected and stored at -80°C. Levels of TNF-α, IL-8, and IL-1β 

were measured in the conditioned media using commercially available enzyme-linked 

immunosorbent assay kits (ELISA, Affymetrix eBioscience; Prodotti Gianni, Milan, 

Italy) and developed using 3,3',5,5'-tetrametilbenzidina (TMB). Optical densities were 

measured at 450 nm using a micro plate reader (Sunrise). The sensitivity of the assays 

ranged 5 to 15 pg/ml. PGs were screened in the conditioned medium using the 

Prostaglandin Screening ELISA kit (Cayman Chemical; Vinci-Biochem, Vinci, Italy). 

The sensitivity of the assay was of approximately 30 pg/mL. All experiments were 

performed in triplicate. 

Bacterial strains and antibiotics  

Staphylococcus aureus ATCC 33592, Streptococcus pyogenes ATCC 14289, Klebsiella 

pneumoniae ATCC 13883, Enterococcus faecium ATCC 700221, Pseudomonas 

aeruginosa ATCC BAA-2108, and Escherichia coli ATCC 43894 were purchased from 

ATCC (LGC Standards; Milan, Italy) and cultured at 37°C in Mueller-Hinton broth 

(MHB) or agar. Methicillin (MET), geneticin (GEN), ciprofloxacin (CPR), tetracycline 

(TET), erythromycin (ERY) were purchased from Sigma and dissolved in sterile water. 

Antimicrobial susceptibility test 
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The antimicrobial activities of antibiotics, diflunisal, and aza-analogs of diflunisal were 

tested through the determination of the minimum inhibitory concentration (MIC) 

standardized by the Clinical and Laboratory Standards Institute.[23] The bacterial inoculum 

was growth in 10 mL of MHB at 37°C for 16 h. Concentration of bacteria was adjusted to 

0.5 McFarland. Bacteria were diluted in MHB and dispensed in 96-well microtiter plates 

(final bacterial concentration 1x104 CFU/well). Tested compounds were added at final 

concentrations ranging 0.25 µM to 32 µM and plates were incubated at 37°C for 16 h. 

Plates were at first visually inspected. Bacterial growth was recorded using a micro plate 

reader (Sunrise) by quantifying adsorption at 620 nm. In addition, bacteria were diluted 

and used to inoculate MH agar plates. Not inoculated control wells, wells inoculated 

without compounds, and wells inoculated and incubated with the highest final DMSO and 

NaOH concentrations were included in each test. All experiments were performed at least 

in triplicate.  

Assessment of interaction of antibiotics and diflunisal aza-analogs 

In a separate set of experiments, the antimicrobial activity of diflunisal and aza-analogs 

were evaluated in combination with sub-inhibitory concentrations (MIC/4) of antibiotics. 

Experiments were performed as described above and bacterial growth was monitored by 

recording adsorption at 620 nm and by counting bacterial colonies growth on MH agar 

plates. The inhibitor activity was reported as minimum modulatory concentration 

(MMC4), as means the lowest concentrations of aza-analog required to achieve the 

antibacterial activity in combination with the sub-inhibitory concentration (MIC/4) of the 

antibiotic.[24] All experiments were performed at least in triplicate. 

Statistical analysis 

Data were analyzed by two-way analysis of variance (ANOVA) followed by Bonferroni 

multiple comparison post hoc test using GraphPad Prism (version 6.0). P values <0.05 

were considered statistically significant. 
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CHAPTER 2 

 

In vitro and in vivo anticancer activity of anti-tubulin fluorinated 7-phenyl-

pyrroloquinolinones 

 

Synopsis  

Tricycle 7-phenyl-pyrroloquinolinones (7-PPyQs) are a class of compounds that have 

showed interesting in vitro and in vivo antiproliferative activity acting as tubulin 

polymerization inhibitors. Despite the excellent pharmacodynamic, 7-PPyQs suffer from 

poor metabolic stability, due to oxidative metabolism and consequently have a low half-

life. The design and synthesis of some fluorinated 7-PPyQs derivatives were 

accomplished in order to improve metabolic stability and understand the effects of H-F 

isosterism on the biological activity. Of the new synthesized compounds, potent 

cytotoxicity (low and sub-nanomolar GI50 values) was observed for some of them, in both 

leukemic and solid tumor cell lines. Experiments carried out with derivatives 12 and 15, 

in a mouse syngeneic model demonstrated high antitumor activity, which significantly 

reduced the tumor mass at doses four times lower than that required for combretastatin-4-

phosphate (CA-4P) used as reference compound. Metabolic stability studies of the newly 

synthesized compounds were performed to assess the role of fluorine substitution towards 

oxidative metabolism. 

 

Introduction 

Antimitotic compounds are one of the most employed and effective agents for the 

inhibition of cancer growth. The general mechanism of action is the inhibition of 

microtubules polymerization dynamics which induces the mitotic arrest and the apoptosis 

process.[1] The most important advantage of this class of antitumor drugs over other 

classical chemotherapeutic agents, is that they do not interfere or damage the DNA 

macromolecule and, therefore, do not cause any cell genome mutations. However, even 

the most clinically effective antimitotics such as taxanes and Vinca alkaloids, suffer from 

two major drawbacks: development of resistance within tumor cells and neurological 

toxicity. Therefore, during the past few decades, efforts to identify novel microtubule 

inhibitors have produced dozens of microtubule targeting compounds, some of which are 
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in clinical and preclinical trials. They are either natural (like colchicine or flavones) or 

synthetic small molecules (Figure 1). A synthetic class that generated our interest is the 

class of 2-phenylquinolinones (2-PQs) which are structurally derived from the flavone 

nucleus by isosteric substitution of the cyclic oxygen with a nitrogen atom. Compared to 

flavone derivatives, 2-PQs showed a more selective mechanism of action, inhibiting 

tubulin polymerization and presented a higher antiproliferative activity.[2,3] 

 

 

 

 

 

 

 

Figure 1. Chemical structures of colchicine, flavones, 2-phenylquinolinones and phenyl-

pyrroloquinolinones 

 

In the last decades we have been determined in the development of tricyclic 

pyrroloquinolinones (PyQs) which showed interesting in vitro and in vivo 

antiproliferative activity acting as tubulin polymerization inhibitors by binding at the 

colchicine site into β-tubulin.[4-6] Several 7-PPy-[3,2-f]-Qs derivatives of various 

geometry and variously substituted were synthesized and biologically evaluated providing 

relevant structure-activity relationships (SARs) that let us establish the essential structural 

elements for an effective cytotoxic activity (Figure 2). Briefly, the crucial structural 

elements for the best antiproliferative activity are the [3,2-f] geometry of the 

pyrroloquinolinone core, the phenyl ring at position 7 and the carbonyl group at position 

9. The only portion of the molecule that tolerates substituents is position 3. In the past, we 

demonstrated how to modulate the potency of 7-PPyQ derivatives by suitable substitution 

with alkyl and acyl substituents.[7,8] 

Recently, SARs were also confirmed by docking studies of a series of 7-PPyQs in the site 

of colchicine into β-tubulin, in which a key hydrogen bond interaction between 

quinolinonic NH and Val236 was disclosed.[7,8]  Notably, their binding mode is 

compatible with a competitive mechanism of action at the colchicine site. 
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Figure 2. Structure-Activity Relationships of 7-PPyQs 

 

Structural optimization efforts produced highly antiproliferative phenyl-

pyrroloquinolinones (PPyQs) acting at nanomolar and sub-nanomolar concentrations by 

an apoptotic mechanism against a broad spectrum of human tumour cell lines. 

Overcoming resistance for taxol and vincristine, no or poor cytotoxicity in non-tumour 

cell lines and a worthy synergism with conventional chemotherapeutic agents in 

inhibiting leukemia cell proliferation were also observed and studied.[7-9] Despite their 

promising potency and efficacy, preliminary studies on in vitro metabolic stability of 3N-

alkyl-7-PPyQs showed poor metabolic profile characterized by fast multiple oxidations 

and a low half-life (data not shown).  

The introduction of fluorine in organic molecules drug candidates has become a common 

practice in modern small-molecule drug discovery. The presence of the small and 

electronegative fluorine generally is able to modulate all aspects of molecular properties, 

including drug potency, physical chemistry and pharmacokinetics. Indeed, several 

examples are reported in the literature in which H-F isosterism was able to improve the 

duration of action and the drug potency, to allow the establishment of new polar 

interactions and ameliorate metabolic stability.[10]  

In order to investigate the effects of H-F isosterism on the metabolic and biological 

properties of 7-PPyQs, we designed and synthesized compounds 12-14, monofluoro-

phenyl derivatives of 3N-ethyl 7-PPyQ 20 and compounds 15 and 19, monofluoro-

derivatives of the 3N-benzoyl-7-PPyQ 21, respectively. Previously, both compounds 20 

and 21 showed promising in vitro biological properties: nanomolar and sub-nanomolar 

anticancer activity against a broad panel of human cancer cell lines, poor cytotoxicity in 

human non-tumor cell lines, antiproliferative activity in resistant cell lines.[6-9] Biological 
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investigations with novel fluoro-derivatives including in vitro cellular cytotoxicity, 

tubulin inhibition assays and in vivo experiments on a melanoma mouse model were 

performed. In vitro studies to get preliminary information on metabolic stability of the 

fluorine derivatives allowed us to obtain more insights on how fluorine substitution 

affects the metabolism and pharmacodynamics of original compounds. 

 

 

 

 

 

Figure 3. Structures of previously synthesised derivatives 20 and 21 

 

Results and Discussion 

 

Chemistry 

The synthetic four-step pathway leading to 7-PPyQ compounds is described in Scheme 1. 

Firstly, commercially available 5-nitroindole was subjected to N-alkylation and acylation 

reactions using appropriate halogenated compounds to obtain the nitro indole derivatives 

1-3. The catalytic reduction (Pd/C 10%, H2 at atmospheric pressure, ethyl acetate) of 

intermediate 1 and (Pt/C 10%, H2 at atmospheric pressure, ethyl acetate) of intermediates 

2 and 3 gave the corresponding aminoindoles 4-6 in almost quantitative yields. 

Compound 4 was reacted with commercial ethyl-2-, -3- and -4-fluoro benzoyl-acetate, 

compound 5 with ethyl-3-fluoro benzoyl acetate, while compound 6 with ethyl benzoyl 

acetate. All the reactions were carried out in absolute ethanol at reflux in the presence of a 

catalytic amount of acetic acid, yielding the acrylate derivatives as crude material 7-11. 

These had to be purified by silica gel column chromatography before being submitted to 

thermal cyclization in boiling diphenyl ether (250 °C) to obtain the final products 12-15 

in good yields. Compound 11 cyclized but in the meantime lost the 2-fluoro-benzoyl 

moiety giving the known 7-PPyQ 16. For this reason, in order to obtain the 3N-

fluorobenzoyl 7-PPyQ 19 (Scheme 2), compound 16 was directly reacted with 2-

fluorobenzoyl chloride 17 in DMF in the presence of NaH obtaining two products: the 

main reaction product was identified as the isomeric ester 18 (73%) and the desired 3-

amide compound 19 with lower yield (22%). 
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Scheme 1. Synthesis of fluorinated 7-PPyQs derivatives 12-15 

 

 

 

 

 

 

 

 

 

Reagents and conditions: a) NaH, Bromoethane, DMF, 50°C, 6h, 99% (1) or benzoyl chloride, 2-fluoro-

benzoyl chloride, py, DMAP, rt, 24h, 54% (2,3); b) H2, Pd/C 10%, EtOAc, 50°C, 12 h, 98% (4) or H2, Pt/C 

10%, EtOAc, rt, 2h, 84% (5,6); c) ethyl (2-fluorobenzoyl)acetate (7), ethyl (3-fluorobenzoyl)acetate (8,10), 

ethyl (4-fluorobenzoyl)acetate (9), ethyl benzoylacetate (11), AcOH, drierite, abs EtOH, 100°C, 24h, 35-

70%; d) Ph2O, 250°C, 15 min, 27-56%. 

 

Scheme 2. Synthesis of fluorinated 7-PPyQs derivative 19 

 

 

 

 

 

 

 

 

 

Reagents and conditions: e) SOCl2, DCM, 80°C, 2h, 80%; f) NaH, DMF, rt, 30 min., 73% (18), 22% (19) 

 

Biology 

In vitro antiproliferative activities  

The new compounds were designed to obtain additional SAR information by introducing 

a fluorine atom at various positions (ortho-, meta-, para-) of 7-phenyl ring in parent 

compound 20 and at meta-position of 7-phenyl ring and ortho-position of N-benzoyl 

substituent of parent compound 21. Evaluation of antiproliferative activities of 12-15 and  

19 was performed with the 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide 

(MTT) assay against a panel of 11 human tumour cell lines (DND41, Jurkat, HL-60, 

RS4;11, MCF-7, MDA-MB-231, MDA-MB-468, HeLa, A375, A2058, HT-29). The 
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results are expressed as concentrations that inhibit cell growth by 50% (GI50 values) and 

are presented in Table 1. As reference compound CA-4 was also added. From the 

cytotoxicity data reported in the Table, some noteworthy considerations can be made with 

respect to reference compounds 20 and 21. Regarding compounds 12-14, it is clear that 

the fluorine substitution at ortho- (12) and meta-position (13) of 7-phenyl ring is well-

tolerated and actually increases the cytotoxic effect in most tumour cell lines. In 

particular, both compounds 12 and 13 are effective in most cases at sub-nanomolar 

concentrations. The same cannot be said for compound 14 in which the H-F substitution 

at para-position resulted in a decrease of the cytotoxic power, compared to parent 

compound 20. This result was unexpected and probably the reason for this behaviour may 

reside on the electronic effect impaired to the system by para-fluoro substitution. Also 

compounds 15 and 19 demonstrated to be less potent than parent compound 21, even 

though, especially for compound 15, the GI50s values are still remarkable and in the 

nanomolar range. 

 

Table 1. In vitro cell growth inhibitory effects of compounds 12-15 and 19-21. 

GI50 (nM)a ± SE 

 

a Results are expressed as compound concentration required to inhibit tumour cell proliferation by 50%. 

Data are expressed as the mean ± SE from the dose-response curves of at least three independent 

experiments. n d: not determined;b Data taken from [6]; c Data taken from [8]. 

 

Compd DND41 Jurkat HL-60 RS4;11 
MCF-

7 

MDA-

MB-

231 

MDA-

MB-

468 

HeLa A375 A2058 
HT-

29 

12 
0.26± 0.19± 0.17± 0.09± 246.6± 1459± 22.3± 1.2± 15.5± 4.8± 1.1± 

0.088 0.01 0.07 0.005 12.0 137.0 2.2 0.1 1.5 0.2 0.2 

13 
0.13± 0.11± 0.08± 0.07± 52.7± 25.8± 15.0± 0.7± 11.4± 3.5± 0.9± 

0.020 0.02 0.002 0.006 10.7 11.2 1.1 0.05 2.0 0.4 0.1 

14 
476.7± 333.5± 1440± 293.3± 51.3± 206± 43.0± 340± 69.8± 1180± 447± 

128.1 12.1 42.4 61.7 9.9 8.3 12.6 18.4 5.9 90.7 12.0 

15 
10.2± 32.4± 

2.2 

15.1± 
56±12 

103± 476± 871± 13.3± 
n.d. n.d. 

402± 

37. 0.160 0.090 50 43 60 0.9 

19 
240.0± 53.7± 276.0± 119.7± 1082± 3031± 70± 9.3± 332± 322± 26.6± 

15.3 20.2 20.9 25.4 24.9 340.4 15.7 1.1 13.6 12.5 2.0 

20b n.d. 
0.5± 0.5± 

0.2 

2± 40± 
n.d. n.d. 

11± 
n.d. n.d. 

32± 

0.2 0.3 10 8 1.2 

21b n.d. 
16± 2± 0.3± 0.2± 

n.d. n.d. 
0.2± 

n.d. n.d. 
0.1± 

6 0.8 0.1 0.1 0.04 0.08 

CA-4c n.d. 
5.0± 

n.d. 
0.8± 

n.d. n.d. n.d. 
4.0± 

n.d. n.d. 
3100± 

0.6 0.2 1.0 100 
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Evaluation of cytotoxicity of compounds 12, 13 and 15 in human non-cancer cells  

To obtain a preliminary indication of the cytotoxic potential of these derivatives in 

normal human cells, three of the most active compounds (12, 13 and 15) were evaluated 

in vitro against peripheral blood lymphocytes (PBL) from healthy donors (Table 2). All 

the three compounds showed a very low activity in quiescent lymphocytes (GI50>20 µM), 

while in the presence of the mitogenic stimulus phytohematoaglutinin (PHA), the GI50 

was slightly decreased, although substantially remaining in the higher micromolar range. 

Notably, these values were almost 10000-30000 times higher than that observed against 

the lymphoblastic cell lines Jurkat, DND-41 and CEM (Tables 1 and 3). These results 

indicate that these compounds are endowed with a modest inhibitory effect in primary 

lymphocytes, as previously observed for other antimitotic derivatives developed by our 

group.[7-8]  

 

Table 2. Cytotoxicity of compounds 12, 13 and 15  on human peripheral blood lymphocytes 

(PBL) 

GI50 (μM)a ± SEM 

 

 

 

 

a Compound concentration required to reduce cell growth inhibition by 50%; b PBL not stimulated with 

PHA; c PBL stimulated with PHA; Values are the mean ± SEM for three separate experiments. 

 

Effect of compounds 12, 13 and 15 on multidrug resistant cells  

To investigate whether these derivatives are substrates of drug efflux pumps, compounds 

12, 13 and 15 were tested against CEMVbl-100 cells that are a multidrug-resistant line 

selective against vinblastine and that overexpress P-glycoprotein (P-gp).[5] This 

membrane protein acts as a drug efflux pump and exhibits resistance to a wide variety of 

structurally unrelated anticancer drugs and other compounds. As shown in Table 3, all the 

compounds exhibited cytotoxic activity in the CEMVbl100 cell line that was even higher 

than their activity against the parental line, suggesting that these derivatives are not 

substrates for P-gp. 

 

 

  12 13 15 

PBLresting
b 28.0±2.3 31.3±10.3 45.6±6.3 

PBLPHA
c 15.2±6.9 10.8±3.8 17.6±3.9 
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Table 3. Cytotoxicity of 12, 13 and 15 on multidrug resistant cells CEMVbl100 

GI50 (nM)a ± SEM 

 

 

 

 

 

a Compound concentration required to reduce cell growth inhibition by 50%; Values are the mean ± SEM 

for three separate experiments. 

 

Inhibition of tubulin polymerization and colchicine binding 

To evaluate the tubulin interaction properties of the new compounds, we investigated 

their effects on the inhibition of tubulin polymerization and on the binding of 

[3H]colchicine to tubulin (Table 4).[11-13] For comparison, CA-4 was examined in 

contemporaneous experiments as a reference compound. Among the test compounds, 12, 

13 and 15 strongly inhibited tubulin assembly with IC50 below 1 µM (0.96, 0.78 and 0.38 

µM, respectively) being 12 and 13 slightly higher than that obtained for the reference 

compounds CA-4 (IC50 = 0.64 µM) whereas compound 15 showed the highest activity 

also in comparison with CA-4. These results with tubulin correlate well with the growth 

inhibitory effects exhibited by these compounds indicating that their antiproliferative 

activity derives mostly from an interaction with tubulin.  

The other compounds also inhibited tubulin assembly with a low IC50 values in the range 

of 1.3-3.7 µM. All compounds inhibited the binding of [3H]colchicine to tubulin, with the 

best activity occurring with 12, 13 and 15, but none approached CSA-4 in its potency as 

an inhibitor of colchicine binding.  

 

Table 4. Inhibition of tubulin polymerization and colchicine binding 

 CEMwt CEMVbl100 

12 3.1±0.2 1.1±0.4 

13 2.2±0.3 0.8±0.3 

15 44±6 36±10 

Compound 

Inhibition of 

tubulin assembly 

Inhibition of 

colchicine binding 

IC50 (M)  SDa % Inhibition  SDb 

12 0.960.08 773 

13 0.780.03 835 

14 3.7± 0.4 12±4 

15 0.380.9 700.8 

19 1.30.07 344 

20 0.570.02 730.7 
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a Inhibition of tubulin polymerization. Tubulin was at 10 μM. 

b Inhibition of [3H]colchicine binding. Tubulin and colchicine were at 1 and 5 μM, respectively. 

c Data taken from [6] 

 

Influence of test compound 12 on the cell cycle  

As representative of the new library of fluorinated 7-PPyQs, compound 12 was selected 

for further biological investigations. The effect on cell cycle progression was examined 

by flow cytometry in two melanoma cell lines (A375 and A2058) (Figure 4, Panels A and 

B). After a 24 h treatment, 12 evaluated at the concentration of 50 and 100 nM induced a 

strong G2/M arrest already at the lowest concentration used in both cell lines. A 

concomitant reduction of both the S and G1 phases was also observed.  In order to 

determine whether 12 was able to block cells at the mitotic phase (M), cells were stained 

with an immunofluorescent antibody to p-histone H3, a well-known mitotic marker, as 

well as PI, and analyzed by flow cytometry. As shown in Figure 4 (Panel C), HeLa cells 

arrested in M phase by treatment with 12 are readily distinguished from G2 cells by the 

higher level of p-histone H3. In particular, treatment with 12 induced an increase in the 

percentage of mitotic cells from the about 1.5% observed in untreated cells to about 10% 

and 44 % with 50 and 100 nM concentrations, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Percentage of cells in each phase of the cell cycle in A375 cells (Panel A) and A2058 (Panel B) 

treated with compounds 12 at the indicated concentrations for 24 h. Cells were fixed and labelled with PI 

21 0.890.04 702 

CA-4c 0.640.1 1002 

A B 

C HeLa 
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and analyzed by flow cytometry as described in the Experimental Section. Data are represented as mean of 

two independent experiments ± SEM. Panel C: Mitotic index evaluated in Hela cells with compound 12 

after 24 h of treatment. 

 

We also studied the association between 12-induced G2/M arrest and alterations in G2/M 

regulatory protein expression in HeLa cells. As shown in Figure 5, compound 12 caused, 

an increase in cyclin B1 expression after 24 h in a concentration-dependent manner, and 

48 h, indicating an activation of the mitotic checkpoint following drug exposure.  

This effect was confirmed by a reduction in the expression of phosphatase cdc25c at 24 h, 

followed by a disappearance in its expression at 48 h. This was associated with the 

appearance of slower migrating forms of phosphatase cdc25c indicative of cdc25c 

phosphorylation. The phosphorylation of cdc25c directly stimulates its phosphatase 

activity, and this is necessary to activate cdc2/cyclin B on entry into mitosis.[14,15] We also 

observed a decrease of the phosphorylated form of cdc2 kinase, in particular after the 48 h 

treatment. 

 

 

 

 

 

 

 

 

 

 

Figure 5. Effect of compound 12 on cell cycle checkpoint proteins. HeLa cells were treated for 24 or 48 h 

with the indicated concentrations of 12. The cells were harvested and lysed for detection of the expression 

of the indicated protein by western blot analysis. To confirm equal protein loading, each membrane was 

stripped and re-probed with anti--tubulin antibody. 

 

Compound 12 induce apoptosis in HeLa cells  

To evaluate the mode of cell death induced by test compound, we performed a bi-

parametric cytofluorimetric analysis using propidium iodide (PI) and annexin-V-FITC, 

which stain DNA and phosphatidylserine (PS) residues, respectively.[16,17] We used Hela 

cells, in which we evaluated the effects of compound 12. As shown in Figure 6 the 

B 
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compound induced apoptosis in a time and concentration dependent manner, even at the 

lower concentration used (10 nM). 

 

Figure 6. Flow cytometric analysis of apoptotic cells after treatment of HeLa (Panels A and B) cells with 

compound 12 at the indicated concentrations after incubation for 24 h (A) or 48 h (B). The cells were 

harvested and labeled with annexin-V-FITC and PI and analyzed by flow cytometry. Data are represented 

as mean±SEM of three independent experiments. 

 

Compound 12 induced mitochondrial depolarization and reactive oxygen species 

(ROS) production 

Mitochondria play an essential role in the propagation of apoptosis.[18,19] It is well 

established that, at an early stage, apoptotic stimuli alter the mitochondrial 

transmembrane potential (mt). mt was monitored by the fluorescence of the dye JC-

1.[20] HeLa cells treated with compound 12 (10-100 nM) showed a time-dependent 

increase in the percentage of cells with low mt (Figure 7, Panel A). The depolarization 

of the mitochondrial membrane is associated with the appearance of annexin-V positivity 

in the treated cells when they are in an early apoptotic stage. In fact, the dissipation of 

mt is characteristic of apoptosis and has been observed with both microtubule 

stabilizing and destabilizing agents, including other derivatives, in different cell types. [21-

24] It is well known that mitochondrial membrane depolarization is associated with the 

mitochondrial production of ROS.[25,26] Therefore, we investigated whether ROS 

production increased after treatment with the test compounds. We utilized the 

fluorescence indicator 2,7-dichlorodihydrofluorescein diacetate (H2-DCFDA).[27] As 

shown in Figure 7 (Panel B) compound 12 induced significant production of ROS starting 

at 12-24 h of treatment at 100 nM, in good agreement with the mitochondrial 

depolarization described above. 

A 
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Figure 7. Assessment of mitochondrial membrane potential (mt) after treatment of HeLa (Panel A) cells 

with compound 12. Cells were treated with the indicated concentration of compound for 6 h, 12 h, 24 and 

48 h and then stained with the fluorescent probe JC-1 for analysis of mitochondrial potential. Cells were 

then analyzed by flow cytometry as described in the experimental section. Data are represented as 

mean±SEM of three independent experiments. Panel B. Assessment of ROS production after treatment of 

HeLa cells with the compound 12. Cells were treated with the indicated concentration of compound for 6 h, 

12 h, 24 h, and 48 h and then stained with H2-DCFDA for the evaluation of ROS levels. Cells were then 

analyzed by flow cytometry as described in the experimental section. Data are represented as mean ± SEM 

of three independent experiments. 

 

Compound 12 induced casp-3 and PARP activation and caused a decrease in the 

expression of anti-apoptotic proteins 

As shown in Figure 7, compound 12 in HeLa cells caused a concentration and time-

dependent increase of the cleaved fragment of caspase-3 and concomitantly the cleavage 

of poly (ADP-Ribose) polymerase (PARP), confirming its pro-apoptotic activity. 

We also investigated the expression of anti-apoptotic proteins, such as Bcl-2 and Mcl-1. 

Bcl-2 plays a major role in controlling apoptosis through the regulation of mitochondrial 

processes and the release of mitochondrial proapoptotic molecules that are important for 

the cell death pathway.[28-30] Our results (Figure 8) showed that the expression of the anti-

apoptotic protein Bcl-2 was significantly decreased after a 48 h treatment at both 

concentration used (50 and 100 nM). The decrease in expression of Mcl-1 was even 

greater. 

Interestingly, as observed for other antimitotics, we observed after treatment with 12 a 

significant increase of the expression of the phosphohistone H2AX, a well know marker 

of DNA damage. In this contest it is worthwhile to note that prolonged mitotic arrest may 

induce DNA damage that ultimately lead to apoptosis. 

A B 
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Figure 8. Western blot analysis of Bcl-2, Mcl-1, Casp3 cleaved fragment and PARP after treatment of 

HeLa cells with 12 at the indicated concentrations and for the indicated times. To confirm equal protein 

loading, each membrane was stripped and re-probed with anti--tubulin antibody. 

 

Evaluation of antitumor activity of compound 12 and 15 in vivo 

To determine the in vivo antitumor activity of 12 and 15, a syngeneic murine model was 

used, represented by the BL6-B16 mouse melanoma cell line. Preliminary in vitro 

experiments were carried out to evaluate the cytotoxicity of these compounds in the 

murine tumor cell line. The GI50 obtained after 72 h was 10 ± 4 nM and 18 ± 6 nM, 

respectively. BL6-B16 cells were injected subcutaneously in syngeneic C57BL/6 mice. 

Once the tumor reached a measurable size (about 100 mm3), mice were randomly 

assigned to different experimental groups and treated intraperitoneally every other day 

with vehicle (DMSO), the two compounds (at doses of 7.5 or 3 mg/kg) or with 

Combretastatin 4-A phosphate (CA-4P) (at 30 mg/kg) as reference compound. 

As shown in Figure 9, both compounds 12 and 15 caused a similar and significant 

reduction in the growth of BL6-B16 melanoma cells at the dose of 7.5 mg/kg (60% for 12 

and 58.4% for 15) in comparison with vehicle-treated group. Also, at the dose of 3 mg/kg 

we observed a significant reduction of the tumor mass only for compound 12 (28.6%), 

whereas compound 15 did not reach statistical significance (16.7%). Notably, treatment 

with the reference compound CA-4P at 30 mg/kg caused only a small reduction in tumor 

volume (31.3 %) if compared with both compounds 12 and 15 at 7.5 mg/kg. Under the 

safety/tolerability point of view, no significant variation in body weight occurred in 

animals treated with 12 and 15 at the higher concentration (data not shown). 
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Figure 9. Inhibition of mouse allograft growth in vivo by compounds 12 and 15. Male C57BL/6 mice were 

injected subcutaneously at their dorsal region with 107 BL6-B16 murine melanoma cells. Tumor-bearing 

mice were administered the vehicle, as control, or 7.5 and 3.0 mg/kg of 12 and 15 or CA-4P as reference 

compound at the dose of 30 mg/kg. Injections were given intraperitoneally at the days indicated by the 

arrows. Arrows indicate times of administration. Data are presented as mean ± SEM of tumor volume at 

each time point for 5 animals per group. **p<0.01  vs. control.  

 

Metabolic stability of compounds 12-15, 19, 20 and 21 in human liver microsomes 

Liver microsomal oxidation and hydrolysis represent major routes of drug metabolism in 

mammals, including humans.[31] In vitro studies were therefore carried out to retrieve 

preliminary information on the stability of newly synthesised fluorinated derivatives in 

comparison with reference compound 20 and 21. Experiments were performed to 

understand if fluorine substitution conferred resistance to oxidative and hydrolytic 

metabolism by human liver microsomes. As shown in Figure 10, all fluorinated 

compounds 12-14 (10 μM), as their parent compound 20, were not stable in human liver 

microsomes (0.5 mg/mL) with less than 20% compound remaining after 60 min 

incubation at 37°C.  
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Figure 10. Assessment of metabolic stability of 12-14 and 20 in human liver microsomal incubations. Each 

compound (10 µM) was incubated at 37°C with HLMs (0.5 mg/mL; -Δ-), HLMs plus 1 mM NADPH (-■-), 

or buffer only (0.1 M KH2PO4, pH 7.4; -□-). Incubation time points were 0, 5, 15, 30 and 60 min 

(“HLMs”), or 0 and 60 min (“HLMs plus NADPH” and “buffer only”). The data are expressed as 

percentage of parent compound remaining at each time compared with time 0 min and represent the mean ± 

SD of n = 3 independent determinations. Error bars smaller than the symbols are not visible. Depletion half-

lives in incubation mixture containing HLMs and NADPH were 21.6, 21.3, 18.1 and 22.4 min for 12, 13, 14 

and 20, respectively. 

 

Interestingly, fluorinated derivatives 15 and 19 of 3N-benzoyl derivative 21 were 

relatively stable and with the co-presence of the cytochrome P450- and flavin 

monooxygenase cofactor NADPH being irrelevant. (Figure 11). Collectively, these 

findings suggest that fluorinated and non-fluorinated 3N-ethyl-PPyQ derivatives (12-14 

and 20) are very susceptible to oxidative and hydrolytic metabolism, and this is reflected 

on poor half-lives (about 20 minutes for all derivatives) while for compounds 15, 19 and 

21, the benzoyl substituent confers resistance to metabolic pathways, with the fluorine 

substitution being not a decisive factor.  

 

 

 

 

 

Figure 11. Assessment of metabolic stability of 15, 19 and 21 in human liver microsomal incubations. Each 

compound (10 µM) was incubated at 37°C with HLMs (1 mg/mL), HLMs plus 1 mM NADPH, or buffer 



Chapter 2 

70 
  

only (0.1 M KH2PO4, pH 7.4), for 0 or 60 min. Each bar represents the percentage (mean ± SD; n = 3) of 

compound remaining at 60 min, compared with time 0 min. 

 

Conclusion 

 

A small library of novel fluorinated derivatives of 7-PPyQ was synthesised with the aim 

to obtain additional information on the in vitro and in vivo cytotoxic profile and on the 

metabolic stability towards human liver microsomes. 

The chemical series included final compounds 12-14, 7-phenyl ortho-, meta-, para-

fluoro-substituted derivatives of 3N-ethyl-PPyQ 20; compound 15, 7-phenyl meta-fluoro-

substituted derivative of 3N-benzoyl-PPyQ 21, and compound 19, 3N-benzoyl-ortho-

fluoro-substituted derivative of 3N-benzoyl-PPyQ 21. Most compounds showed 

remarkable antiproliferative activity against a panel of 11 tumour cell lines, with GI50 

values in the nanomolar or sub-nanomolar range, with the best activities obtained for N-

ethyl derivatives 12 and 13 and N-benzoyl derivative 15. In the case of compounds 12 and 

13, the ortho- and meta-fluoro substitution demonstrated to be favourable for the 

cytotoxic profile, leading to an increase in the antiproliferative potency in comparison 

with parent compound 20. On the other hand, the para-fluoro-substituted derivative 14 

showed a significant reduction in activity compared to compound 20, meaning that 

substitution at para position of 7-phenyl ring is unfavourable for an optimal 

antiproliferative effect.  

Regarding 3N-benzoyl derivatives, compound 15 showed a slightly inferior cytotoxicity 

compared to parent compound 21, but still in the low nanomolar range demonstrating 

again that, in general, oxygenated substitutions at the 3 position are positive for the 

maintenance of an excellent anticancer activity. In addition, the three best-performing 

compounds 12, 13 and 15 showed only a modest inhibitory effect in non-cancer primary 

lymphocytes with GI50 values almost 10000-30000 times higher than that observed 

against the rapidly proliferating lymphoblastic cell lines and were also able to overcome 

resistance on multidrug resistant cells. Deeper investigations on the mechanism of action 

confirmed the strong inhibition of tubulin polymerization and agreed with the growth 

inhibitory effects exhibited by these compounds. In view of the excellent findings 

obtained with the in vitro biological screening, compounds 12 and 15, as representatives 

of 3N-ethyl- and 3N-benzoyl-PPyQ sub-families, were evaluated in vivo in a syngeneic 

murine model with the BL6-B16 mouse melanoma cell line, using CA-4P at 30 mg/kg 
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dosage as reference treatment. Both compounds 12 and 15 caused a similar, remarkable 

reduction of about 60% in the growth of BL6-B16 melanoma cells, already at the dose of 

7.5 mg/kg in comparison with vehicle-treated group. Notably, treatment with the 

reference compound CA-4P at 30 mg/kg caused only a small reduction in tumor volume 

(31.3 %), indicating that our compounds have better in-vivo anticancer activity, even with 

a four-time lower dose. These results clearly show the potentialities of 7-PPyQ class in 

the chemotherapeutic field. Furthermore, in vitro metabolic stability studies indicated that 

fluorinated compounds 12-14 as their parent compound 20, were not stable in human liver 

microsomes with less than 20% compound remaining after 60 min of treatment. This 

suggests that even though the fluorine substitution was able to improve the 

pharmacodynamic properties of derivatives 12 and 13, its effects on metabolic stability 

were not significant. Interestingly, compound 15 and its cognate compound 21 were 

relatively stable in the tested conditions. In this case, it seems that the benzoyl substituent 

contributes more in the resistance to metabolic pathways than the fluorine substitution.  

Overall, these recent studies provide further insights in the medicinal chemistry of potent 

anticancer 7-PPyQs and contribute to extend the comprehension of the biological 

significance of this class of compounds.  

 

Experimental section  

 

Chemistry 

Melting points were determined on a Buchi M-560 capillary melting point apparatus and 

are uncorrected. 1H NMR spectra were determined on Bruker 300 and 400 MHz 

spectrometers, with the solvents indicated; chemical shifts are reported in δ (ppm) 

downfield from tetramethylsilane as internal reference. Coupling constants are given in 

hertz. In the case of multiplets, chemical shifts were measured starting from the 

approximate centre. Integrals were satisfactorily in line with those expected based on 

compound structure. Mass spectra were obtained on a Mat 112 Varian Mat Bremen (70 

eV) mass spectrometer and Applied Biosystems Mariner System 5220 LC/MS (nozzle 

potential 140 eV). Column flash chromatography was performed on Merck silica gel 

(250−400 mesh ASTM); chemical reactions were monitored by analytical thin-layer 

chromatography (TLC) on Merck silica gel 60 F-254 glass plates. The purity of new 

tested compounds was checked by HPLC using the instrument HPLC VARIAN ProStar 
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model 210, with detector DAD VARIAN ProStar 335. The analysis was performed with a 

flow of 1 mL/min, a C-18 column of dimensions 250 mm X 4.6 mm, a particle size of 5 

mm, and a loop of 10 mL. The detector was set at 300 nm. The mobile phase consisted of 

phase A (Milli-Q H2O, 18.0 MU, TFA 0.05%) and phase B (95% MeCN, 5% phase A). 

Gradient elution was performed as reported: 0 min, % B = 10; 0 and 20 min, % B = 90; 

25 min, % ; B = 90; 26 min, % B = 10; 31 min, % B = 10. 

Starting materials were purchased from Sigma-Aldrich and Alfa Aesar, and solvents were 

from Carlo Erba, Fluka and Lab-Scan. DMSO was obtained anhydrous by distillation 

under vacuum and stored on molecular sieves. 

 

1-Ethyl-5-nitro-1H-indole (1).  

Into a two-necked 100 mL round-bottomed flask, 0.666 g (27.75 mmol) of NaH, 60% 

dispersion in mineral oil, was placed and washed with toluene (3 × 10 mL). With stirring, 

a solution of commercial 5-nitroindole, 1.500 g (9.25 mmol), in 5 mL of anhydrous DMF, 

was dropped into the flask, and the initial yellow colour changed to red with the 

formation of H2 gas. After 40 min at room temperature, the mixture was cooled to 0°C 

and 2.00 mL (26.61 mmol, d=1.46 g/mL) of bromoethane was dropped into the flask and 

0.050 g of NaI were added to the mixture. The reaction was monitored by TLC analysis 

(eluent toluene/n-hexane/ethyl acetate, 1:1:1). At the end of the reaction, 25 mL of water 

was added, and the solvent was evaporated under reduced pressure, leaving a residue, 

which was extracted with ethyl acetate (3 × 30 mL). The organic phase, washed with 

water, brine, and dried over anhydrous Na2SO4, was concentrated under vacuum giving 

1.69 g of a yellow solid. Yield: 99 %; Rf: 0.63 (Toluene/n-Hexane/Ethyl acetate, 1:1:1); 

1H NMR (300 MHz, DMSO-d6): δ 7.74 (d, J = 2.1 Hz, 1H, H-4), 7.20 (dd, J = 9.0, 2.1 

Hz, 1H, H-6), 6.87 (m, 2H, H-7 e H-3), 5.93 (d, J = 3.3 Hz, 1H, H-2), 3.47 (q, J = 7.1 Hz, 

2H, CH2), 0.55 (t, J = 7.1 Hz, 3H, CH3), ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ 

calculated for C10H11N2O2
+ , 191.2035; found, 191.1859. 

(5-Nitro-1H-indol-1-yl)(phenyl)methanone (2). 

Into a 50 mL round-bottomed flask, a solution of 5-nitroindole 0,500 g (3.08 mmol, 1 eq.) 

in 20 mL of CH2Cl2 was treated with DMAP (0.692 g, 6.17 mmol, 2 eq.) and pyridine 

(0.500 mL, 6.17 mmol, 2 eq.). The mixture was cooled to 0°C and a solution of benzoyl 

chloride in CH2Cl2 (0.716 mL, 6.17 mmol, 2 eq.) was dropped into the flask. The reaction 

mixture was stirred at room temperature for 24h. The reaction was monitored by TLC 

analysis (eluent CH2Cl2/petroleum ether/EtOAc, 3:6.5:0.5). At the end, the reaction was 
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quenched by adding a solution of HCl 0.5 M and the aqueous phase was extracted with 

CH2Cl2 (3 x 50 mL). The combined organic extracts were dried over MgSO4, 

concentrated under vacuo, dissolved filtered through SiO2 (eluent CH2Cl2/petroleum 

ether/EtOAc, 3:6.5:0.5) giving a pale-yellow solid (0.443 g, 1.67 mmol, 54%). Yield = 54 

%; Rf: 0.61 (eluent CH2Cl2/petroleum ether/EtOAc, 3:6.5:0.5); 1H NMR (300 MHz, 

CDCl3) δ 8.53 (d, J = 2.2 Hz, 1H, H-4), 8.49 (d, J = 9.1 Hz, 1H, H-7), 8.27 (dd, J = 9.1, 

2.3 Hz, 1H, H-6), 7.80 – 7.73 (m, 2H, H-2’ and H-6’), 7.67 (ddd, J = 6.6, 3.9, 1.4 Hz, 1H, 

H-4’), 7.57 (ddd, J = 6.6, 4.5, 1.3 Hz, 2H, H-3’ and H-5’), 7.50 (d, J = 3.8 Hz, 1H, H-2), 

6.77 (dd, J = 3.8, 0.5 Hz, 1H, H-3) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ 

calculated for C15H11N2O3
+ , 267.0764; found, 267.0745. 

(2-fluorophenyl)(5-nitro-1H-indol-1-yl)methanone (3). 

Into a 50 mL round-bottomed flask, a solution of 5-nitroindole 0.500 g (3.08 mmol, 1 eq.) 

in 20 mL of CH2Cl2 was treated with DMAP (0.692 g, 6.17 mmol, 2 eq.) and pyridine 

(0.500 mL, 6.17 mmol, 2 eq.). The mixture was cooled to 0°C and a solution of 2-fluoro-

benzoyl chloride (17) in CH2Cl2 (0.978 g, 6.17 mmol, 2 eq.) was dropped into the flask. 

The reaction mixture was stirred at room temperature for 24h. The reaction was 

monitored by TLC analysis (eluent CH2Cl2/petroleum ether/EtOAc, 3:6.5:0.5). At the 

end, the reaction was quenched by adding a solution of HCl 0.5 M and the aqueous phase 

was extracted with CH2Cl2 (3 x 50 mL). The combined organic extracts were dried over 

MgSO4, concentrated under vacuo, dissolved, filtered through SiO2 (eluent 

CH2Cl2/petroleum ether/EtOAc, 3:6.5:0.5) giving a yellow solid (0.543 g, 1.90 mmol, 

62%). Yield = 62 %; Rf: 0.61 (eluent CH2Cl2/petroleum ether/EtOAc, 3:6.5:0.5); 1H 

NMR (300 MHz, CDCl3) δ 8.71 (1H, dd, J = 2.0, 1.9 Hz), 8.24 (1H, dd, J = 8.8, 1.9 Hz), 

7.99 (1H, m, J = 8.8, 0.5 Hz), 7.82 (1H, m, J = 8.7 Hz), 7.73 (1H, m, J = 8.1, 1.5, Hz), 

7.51 (1H, m, J = 8.3, 7.4 Hz), 7.44 (1H, m, J = 8.3, 1.3 Hz), 7.32 (1H, dd, J = 8.1, 7.4), 

6.88 (1H, m, J = 8.7, 2.0 Hz) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for 

C15H10FN2O3
+ , 285.0670; found, 285.0618. 

1-Ethyl-1H-indol-5-amine (4). 

Into a two-necked flask, previously dried in an oven, about 0.300 g of Pd/C 10% and 

approximately 50 mL of ethyl acetate were placed. After connecting the flask to an 

elastomer balloon containing hydrogen gas, the mixture was stirred at room temperature 

for 1 h in order to saturate the suspension of Pd/C with hydrogen. Then, 1.69 g (8.90 

mmol) of derivative 1 in 15 mL of ethyl acetate was added dropwise to the suspension, 

and the mixture was stirred under hydrogen at atmospheric pressure and heated by means 
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of an oil bath at 50-60 °C monitoring the progress of the reaction by TLC analysis (ethyl 

acetate/toluene/n-hexane, 1:1:1). At the end of the reaction, the mixture was filtered 

through a celite pad, and the solution was concentrated under vacuum to give 1.40 g of 

amine. Yield: 98.2 %; Rf: 0.28 (toluene/n-hexane/ethyl acetate, 1:1:1); 1H NMR (300 

MHz, DMSO-d6): δ 7.16 (m, 2H, H-3 e H-7), 6.69 (d, J = 2.28 Hz, 1H, H-4), 6.54 (dd, J = 

8.5, 2.28 Hz, 1H, H-6), 6.15 (d, J = 3.05 Hz, 1H, H-2), 4.48 (s br, 2H, NH2), 4.06 (q, J = 

7.3 Hz, 2H, CH2), 1.55 (t, J = 7.3 Hz, 3H, CH3) ppm; HRMS (ESI-MS, 140 eV): m/z 

[M+H]+ calculated for C10H13N2
+, 161.2231; found, 161.1593. 

(5-Amino-1H-indol-1-yl)(phenyl)methanone (5). 

Into a 50 mL round-bottomed flask, 1-benzoyl-5-nitroindole 0.443 g (1.67 mmol) was 

dissolved in 30 mL of EtOAc. Pt/C catalyst (65 mg, 15% p/p) was added under N2 

atmosphere and then the mixture was treated with H2 for 75 min at room temperature. The 

catalyst was removed by filtration on a celite pad and the solution was concentrated under 

vacuum. The product was purified by silica gel chromatographic column (eluent 

CH2Cl2/EtOAc, 9:1), yielding 0.331 g of a pure yellow solid. Yield = 84%; Rf: 0.43 

(eluent CH2Cl2/EtOAc, 9:1); 1H NMR (300 MHz, CDCl3) δ 8.12 (d, J = 8.7 Hz, 1H, H-7), 

7.66 – 7.58 (m, 2H, H-2’ and H-6’), 7.52 – 7.38 (m, 3H, H-3’, H-4’ and H-5’), 7.11 (d, J 

= 3.7 Hz, 1H, H-2), 6.85 – 6.80 (m, 1H, H-3), 6.72 (dd, J = 8.7, 2.2 Hz, 1H, H-6), 6.38 

(dd, J = 3.7, 0.6 Hz, 1H, H-3), 3.06 (s, 2H, NH2) ppm; HRMS (ESI-MS, 140 eV): m/z 

[M+H]+ calculated for C15H13N2O
+, 237.1022; found, 237.1043. 

(5-Amino-1H-indol-1-yl)(2-fluorophenyl)methanone (6). 

Into a 50 mL round-bottomed flask, 0.375 g of compound 3 (1.32 mmol) were dissolved 

in 25 mL of EtOAc. Pt/C catalyst (60 mg, 15% p/p) was added under N2 atmosphere and 

then the mixture was treated with H2 for 75 min at room temperature. The catalyst was 

removed by filtration on a celite pad and the solution was concentrated under vacuum. 

The product was purified by silica gel chromatographic column (eluent CH2Cl2/EtOAc, 

9:1), yielding 0.293 g of a solid. Yield = 87 %; Rf: 0.40 (eluent CH2Cl2/EtOAc, 9:1); 1H 

NMR (300 MHz, CDCl3) δ 7.84 (1H, m, J = 8.1, 1.5 Hz), 7.56 (1H, dd, J = 8.3, 7.4 Hz), 

7.63 (1H, dt, J = 8.2, 0.5 Hz), 7.42 (1H, m, J = 8.3, 1.4 Hz), 7.44 (1H, m, J = 8.3, 0.4 Hz), 

7.33 (1H, dd, J = 8.1, 7.4 Hz), 7.30 (1H, m, J = 1.9, 0.4 Hz), 6.52 (1H, m, J = 8.2, 2.0 

Hz), 6.33 (1H, dd, J = 8.3, 1.9 Hz), 3.01 (s, 2H, NH2) ppm; HRMS (ESI-MS, 140 eV): 

m/z [M+H]+ calculated for C15H12FN2O
+, 255.0928; found, 255.0912. 

General Procedure for the Synthesis of acrylate derivatives 7-11. As a typical procedure, 

the synthesis of acrylate derivative 7 is described in detail. In a 100 mL round-bottomed 
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flask, 0.700 g (4.37 mmol) of 3-ethyl aminoindole 4 were dissolved in 10 mL of absolute 

ethanol. 0.5 mL of glacial acetic acid, 0.100 g of drierite and 1.84 g (8.74 mmol) of ethyl 

3-(2-fluorophenyl)-3-oxopropanoate dissolved in 2 mL of absolute ethanol were added to 

the solution. The mixture was refluxed for about 48 h, the reaction being monitored by 

TLC analysis (n-hexane/ethyl acetate, 1:1). At the end of the reaction, the mixture was 

cooled and filtered to remove the drierite; the resulting solution was evaporated to 

dryness under vacuum and the residue (2.47 g) purified by silica gel chromatography (d = 

3 cm, l = 35 cm, 230−400 mesh, eluent n-hexane/ethyl acetate, 1:1) to yield 1.01 g of a 

brown solid.  

(E,Z)-Ethyl 3-(1-ethyl-1H-indol-5-ylamino)-3-(2-fluorophenyl)acrylate (7).  

Yield: 63 %; Rf: 0.47 (n-hexane/ethyl acetate, 1:1); 1H NMR (400 MHz, DMSO-d6): δ 

10.72 (s, 1H, NH), 7.58 (m, J = 7.84, 5.37, 1.35 Hz, 1H, H-6’), 7.44 (m, J = 8.31, 7.41, 

1.35 Hz, 1H, H-5’), 7.37 (d, J = 9.08 Hz, 1H, H-7), 7.30 (d, J = 3.15 Hz, 1H, H-2), 7.23 

(m, J = 7.84, 7.41, 1.38 Hz, 1H, H-4’), 6.95 (m, J = 8.29, 5.31, 1.57, 1H, H-3’), 6.94 (m, J 

= 2.08 Hz, 1H, H-4), 6.65 (dd, J = 8.71, 2.08 Hz, 1H, H-6), 6.27 (dd, J = 3.19, 0.69 Hz, 

1H, H-3), 4.83 (s, 1H, CHCOOCH2CH3), 4.16 (q, J = 6.92 Hz, 2H, COOCH2CH3), 3.84 

(q, J = 7.64 Hz, 2H, NCH2CH3), 1.25 (t, J = 6.92 Hz, 3H, COOCH2CH3), 1.13 (t, J = 7.67 

Hz, 3H, NCH2CH3), ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for 

C21H22FN2O2
+, 353.1660; found, 353.1688. 

(E,Z)-Ethyl 3-(1-ethyl-1H-indol-5-ylamino)-3-(3-fluorophenyl)acrylate (8).  

Compound 8 was prepared as for compound 7 by reacting 1.84 g (8.74 mmol) of ethyl 3-

(3-fluorophenyl)-3-oxopropanoate with 0.700 g (4.37 mmol) of previously prepared 

compound 4, yielding 2,76 g of crude product, which was purified by silica gel column 

chromatography (d = 3 cm, l = 35 cm, 230−400 mesh, eluent n-hexane/ethyl acetate, 1:1) 

to yield 1.07 g of a brown solid. Yield: 67 %; Rf: 0.47 (n-hexane/ethyl acetate, 1:1); 1H 

NMR (400 MHz, DMSO-d6): δ 10.68 (s, 1H, NH), 7.46 (m, J = 7.75, 1.52 Hz, 1H, H-6’), 

7.44 (m, J = 8.21, 7.73, 1H, H-5’), 7.37 (d, J = 9.08 Hz, 1H, H-7), 7.30 (d, J = 3.15 Hz, 

1H, H-2), 7.19 (m, 1H, H-2’), 7.14 (m, 1H, H-4’), 6.94 (m, J = 2.08 Hz, 1H, H-4), 6.65 

(dd, J = 8.71, 2.08 Hz, 1H, H-6), 6.23 (dd, J = 3.19, 0.69 Hz, 1H, H-3), 4.89 (s, 1H, 

CHCOOCH2CH3), 4.12 (q, J = 6.92 Hz, 2H, COOCH2CH3), 3.83 (q, J = 7.64 Hz, 2H, 

NCH2CH3), 1.25 (t, J = 6.92 Hz, 3H, COOCH2CH3), 1.18 (t, J = 7.67 Hz, 3H, NCH2CH3) 

ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C21H22FN2O2
+, 353.1660; 

found, 353.1645. 

(E,Z)-Ethyl 3-(1-ethyl-1H-indol-5-ylamino)-3-(4-fluorophenyl)acrylate (9). 
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Compound 9 was prepared as for compound 7 by reacting 1.84 g (8.74 mmol) of ethyl 3-

(4-fluorophenyl)-3-oxopropanoate with 0.700 g (4.37 mmol) of previously prepared 

compound 4, yielding 2,60 g of crude product, which was purified by silica gel column 

chromatography (d = 3 cm, l = 35 cm, 230−400 mesh, eluent n-hexane/ethyl acetate, 1:1) 

to yield 1.12 g of a yellow solid. Yield: 70 %; Rf: 0.69 (n-hexane/ethyl acetate, 1:1); 1H 

NMR (400 MHz, DMSO-d6): δ 10.44 (s, 1H, NH), 7.97 (m, J = 5.65, 3.27, 2H, H-2’ and 

H-6’), 7.44 (m, J = 8.90, 3.25, 2.20 Hz, 2H, H-3’ and H-5’), 7.35 (d, J = 9.08 Hz, 1H, H-

7), 7.29 (d, J = 3.15 Hz, 1H, H-2), 6.98 (m, J = 2.08 Hz, 1H, H-4), 6.66 (dd, J = 8.71, 2.08 

Hz, 1H, H-6), 6.28 (dd, J = 3.19, 0.69 Hz, 1H, H-3), 4.85 (s, 1H, CHCOOCH2CH3), 4.14 

(q, J = 6.92 Hz, 2H, COOCH2CH3), 3.76 (q, J = 7.64 Hz, 2H, NCH2CH3), 1.24 (t, J = 6.92 

Hz, 3H, COOCH2CH3), 1.14 (t, J = 7.67 Hz, 3H, NCH2CH3) ppm; HRMS (ESI-MS, 140 

eV): m/z [M+H]+ calculated for C21H22FN2O2
+, 353.1660; found, 353.1656. 

(E,Z)-Ethyl-3-[(1-benzoylindol-5-ylamino]-3-(3-fluorophenyl)prop-2-enoate (10). 

Compound 10 was prepared as for compound 7 by reacting 0.660 mL (3.66 mmol) of 

ethyl 3-(3-fluorophenyl)-3-oxopropanoate with 0.864 g (3.66 mmol) of previously 

prepared compound 5, yielding 1,85 g of crude product, which was purified by silica gel 

column chromatography (d = 3 cm, l = 35 cm, 230−400 mesh, eluent petroleum 

ether/acetone 85:15) to yield 0.540 g of a yellow solid. Yield: 35 %; Rf: 0.69 (eluent 

petroleum ether/acetone 85:15); 1H NMR (300 MHz, DMSO) δ 10.23 (s, 1H, NH), 8.06 

(d, J = 8.8 Hz, 1H, H-7), 7.70 (m, 2H, H-2’’ and H-6’’), 7.65 (dt, J = 2.8, 2.0 Hz, 1H, H-

4’), 7.60 – 7.52 (m, 2H, H-3’’ and H-5’’), 7.40 – 7.31 (m, 1H, H-2’), 7.29 (d, J = 3.8 Hz, 

1H, H-4), 7.24 – 7.15 (m, 3H, H-4’’, H-5’ and H-6’), 7.07 (d, J = 2.1 Hz, 1H, H-2), 6.84 

(dd, J = 8.8, 2.2 Hz, 1H, H-6), 6.56 (d, J = 3.4 Hz, 1H, H-3), 5.00 (s, 1H, 

CHCOOCH2CH3), 4.15 (q, J = 7.1 Hz, 2H, COOCH2CH3), 1.24 (t, J = 7.1 Hz, 3H, 

COOCH2CH3) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for 

C26H22FN2O3
+, 429.1605; found, 429.1612. 

(E,Z)-Ethyl-3-[(2-fluoro-1-benzoylindol-5-ylamino]-3-phenyl-prop-2-enoate (11). 

Compound 11 was prepared as for compound 7 by reacting 0.869 mL (5.11 mmol) of 

ethyl-benzoyl-acetate with 0.866 g (3.41 mmol) of previously prepared compound 6, 

yielding 1,65 g of crude product, which was purified by silica gel column 

chromatography (d = 3 cm, l = 35 cm, 230−400 mesh, eluent petroleum ether/acetone 

85:15) to yield 0.456 g of a yellow solid. Yield: 31 %; Rf: 0.77 (eluent petroleum 

ether/acetone 90:10); 1H NMR (300 MHz, DMSO) δ 10.29(s, 1H, NH), 8.01 (d, J = 8.1 

Hz, 1H, H-7), 7.65 (m, 2H, H-2’ and H-6’), 7.57 (dt, J = 2.8, 2.0 Hz, 1H, H-4’’), 7.60 – 
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7.58 (m, 2H, H-3’ and H-5’), 7.40 – 7.38 (m, 1H, H-2’’), 7.28 (d, J = 3.2 Hz, 1H, H-4), 

7.23 – 7.10 (m, 3H, H-4’, H-5’’ and H-6’’), 7.02 (d, J = 2.1 Hz, 1H, H-2), 6.80 (dd, J = 

8.8, 2.21 Hz, 1H, H-6), 6.66 (d, J = 3.3 Hz, 1H, H-3), 5.02 (s, 1H, CHCOOCH2CH3), 

4.12 (q, J = 7.0 Hz, 2H, COOCH2CH3), 1.26 (t, J = 7.0 Hz, 3H, COOCH2CH3) ppm; 

HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C26H22FN2O3
+, 429.1609; found, 

429.1626. 

General Procedure for the Synthesis of Phenylpyrroloquinolinones 12-15. As a typical 

procedure, the synthesis of the phenylpyrroloquinolinone derivative 12 is described in 

detail. In a two-necked round-bottomed flask, 7 mL of diphenyl ether was heated to 

boiling. An amount of 1.03 g (2.8 mmol) of acrylate derivative 7 was then added, and the 

resulting mixture was refluxed for 15 min. After cooling to room temperature, an amount 

of 20 mL of diethyl ether was added, and the mixture was left for 12 h. Then the 

separated precipitate was collected by filtration and washed many times with diethyl 

ether. The crude product (0.530 g) was purified by Flash column chromatography (eluent 

chloroform/methanol, 9:1), obtaining 0.220 g of final pure compound. 

3-Ethyl-7-(2-fluorophenyl)-3H-pyrrolo[3,2-f]quinolin-9(6H)-one (12).  

Yield: 26 %; Rf: 0.53 (light blue fluorescent spot, chloroform/methanol 9:1); 1H-NMR 

(400 MHz, DMSO-d6) δ 11.64 (s, 1H, NH), 7.93 (d, J = 9.06 Hz, 1H, H-4), 7.90 – 7.85 

(m, 2H, H-1 and  H-6’), 7.69 – 7.51 (m, 4H, H-2, H-3’, H-5’ and H-5), 7.51 (m, 1H, H-

4’), 6.39 (s, 1H, H-8), 4.32 (q, J = 6.51 Hz, 2H, NCH2CH3), 1.41 (t, J = 6.51 Hz, 3H, 

NCH2CH3) ppm; 13C-NMR (101 MHz, DMSO-d6) δ 178.38 ppm (C-9), 154.54 (C-6), 

141.98 (d, J=246.83 Hz, C-2’), 133.12 (d, J=21.52 Hz, C-1’), 132.26 (C-3a), 131.85 (C-

7), 131.42 (C-5a), 130.75 (C-2), 129.78 (d J=20.97 Hz, C-3’ and C-5’), 129.36 (d, J=3.24 

Hz, C-4’), 128.90 (d, J=7.94 Hz, C-6’), 128.14 (C-9b), 118.46 (C-9a), 116.49 (C-4), 

116.27 (C-5), 109.03 (C-8), 104.52 (C-1), 41.38 (NCH2CH3),c16.74 (NCH2CH3) ppm; IR 

(KBr): ν= 3422.38 (NH), 3022 (aromatic C-H), 2901.12 (aliphatic C-H), 1608.38 (C=O), 

1509.10 (C=C), 1228.67 (C-F) cm-1; UV-Vis (H2O): 273 nm (A = 0.473 mAU), 342 nm 

(A = 0.297 mAU); fluorescence (H2O): λexc = 342 nm, λems = 484.02 nm; ESI-MS: m/z 

[M+H]⁺ calculated for C19H16FN2O
+ , 307.1241; found, 307.1287; RP-C18 HPLC: tR = 

13.27 min, 95.07% 

3-Ethyl-7-(3-fluorophenyl)-3H-pyrrolo[3,2-f]quinolin-9(6H)-one (13). 

Compound 13 was prepared as described for compound 12 by reacting 1.07g (2.92 mmol) 

of the appropriate phenyl-acrylate derivative 8 to yield 0.836 g of a raw solid which was 

purified by Flash column chromatography (eluent chloroform/methanol, 9:1) to yield 
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0.332 g of final compound. Yield: 37 %; Rf: 0.53 (light blue fluorescent spot, 

chloroform/methanol, 9:1); mp = 303°C; 1H-NMR (400 MHz, DMSO-d6) δ 8.00 (dd, 1H, 

J=9.35 Hz and J=0.70 Hz, H-4), 7.67 (dd, 1H, J=2.92 Hz and J=0.72 Hz, H-1), 7.59 (d, 

1H, J=9.35 Hz, H-5), 7.57 (m, 5H, H-2’, H-4’, H-5’, H-6’), 7.57 (m, 1H, H-2), 6.04 (s, 

1H, H-8), 4.37 (q, 2H, J=7.20 Hz, NCH2CH3), 1.42 (t, 3H, J=7.20 Hz, NCH2CH3) ppm; 

13C-NMR (101MHz, DMSO-d6) δ: 178.25 (C-9), 163.27 (d, J=247.72 Hz, C-3’), 137.97 

(C-3a), 135.83 (C-5a), 131.92 (d, J=7.93 Hz, C-1’), 131.43 (C-7), 129.69 (d, J= 3.14 Hz, 

C-4’), 128.61 (d, J=21.24 Hz, C-2’ and C-6’), 124.36 (C-2 and C-9b), 123.85 (d, J=7.36 

Hz, C-5’), 118.59 (C-9a), 116.42 (C-4), 113.78 (C-8), 108.67 (C-5), 104.68 (C-1), 41.50 

(NCH2CH3), 16.82 (NCH2CH3) ppm; IR (KBr): ν= 3427.83 (NH), 3027 (aromatic C-H), 

2928.07 (aliphatic C-H), 1602.79 (C=O), 1508.25 (C=C), 1222.76 (C-F) cm-1; UV-Vis 

(H2O): 273 nm (A = 0.326 mAU ), 344 nm (A = 0.202 mAU); fluorescence (H2O): λexc = 

344 nm, λems = 492.98 nm; ESI-MS: m/z [M+H]⁺ calculated for C19H16FN2O
+ , 307.1241; 

found, 307.1264; RP-C18 HPLC: tR = 13.15 min, 96.25%. 

3-Ethyl-7-(4-fluorophenyl)-3H-pyrrolo[3,2-f]quinolin-9(6H)-one (14). 

Compound 14 was prepared as described for compound 12 by reacting 1.12 g (3.05 

mmol) of the appropriate phenylacrylate derivative 9 to yield 0.340 g of a raw solid which 

was purified by Flash column chromatography (eluent chloroform/methanol, 9:1) to yield 

0.320 g of final compound. Yield: 39 %; Rf: 0.59 (light blue fluorescent spot, 

chloroform/methanol, 9:1); mp = 308°C; 1H-NMR (400 MHz, DMSO-d6) δ 11.66 (s, 1H, 

NH), 7.93 (m, J = 5.46, 3.24 Hz, 2H, H-2’ and H-6’), 7.90 (d, J=8.96 Hz, 1H, H-4), 7.57 

(d, J = 8.92 Hz, 1H, H-5), 7.52 (d, J = 2.66 Hz, 1H, H-1), 7.50 (d, J = 2.82 Hz, 1H, H-2), 

7.42 (m, J = 8.86, 3.19, 2.19 Hz, 2H, H-3’ and H-5’), 6.47 (s, 1H, H-8), 4.32 (q, J = 7.21 

Hz, 2H, NCH2CH3), 1.41 (t, J = 7.22 Hz, 3H, NCH2CH3) ppm; 13C-NMR (101 MHz, 

DMSO-d6) δ 178.69 (C-9), 163.97 (d, J=247.32 Hz, C-4’), 147.32 (C-7), 137.21 (C-5a), 

131.91 (C-3a), 130.51 (d, J=8.63 Hz, C-2’ and C-6’), 128.91 (C-2), 123.90 (C-9a and C-

9b), 118.74 (d, J=2.31 Hz, C-1’), 116.73 (d, J=21.80 Hz, C-3’ and C-5’), 116.33 (C-4), 

113.13 (C-5), 109.02 (C-8), 104.59 (C-1), 41.43 (NCH2CH3), 16.78 (NCH2CH3) ppm; IR 

(KBr): ν= 3422.31 (NH), 3078 (aliphatic C-H), 2930.57 (aliphatic C-H), 1609.22 (C=O), 

1508.23 (C=C), 1220.20 cm-1 (C-F); UV-Vis (H2O): 269 nm (A = 0.248 mAU), 352.97 

nm (A = 0.165 mAU); fluorescence (H2O): λexc = 352.97 nm, λems = 484.02 nm; HRMS 

(ESI-MS, 140 eV): m/z [M+H]+ calculated for  C19H16FN2O
+ , 307.1241; found, 

307.1272; RP-C18 HPLC: tR = 12.95 min, 97.05%. 

3-Benzoyl-7-(3-fluorophenyl)-6H-pyrrolo[3,2-f]quinolin-9-one (15).  
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Compound 15 was prepared as described for compound 12 by reacting 0.150g (3.05 

mmol) of the appropriate phenyl-acrylate derivative 10 to yield 0.080 g of final 

compound. Yield: 56 %; Rf: 0.59 (light blue fluorescent spot, chloroform/methanol, 9:1); 

mp = 318°C; 1H NMR (300 MHz, DMSO) δ 6.51 (s, 1H, H-8), 7.43 (t, J = 8.5 Hz, 1H), 

7.52 (d, J = 3.6 Hz, 1H), 7.68 – 7.60 (m, 3H, H-3’, H-4’ and H-5’) 7.87 – 7.70 (m, 7H, H-

2’, H-6’, ), 8.61 (d, J = 9.1 Hz, 1H, H-4), 11.90 (s, 1H, NH) ppm; 13C NMR (101 MHz, 

DMSO-d6) δ 179.80 (CO), 165.20 (NCO), 163.04 (d, J=248.16 Hz, C-3’), 135.57 (C-3a), 

135.12 (C-5a), 133.65 (C-7), 130.64 (C-4’’), 130.12 (d, J=7.91 Hz, C-1’), 129.99 (d, J= 

3.28 Hz, C-4’), 129.96 (C-3’’ and C-5’’), 128.11 (d, J=21.24 Hz, C-2’ and C-6’), 127.64 

(C-2’’ and C-6’’), 124.19 (C-2 and C-9b), 124.02 (d, J=7.32 Hz, C-5’), 120.45 (C-4), 

120.14 (C-9a), 117.02 (C-5), 110.41 (C-1), 107.03 (C-8) ppm; UV-Vis (H2O): 275 nm (A 

= 0.568 mAU); fluorescence (H2O): λexc = 275 nm, λems = 541 nm; HRMS (ESI-MS, 140 

eV): m/z [M+H]+ calculated for  C24H16FN2O2
+ , 383.1190; found, 383.1175; RP-C18 

HPLC: tR = 20.50 min, 95.62%. 

2-fluorobenzoyl chloride (17).  

2.0 g of 2-fluorobenzoic acid (14.27 mmol) are placed in a 50 mL round-bottomed flask 

and 7 mL of thionyl chloride were added. The mixture was refluxed at 80°C for 2 h, 

concentrated under reduced pressure and the residue was co-evaporated with toluene (10 

mL) 3 times to obtain 0.910 g of a yellow oil. The compound was used for the next step 

without further purification. Yield = 40 %; 1H NMR signals were compatible with data 

reported in literature. 

Synthesis of 7-phenyl-3H-pyrrolo[3,2-f]quinolin-9-yl 2-fluorobenzoate (18) and 3-(2-

fluorobenzoyl)-7-phenyl-6H-pyrrolo[3,2-f]quinolin-9-one (19). 

Into a two-necked 50 mL round-bottomed flask, 0.060 g (2.54 mmol, 3 eq.) of NaH, 60% 

dispersion in mineral oil, was placed and washed with toluene (3 x 10 mL). With stirring, 

a solution of 7-phenyl- 3H,6H-pyrrolo[3,2-f]quinolin-9-one (16), (prepared as previously 

reported)[4] 0.220 g (0.85 mmol, 1 eq.) in 7 mL of anhydrous DMF, was dropped into the 

flask. After 40 min at room temperature, a solution of 2-fluorobenzoyl chloride, 0.40 g 

(2.54 mmol, 3 eq.) in 2 mL dry DMF, was added, and the reaction mixture was stirred for 

2 h. The reaction was monitored by TLC analysis (eluent chloroform/methanol, 9:1). At 

the end of the reaction, 25 mL of water were added, and then extracted with EtOAc (3 x 

50 mL). The combined organic phases were washed with water and brine, dried over 

anhydrous Na2SO4 and concentrated under vacuum to yield a crude brown solid (1.44 g). 

This crude product was purified with Flash column chromatography 
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(chloroform/methanol, 9:1), yielding 0.236 g of compound 18 and 0.070 g of desired 

compound 19. Compound 18: Yield 73 %; Rf: 0.70 (light blue fluorescent spot, 

chloroform/methanol, 9:1); mp = 324°C; 1H NMR (400 MHz, DMSO-d6) δ 11.90 (s, 1H, 

NH), 8.46 (t, J=6.86 Hz, H-4), 8.34 (m, 1H, H-6’’), 8.17 (d, 1H, J=9.19 Hz, H-5), 8.02 

(m, 2H, H-2’ and H-6’), 7.86 (d, 1H, J=3.21 Hz, H-2), 7.75 - 7.85 (m, 3H, H-3’’, H-4’’ 

and H-5’’), 7.71 (m, 2H, H-3’ and H-5’), 7.70 (m, 1H, H-4’), 7.67 (s, 1H, H-8), 7.42 (dd, 

1H, J=2.99 Hz and J=0.65 Hz, H-1) ppm; 13C NMR (101 MHz, DMSO-d6) δ 176.63 

(CO), 169.98 (C-9), 164.62 (d, J=245.27 Hz, C-2’’), 151.15 (C-7), 138.72 (d, J=21.62 Hz, 

C-1’’), 137.87 (C-5a), 133.62 (d, J=7.82 Hz, C-4’’), 132.61 (C-1’), 132.58 (C-3a), 132.12 

(C-4’), 131.44 (d, J=7.47 Hz, C-6’’), 130.95 (C-2), 129.94 (d, J=2.61 Hz, C-5’’), 129.83 

(C-3’ and C-5’), 129.05 (C-2’ and C-6’), 120.68 (C-9b), 120.13 (C-4), 118.24 (d, J=21.82 

Hz, C-3’’), 114.10 (C-9a), 113.22 (C-5), 105.40 (C-1), 105.19 (C-8) ppm; IR (KBr): ν= 

3301 cm-1 (NH), 3024.54 cm-1 (aromatic C-H), 2961.89 cm-1 (aliphatic C-H), 1458.09cm-1 

(C=C), 1736.10cm-1 (COO), 1239.51cm-1 (C-F); UV-Vis (H2O): 269 nm (A = 0.640), 376 

nm (A = 0.393); fluorescence (H2O): λexc = 376 nm, λem = 473.93 nm; HRMS (ESI-MS, 

140 eV): m/z [M+H]+ calculated for C24H16FN2O2
+, 383.119; found, 383.1261; RP-C18 

HPLC: tR = 15.44 min, 98 %; Compound 19: Yield: 22%; Rf: 0.60 (light blue fluorescent 

spot, chloroform/methanol, 9:1); mp = 163°C; 1H NMR (400 MHz, DMSO-d6) δ 11.95 

(m, 1H, NH), 8.65 (d, J = 9.12 Hz, 1H, H-4), 7.87 (m, 2H, H-2’ and H-6’), 7.86 (m, 1H, 

H-5’’), 7.82 (m, J = 2.95 Hz, 1H, H-2), 7.80 (m, J = 2.84 Hz, 1H, H-1), 7.74 (m, 1H, H-

4’), 7.60 (m, 2H, H-3’ and H-5’), 7.50 (d, J = 9.12 Hz, 1H, H-5), 7.46 (m, 1H, H-3’’), 

7.39 (m, J = 1.60 Hz, 1H, H-6’’), 7.26 (m, 1H, H-4’’), 6.45 (s, 1H, H-8) ppm; 13C NMR 

(101 MHz, DMSO-d6) δ 178.50 (CO), 164.93 (NCO), 160.27 (C-7), 158.93 (d, J=249.32, 

C-2’’), 149.44 (C-5a), 140.27 (d, J=22.78 Hz, C-1’’), 139.14 (C-3a), 135.17 (d, J=8.76 

Hz, C-4’’), 134.48 (C-1), 134.24 (C-4’), 132.34 (d, J=1.30 Hz, C-5’’), 130.71 (d, J=7.82 

Hz, C-6’’), 129.52 (C-3’ and C-5’), 128.51 (C-2), 127.94 (C-2’ and C-6’), 120.54 (C-9b), 

120.54 (C-4), 119.84 (C-9a), 117.25 (d, J=23.04 Hz, C-3’’), 116,56 (C-5), 111.16 (C-1), 

109.12 (C-8) ppm; IR (KBr): ν = 3430.03 cm-1 (NH), 3067.39 cm-1 (aromatic C-H), 2964 

cm-1 (aliphatic C-H), 1687 cm-1 (C=O), 1547cm-1 (C=C), 1351.18cm-1 (C-F); UV-Vis 

(H2O): 280 nm (A = 0.989), 346.42 nm (A = 0.803); Fluorescence (H2O): λexc=346.42 

nm, λem=500.00 nm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for 

C24H16FN2O2
+, 383.119; found, 383.1261; RP-C18 HPLC: tR = 15.24 min, 96.5 %. 
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Biology 

Cell growth conditions and antiproliferative assay 

Human T-cell leukemia (Jurkat and CEM), human B-cell leukemia (RS4;11) and human 

myeloid leukemia (Kasumi-1) cells were grown in RPMI-1640 medium (Gibco, Milano, 

Italy). Breast adenocarcinoma (MDA-MB-231), human cervix carcinoma (HeLa), non-

small cell lung adenocarcinoma (A549), human melanoma cells (A375 and A2058) and 

human colon adenocarcinoma (HT-29) cells were grown in DMEM medium (Gibco, 

Milano, Italy), all supplemented with 115 units/mL penicillin G (Gibco, Milano, Italy), 

115 μg/mL streptomycin (Invitrogen, Milano, Italy), and 10% fetal bovine serum 

(Invitrogen, Milano, Italy). Stock solutions (10 mM) of the different compounds were 

obtained by dissolving them in DMSO. Individual wells of a 96-well tissue culture 

microtiter plate were inoculated with 100 μL of complete medium containing 8 × 103 

cells. The plates were incubated at 37 °C in a humidified 5% CO2 incubator for 18 h prior 

to the experiments. After medium removal, a 100 μL aliquot of fresh medium containing 

the test compound at a varying concentration was added to each well in triplicate and 

incubated at 37 °C for 72 h. Cell viability was assayed by the (3-(4, 5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide test as previously described.[22] The GI50 was 

defined as the compound concentration required to inhibit cell proliferation by 50%. 

CEMVbl-100 cells are a multidrug-resistant line selected against vinblastine and were a kind 

gift of Dr. G. Arancia (Istituto Superiore di Sanità, Rome, Italy). They were grown in 

RPMI-1640 medium supplemented with 100 ng/mL of vinblastine. Peripheral blood 

lymphocytes (PBL) from healthy donors were obtained by separation on a Lymphoprep 

(Fresenius KABI Norge AS) gradient. After extensive washing, cells were resuspended 

(1.0 x 106 cells/mL) in RPMI-1640 with 10% fetal bovine serum and incubated overnight. 

For cytotoxicity evaluations in proliferating PBL cultures, non-adherent cells were 

resuspended at 5 x 105 cells/mL in growth medium containing 2.5 µg/mL PHA (Irvine 

Scientific). Different concentrations of the test compounds were added, and viability was 

determined 72 h later by the MTT test. For cytotoxicity evaluations in resting PBL 

cultures, non-adherent cells were resuspended (5 x 105 cells/mL) and treated for 72 h with 

the test compounds, as described above.  

Effects on tubulin polymerization and on colchicine binding to tubulin  

To evaluate the effect of the compounds on tubulin assembly in vitro,[12] varying 

concentrations of compounds were preincubated with 10 M bovine brain tubulin in 0.8 
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M monosodium glutamate (from a 2 M stock solution adjusted to pH 6.6 with HCl) for 15 

min at 30 ˚C and then cooled to 0 ˚C. After addition of 0.4 mM GTP (final concentration), 

the mixtures were transferred to 0 C cuvettes in a recording spectrophotometer equipped 

with an electronic temperature controller and warmed to 30 °C. Tubulin assembly was 

followed turbidimetrically at 350 nm. The IC50 was defined as the compound 

concentration that inhibited the extent of assembly by 50% after a 20 min incubation. The 

ability of the test compounds to inhibit colchicine binding to tubulin was measured as 

described,[13] with the reaction mixtures containing 1 M tubulin, 5 M [3H]colchicine 

and 1 or 5 M test compound. 

Flow cytometric analysis of cell cycle distribution 

5 × 105 HeLa cells were treated with different concentrations of the test compounds for 

24 h. After the incubation period, the cells were collected, centrifuged, and fixed with ice-

cold ethanol (70%). The cells were then treated with lysis buffer containing RNase A and 

0.1% Triton X-100 and stained with PI. Samples were analyzed on a Cytomic FC500 

flow cytometer (Beckman Coulter). DNA histograms were analyzed using MultiCycle for 

Windows (Phoenix Flow Systems). 

Apoptosis assay 

Cell death was determined by flow cytometry of cells double stained with annexin 

V/FITC and PI. The Coulter Cytomics FC500 (Beckman Coulter) was used to measure 

the surface exposure of PS on apoptotic cells according to the manufacturer’s instructions 

(Annexin-V Fluos, Roche Diagnostics). 

Analysis of mitochondrial potential and ROS 

The mitochondrial membrane potential was measured with the lipophilic cation JC-1 

(Molecular Probes, Eugene, OR, USA), while the production of ROS was followed by 

flow cytometry using the fluorescent dyes H2DCFDA (Molecular Probes), as previously 

described.[23] 

Western blot analysis 

HeLa cells were incubated in the presence of 12 and, after different times, were collected, 

centrifuged, and washed two times with ice cold phosphate buffered saline (PBS). The 

pellet was then resuspended in lysis buffer. After the cells were lysed on ice for 30 min, 

lysates were centrifuged at 15000 x g at 4 °C for 10 min. The protein concentration in the 

supernatant was determined using the BCA protein assay reagents (Pierce, Italy). Equal 

amounts of protein (10 μg) were resolved using sodium dodecyl sulfate-polyacrylamide 
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gel electrophoresis (SDS-PAGE) (Criterion Precast, BioRad, Italy) and transferred to a 

PVDF Hybond-P membrane (GE Healthcare). Membranes were blocked with a bovine 

serum albumin solution (5% in Tween PBS 1X), and the membranes being gently rotated 

overnight at 4 °C. Membranes were then incubated with primary antibodies against Bcl-2, 

PARP, caspase-3, H2AX, cdc25c, cyclin B, p-cdc2Tyr15, Mcl-1 (all from Cell Signaling) 

and -tubulin (Sigma-Aldrich) for 2 h at room temperature. Membranes were next 

incubated with peroxidase labeled secondary antibodies for 60 min. All membranes were 

visualized using ECL Select (GE Healthcare), and images were acquired using an Uvitec-

Alliance imaging system (Uvitec, Cambridge, UK). To ensure equal protein loading, each 

membrane was stripped and reprobed with anti-actin antibody. 

In vivo animal studies 

Animal experiments were approved by our local animal ethics committee (OPBA, 

Organismo Preposto al Benessere degli Animali, Università degli Studi di Brescia, Italy) 

and were executed in accordance with national guidelines and regulations. Procedures 

involving animals and their care conformed with institutional guidelines that comply with 

national and international laws and policies (EEC Council Directive 86/609, OJ L 358, 12 

December 1987) and with “ARRIVE” guidelines (Animals in Research Reporting In Vivo 

Experiments). Six weeks old C57BL/6 mice (Envigo) were injected subcutaneously into 

the dorsolateral flank with 2.5x105 BL6-B16 murine melanoma cells in 200 µL-total 

volume of PBS. When tumors were palpable, animals were treated intraperitoneally every 

other day with different doses of test compounds dissolved in 50 µL of DMSO. Tumors 

were measured in two dimensions, and tumor volume was calculated according to the 

formula V=(D x d2)/2, where D and d are the major and minor perpendicular tumor 

diameters, respectively.  

Evaluation of the metabolic stability of compounds 12-15 and 19 in human liver 

microsomes 

Incubation procedure. Compounds (final concentration, 10 mM) were incubated in a 

medium (final volume, 0.2 mL) containing 0.1 M KH2PO4 (pH 7.4) and 1.0 mg/mL of 

pooled mixed gender human liver microsomes (Xenotech LLC, Lenexa, USA; HLMs), in 

the absence or presence of 1 mM NADPH (Sigma- Aldrich). Control incubations were 

performed in the absence of both HLMs and NADPH (buffer only-incubations). The 

reactions were started by adding the microsomes following a 3-min thermal equilibration 

at 37°C, conducted at 37°C for different time periods (i.e. 0, 15, 30 and 60 min), and 
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terminated by adding 0.1 mL of ice-cold acetonitrile. Samples were then centrifuged 

(4°C) at 20,000 g for 10 min, and aliquots of the supernatants were analyzed by HPLC 

with fluorescence detection, as described below. 

HPLC analysis. The chromatographic system consisted of a Hewlett-Packard 1100 HPLC 

system (Agilent Technologies Inc., formerly Hewlett-Packard, Palo Alto, USA) equipped 

with a degasser, a quaternary pump, an autosampler, a column oven, and a fluorescence 

detector; chromatographic data were collected and integrated using the Agilent 

ChemStation software. Chromatographic conditions were as follows: column, Agilent 

Zorbax SB C18 (4.6x75 mm, 3.5 mm); mobile phase, 0.1% HCOOH in H2O (solvent A) 

and 0.1% HCOOH in acetonitrile (solvent B); elution program, isocratic elution with 95% 

solvent A for 2 min, linear gradient from 5 to 40% solvent B in 8 min, followed by a 

further linear gradient from 40 to 60% solvent B in 2 min, and an isocratic elution with 

60% solvent B for 7 min; post-run time, 5 min; flow rate, 1.0 mL/min; injection volume, 

50 mL; column temperature, 30° C; detection, fluorescence (excitation wavelength, 344 

nm; emission wavelength, 493 nm).  
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CHAPTER 3 

 

Targeting RORs nuclear receptors by novel synthetic steroidal inverse 

agonists for autoimmune disorders1 

 

Synopsys 

Designing novel inverse agonists of NR RORγt still represents a challenge for the 

pharmaceutical community to develop therapeutics for treating immune diseases. By 

exploring the structure of NRs natural ligands, the representative arotinoid ligands and 

RORs specific ligands share some chemical homologies which can be exploited to design 

a novel molecular structure characterized by a polycyclic core bearing a polar head and a 

hydrophobic tail. Compound MG 2778 (8), a cyclopenta[a]phenanthrene derivative, was 

identified as lead compound which was chemically modified at position 2 in order to 

obtain a small library for preliminary SARs. Cell viability and estrogenic activity of 

compounds 7, 8, 19a, 30, 31 and 32 were evaluated to attest selectivity. The selected 7, 8, 

19a and 31 compounds were assayed in a Gal4 UAS-Luc co-transfection system in order 

to determine their ability to modulate RORγt activity in a cellular environment. They 

were evaluated as inverse agonists taken ursolic acid as reference compound. The potency 

of compounds was lower than that of ursolic acid, but their efficacy was similar. 

Compound 19a was the most active, significantly reducing RORγt activity at low 

micromolar concentrations. 

 

Introduction 

 

Background 

Nuclear receptors (NRs) form a family of transcription factors that are composed of  

 

1 Published as: Dal Prà, M; Carta, D.; Szabadkai, G.; Suman, M.; Frión-Herrera, Y.; 

Paccagnella, N.; Castellani, G.; De Martin, S.; Ferlin, M.G.; Biorg Med Chem, 2018, 26, 

1686-1704  
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modular protein structures with DNA- and ligand-binding domains (DBDs and LBDs). 

The DBDs confer gene target site specificity, whereas LBDs serve as control switches for 

NR function. In each case the overall fold of the LBD is conserved, and the ligand is 

bound entirely within the protein, completing the core as the protein refolds around it.[1] It 

was shown that despite the chemical diversity of the natural nuclear receptor ligands, their 

volumes are highly conserved.[2] Examples of NRs ligands are reported in Figure 1. 

 

 

 

Figure 1. The natural ligands of nuclear receptors[2] 

 

For many NRs, both endogenous and synthetic small molecule ligands bind to small 

pockets within the LBDs, resulting in conformational changes that regulate transcriptional 

activity. This property of NRs has proven to be a rich source as targets for developing of 

therapeutics for a myriad of human diseases, ranging from inflammatory diseases and 

cancer to endocrine and metabolic diseases.[3] 

The retinoic acid nuclear receptors subfamily includes RARα, RARβ and RARγ and it is 

evolutionarily closed to the retinoic acid receptor-related orphan receptors subfamily, 

which is constituted by RORα, RORβ and RORγ or RORc. RORγt is a splice variant of 

RORγ and is encoded by a single gene called RORc. RORγt is selectively expressed in 

thymocytes (T cells) and appears to drive the activation and differentiation of CD4+ and 
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CD8+ cells into IL17-producing T helper cells (TH17) and cytotoxic T cells (Tc17). TH17 

and Tc17 are effector cells that promote inflammation, adaptive immunity, and 

autoimmunity by producing IL17 and other inflammatory cytokines such as IL21. Both 

synthetic and putative endogenous agonists of RORγt have been shown to increase the 

basal activity of RORγt enhancing TH17 cell proliferation. Among the various 

transcriptional regulators RORγ is a uniquely tractable drug target for manipulating TH17 

cell development and function in the context of autoimmune diseases.[4] The RORγt LBD 

is an ideal domain to target via small molecules. Small molecules targeting RORs come 

in at least two types: inverse agonists, which block ROR-dependent transcriptional 

activity; and agonists, which enhance the transactivation of RORs.5 

Since the discovery of the first small molecule T0901317[6,8,9] (Table 1), many RORγt 

ligands with agonistic and inverse agonistic activity have been disclosed in the 

literature.[7,10] Using the T0901317 scaffold as a lead compound, a series of synthetic 

RORγ inverse agonists have been developed, including SR1001, SR1555, and SR2211.[6-

11] Some structurally complex natural products, such as digoxin and ursolic acid have also 

been reported to be RORγ inverse agonists.[15,16] Dan Littman’s group, who discovered 

the crucial role for RORγt in TH17 cells, identified the cardiac glycoside digoxin as a 

specific inhibitor for RORγt transcriptional activity using a chemical library screening.[15] 

They confirmed that digoxin inhibited murine TH17 cell differentiation without affecting 

other T cell lineages, and it was efficient in a mouse EAE model. Digoxin was also 

identified in a random screening campaign, as an inhibitor of mouse and human TH17 cell 

differentiation, and the crystal structure of the LBD of RORγt in complex with digoxin at 

2.2 A° resolution has been solved. (Fig. 2). [15,17] 

 

 

 

 

 

 

 

 

 

 

Figure 2. Digoxin binding mode in the RORγt ligand binding domain.[15] 
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Ursolic acid, another natural product, was also found in a compound library screening as 

an inhibitor of RORγt.[16] Importantly, both digoxin and ursolic acid have cholesterol-like 

chemical structures, which might account for their similar action on the NR. 

Recently, a team at Genentech identified N-isobutyl-N-((5-(4-(methylsulfonyl) 

phenyl)thiophen-2-yl)methyl)-1-phenylmethanesulfonamide (named Gnt1 in Table 1 for 

reasons of brevity) as a RORγt inverse agonist via a biochemical screening campaign.[20] 

Although the development of RORγt inverse agonists has shown significant promise,[21,22] 

the development of new RORγt selective modulators with therapeutic potential still 

remains an urgent need. 

Wang et al.[23] first reported that the natural products 7α-hydroxycholesterol[17] and 24S-

hydroxycholesterol[19] were inverse agonists (i.e. functional antagonists) of RORγ and 

RORγ that suppressed transcriptional activities in hepatocytes. Oxysterols are well known 

natural ligands for the related NR including the liver X receptor (LXR), therefore their 

interaction with the LBDs of RORs was not surprising.[24] Most small molecule inhibitors 

and drugs are based on cyclic systems, which leads to a stiffening of the molecule, 

resulting in enhanced target affinity due to less entropy loss upon binding. The structural 

homology of NRs suggested to evaluate ligands for other class of receptors as possible 

cognate compounds that opportunely modified could switch their target classes becoming 

specific RARs/RORs agonists or inverse agonists.  

 

Table 1. Structure of some RORs ligands7 

 

Name Structure 
Receptor 

preferences 
Ligand type Ref. 

T0901317 

 
RORα, RORγ, 

LXRα, LXRβ 

PXR, FXR, 

other 

RORs: inverse 

agonist 

LXRS, PXR, FXR: 

agonist 

8;9 

SR1001 

 

RORα 

RORγ 

 

Inverse agonist 

 

11 
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SR2211 

 

RORγ 

 

Inverse 

agonist 
12 

Digoxin 

 

RORγ 
Inverse 

agonist 
15 

Ursolic acid 

 

RORγ 
Inverse 

agonist 
16 

Gnt1 

 

RORγ 
Inverse 

agonist 
20 

7α-

Hydroxy 

cholesterol 

 

RORα 

RORγ 

Inverse 

agonist 
17 

24S-

Hydroxy 

cholesterol 

 

RORα 

RORγ 

Inverse 

agonist 
19 

 

 

Designing a lead compound 

Looking through the NRs superfamily and the chemical variety of the ligands scaffolds 

(polyenes, polycyclic compounds, aromatic or aliphatic rings, eicosanoids, oxysterols) 

(Figure 1), it could seem very unlikely that a novel RORγ inverse agonist lead candidate 

could be designed. However, we decide to explore the possibility to target RORγt 

receptor with a novel lead candidate, characterized by a cyclopenta[a]phenanthrene 
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scaffold. The design of a novel RORγ inverse agonist lead candidate was rationalized by 

means of a structure-based approach founded on hybridization of chemical structures, 

which mix the features of RORγ natural ligands (cholesterol-like derivatives, digoxin, 

ursolic acid) with the features of representative arotinoids. The term arotinoid referred to 

synthetic molecules which bear the retinoic acid carbon skeleton but with a more rigid 

aryl-based scaffold (Figure 3).[24] This choice was made because RARs and RORs 

receptors are evolutionarily closed and shared sequence homology.[6]  

 

 

 

 

 

Figure 3. Arotinoids selective ligands 

 

The envisaged novel RORs inverse agonist may result then conceptually defined by the 

following attributes: 

1) A central polycyclic fused structure is present in other natural ligands of different 

classes of NRs assuring a suitable molecular volume to fulfil the LBD of the ROR 

receptors. The conservation of volumes among the natural ligands of nuclear 

receptors is likely to be a useful criterion in the design of high-affinity analogs.[2] 

It serves as a linker and supporting structure for the other fundamental chemical 

functions necessary for delivering the biological activity of the compound. 

2) An aromatic ring as usually represented in arotinoids[24] 

3) A large lipophilic scaffold (cyclic, polycyclic or poly methylated scaffold) 

mimicking the cyclic RA function or other bulky substituents connected to the 

polycyclic linker 

4) A polar terminus corresponding to or mimicking the RA and ursolic acid acidic 

function (COOH or any of the known bioisosters or derivatives) 

5) A hydroxylic function, as represented in arotinoids, cholesterol-like ligands and 

ursolic acid  

The molecular structure of a lead compound might be the tetracycle MG 2778 or 8 as 

shown in Figure 4. 
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Figure 4. Lead structure of MG 2778 (8) 

 

The early objective was to develop an efficient synthetic path for obtaining the proposed 

compound as described in Figure 4 (MG 2778). MG 2778 is a cyclopenta[a]phenanthrene 

derivative bearing an adamanthyl group at 2 position. This large group in position 2 was 

placed also because it was found to be effective in reducing hormonal effects of estrone 

and estradiol analogs in non-feminizing neuroprotective agents and so preventing 

estrogen receptor binding.[25] It also has an α-β-unsaturated carboxylic group at 16 and a 

phenolic hydroxyl at position 3. Next, with the aim to obtain preliminary SARs, a small 

series of analogs modified at position 2 of the polycyclic nucleus with groups other than 

adamanthyl but maintaining the lipophilic and bulky features was planned, since a 

suitable substitution at this position is considered significant for giving selectivity. To 

synthesize 2-substituted analogs we adopted methods such as Friedel-Crafts alkylation, 

acylation and Suzuki-Miyaura cross-coupling reactions on aromatic ring. Six compounds 

(7, 8, 19a, 30-32) were tested for cytotoxicity and estrogen receptor activity. The selected 

four non-cytotoxic compounds (7, 8, 19a, 31) were assayed in a Gal4 UAS-Luc co-

transfection system in order to determine their ability to modulate RORγt activity in a 

cellular environment. They were evaluated as inverse agonists taken ursolic acid as 

reference compound.[26]  

 

Results and Discussion 

 

Docking simulations of MG 2778 (8) in RORγt LBD 

We further employed molecular modelling analysis to simulate MG 2778 (8) binding in 

the RORγt binding pocket. We selected the crystal structure of RORγt in complex with 

one of the best-known inverse agonists, digoxin (PDB code 3B0W).[27] Computer docking 
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simulation of compound 8 was performed using Maestro 10.5 Glide software SP 

precision.  

Figure 5 shows the binding mode of the most favoured pose of compound 8 in the 

presumptive binding site in comparison with digoxin. We found that compound 8 could 

be readily accommodate in the pocket. Moreover, RORγt shows a binding pocket mostly 

characterized by hydrophobic residues (Leu-287, Leu-292, Trp-317, Cys-320, Ala-321, 

Ala-327, Val-361, Met-365, Ala-368, Val-376, Phe-377, Phe-378, Phe-388, Leu-396) 

which suggests a binding interaction mode mainly characterised by hydrophobic 

interactions. No direct interaction between compound 8 and the residues responsible for 

digoxin binding was found.[15] However, even if the molecular volume of compound 8 is 

smaller than that of digoxin, it is possible that the bulky substituent in position 2 of the 

cyclopenta[a]phenanthrene core (which occupies the position of the first sugar ring in 

digoxin) might be sufficient to disturb the polar interactions observed in the agonist-

bound RORγt LBD, involving His-479, Tyr-502 and Phe-506 which would be important 

to stabilize the active conformation of helix H12.[15,17] 

 

 

 

 

 

 

 

 

 

 

Figure 5. Comparison of the crystallographic structure of digoxin (in orange) in complex with RORγt 

ligand binding domain (Protein Data Bank code 3B0W) and the energetically most favourable pose of 

compound 8 (in green) obtained by molecular docking simulation. Hydrophobic residues are shown in 

white. Hydrogen atoms are omitted. 

 

Chemistry 

The synthetic work has been organized into four schemes that describe the optimized 

synthetic pathways as a result of trials to improve yields and purity of reaction products. 

The schemes report the routes carrying to final compounds for the synthesis of which the 
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pre-formed polycyclic scaffold 3-hydroxyestra-1,3,5(10)-triene-17-one (estrone) was 

selected as starting material. In all cases, the early protection of phenolic OH was 

necessary to prevent unresolvable mixtures formation along the pathway. Scheme 1 and 2 

describe two alternative routes to obtain compound 8 (named MG 2778) by performing 

the same reactions in a different order. For this purpose, intermediate 1 was obtained from 

the starting commercial estrone by alkylating with CH3I in the presence of Bu4NI and 

NaOH 10% in CH2Cl2 at 70° C (99% yield).[28] As previously reported,[29] compound 1 

was submitted to a Friedel-Crafts reaction conducted with adamanthanol, BF3 Et2O in 

hexane for 4 h. The reaction proved to be highly regiospecific yielding only the 2-

adamanthyl substituted compound 2 (95% yield). The following 16-C 

methoxycarbonylation reaction[30] was carried out with dimethyl carbonate, NaH at 

refluxing (85° C) for 3h yielding compound 3 (93% yield). In order to form the 16-17 

double bond, at first the 17-carbonyl group was reduced to secondary alcohol 4 by a 

chemo-selective reaction with NaBH4
[31] in a mixture of THF/CH3OH 9:1 for 1 h at room 

temperature (90% yield). The obtained alcohol 4 was mesylated with MsCl in anhydrous 

CH2Cl2
[32] giving the intermediate ester 17-methylsulfonate 5, which by treatment with 

DBU in benzene[32] for 6h at 60°C and after Flash Chromatography purification, 

furnished the precursor intermediate 6 (60% yield). 

The last step to produce the designed compound 8 was attempted with various hydrolytic 

methods and most of them failed. Among all, the treatment with, MeOH, NaOH 2M, in 

CH2Cl2
[33] for 96 h gave the acid derivative 7 by 95% yield and only the method 

involving the use of NaSCH3 in NMP at refluxing for 9h[34] was successful in giving the 

desired compound 8 with a yield of 56%. 
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Scheme 1. Synthesis of compound 8 

 

 

 

 

 

 

 

 

Reagents and conditions: a) CH3I, Bu4N+I-, CH2Cl2, NaOH 10%, ref., 3h, 99%; b) 1-adamantanol, BF3Et2O, 

hexane, 4h, 95%; c) C3H6O3, NaH, ref., 3h, 93%; d) NaBH4, THF/CH3OH 9:1, 1h, 90%; e) MsCl, Et3N, 

anhydrous CH2Cl2; f) DBU, C6H6, ref., 6h, 60%; g) NaOH, MeOH, CH2Cl2, 96 h, 90%; h) NaSCH3, NMP, 

ref., 9h, 56%. 

 

In Scheme 2, the route to compound 8 was set up in an attempt to improve the work up of 

reaction mixtures. Indeed, through the previous Scheme 1, with compounds bearing the 2-

adamanthyl substitution the procedure resulted difficult. Thus, the adamanthyl moiety 

was inserted at the end of the pathway. Henceforward, compound 1 was transformed into 

the 16-methoxycarbonylated derivative 9[30] (93%) that was reduced to the 17-hydroxylic 

derivative 10[31] (60%). Then, the last was mesylated to compound 11 and this reacting 

with DBU produced the precursor compound 12[32] (84%) showing the 16-17 double 

bond. At this point, the introduction of the adamanthyl group again produced only 

compound 6 but unfortunately with low yields (12%).[29] Evidently, the presence of the 

16-17 double bond provoked the formation of byproducts in the F-C reaction. Following, 

compound 6 gave the described acid 8 by reacting with NaSCH3 and NMP at reflux.[34] 

Accordingly, by comparing the two synthetic pathways (scheme 1 and 2), it was 

concluded that by the pathway in scheme 2 the scope to facilitate the synthetic work was 

achieved, but despite the laborious work up, the pathway in scheme 1 was undoubtedly 

the more advantageous because of the higher yields. 
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Scheme 2. An alternative pathway for the synthesis of compound 8 

 

 

 

 

 

 

 

Reagents and conditions: a) C3H6O3, NaH, ref., 3h, 95%; b) NaBH4, THF/CH3OH 9:1, 1h, 60%; c) MsCl, 

Et3N, anhydrous CH2Cl2, 84%; d) DBU, C6H6, ref., 6h, 99%; e) NaOH, MeOH, CH2Cl2, 96 h, 90%; f) 1-

adamanthanol, BF3Et2O, hexane, 4h, 12%; g) NaSCH3, NMP, ref., 5h, 32%. 

Next, in view of the synthesis of various 2-substituted analogs of 8, the synthetic work 

has proceeded with an assessment of the reactivity of 3-methoxylated estrone 1 towards 

the Friedel-Crafts (F-C) acylation and the Suzuky-Miyaura (S-M) cross-coupling 

reaction. For this purpose, following the above useful pathway and carrying out the same 

kind of reactions as in Scheme 1, Scheme 3 describes the synthesis of 2-benzoyl-

compound 14. The 3-methoxy-estrone 1 was submitted to the F-C reaction with benzoyl 

chloride in the presence of AlCl3 in CH2Cl2 at 0°C for 3 h.[35] In this case, a mixture of 

three compounds was obtained that were separated by Flash Chromatography. As 

expected, due to the more electron-rich position 2, the 2-benzoyl-3-methoxy-derivative 

14a was retrieved in greater amount (58%), but also the 4-benzoyl-methoxy isomer 14b 

(31%) and in lesser amount the 2-benzoyl-3-hydroxy derivative 14c (2%) were obtained. 

The last formed due to the demethylating property of reaction conditions. Compound 14a 

was then transformed into the 16-methoxycarbonylated derivative 15 (33%)[30] before 

being selectively reduced to the 17-hydroxylic compound 16 by NaBH4 (97%).[31] This 

compound was first mesylated and thereafter by treatment with DBU, compound 18 (17-

H)[32] showing the 16-17 double bond, was obtained (21%). Finally, compound 18 was 

reacted with NaSCH3 in DMF[34] for 1 h when at this time the starting compound 

disappeared on monitoring the reaction progress by TLC. After work-up of the reaction 

mixture, the raw material was purified by Flash Chromatography giving three 
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compounds, identified as 19a, b and c. Unfortunately, the desired compound 19a was 

present in lesser amount (25%), 19b (37,5%) and 19c (37%). The different reactivity of 

benzoyl compound 18 in comparison with compound 6 (schemes 1 and 2) towards 

NaSCH3 has not been understood. In this case, the F-C acylation reaction of 3-methoxy-

estrone, as for some reported alkylation[35] other than with adamanthanol, was proved not 

to be a regiospecific reaction. Therefore, it is possible to conclude that the lack of region 

specificity of F-C acylation towards position 2 together with the low yields of compound 

19a might represent a drawback for the future synthesis of novel 2-substituted analogs. 

Scheme 3. Synthesis of compound 19a 

 

 

 

 

 

 

 

 

 

Reagents and conditions: a) benzoyl chloride, AlCl3, anhydrous DCM, 3h, 91%; b) C3H6O3, NaH, rif., 3h, 

31%; c) NaBH4, THF/CH3OH 9:1, 0.5 h, 94%; d) MsCl, Et3N, anhydrous CH2Cl2; e) DBU, C6H6, rif., 5h, 

21%; f) NaSCH3, DMF, 1h., 63%. 

It is known that the Suzuki-Miyaura cross-coupling reaction[36] is a robust method to 

obtain a variety of aromatic derivatives because of the large amount of commercially 

available boronic acids, therefore it was planned to study also the possibility to obtain 

novel 2-substituted analogs by this kind of cross-coupling. In scheme 4, the synthesis of 

three novel 2-substituted compounds by this method is reported. 

Preliminary results suggested an optimal pathway where the starting estrone was 

protected as benzyl ether, easily removable later in the path, giving compound 20 (BzCl, 

Bu4NI) (99%)[28] that was then transformed into the 16-methoxycarbonylated derivative 

21, as before (81%).[30] This was first selectively reduced with NaBH4 to the 
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corresponding alcohol 22 (68%).[31] After mesylation of 17-hydroxy (23) and the next 

treatment with DBU, compound 24 was obtained (54%). In previous experiments it was 

seen that as for 3-methoxy compound 12, also the 2-benzyloxy derivative 24 resulted not 

to be a suitable intermediate for iodination step. Thus, compound 22 was catalytically 

reduced (Pd/C 10%, H2)
[37] producing the 2,17-dihydroxylic derivative 25 (93%) that was 

submitted to the successful iodination to compound 26 with NIS, (CF3SO3)3In in CH3CN 

for 8h.[38] Bromination had previously been carried out on 3-methoxy-estrone 1 (scheme 

1) but it was slightly region-selective (data not shown) and mainly with the 2-Br-

derivatives the cross-coupling did not take place later in the synthesis. The iodination of 

compound 25 with NIS yielded the desired 2-iodinated product 26 (51%) and a little 

amount of 4-iodinated and 2,4-diiodinated as deduced from 1H NMR spectrum of the 

reaction mixture. Therefore, iodinating with NIS and (CF3SO3)3In proved to be more 

region-selective compared with the other methods carried out (data not shown). It is 

worth to underline that the chromatographic purification of 26 in presence of other two 

iodinated compounds was only feasible when the two phenolic and alcoholic hydroxyls 

were free. Unfortunately, for compound 26 16-17 double bond formation was no longer 

possible. Preliminarily, the S-M cross-coupling reaction of compound 26 was 

accomplished with three boronic acids of different hindrance and following two different 

methods: conventional synthesis[38] and MW added organic synthesis.[39] The first one 

provided only complex mixtures, while the second one was found to be successful due to 

the following advantages: shorter reaction times, higher yields, less by-products and thus 

easier to process mixtures. After flash chromatography purification, compounds 27-29 

were obtained in good yields 26%, 33%, 42%, respectively. 

Finally, the three methyl esters 27-29 were transformed into the corresponding acids by 

treatment with MeOH-NaOH 10% giving the compounds 30 (99%), 31 (98%) and 32 

(97%).[40] For all the synthesized compounds, complete characterization was carried out 

by mono-dimensional 1H- 13C- and bi-dimensional HSQC, HMBC and COSY NMR 

experiments.  
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Scheme 4. Synthesis of compounds 30-32 

 

Reagents and conditions: a) BzCl, Bu4N+I-, CH2Cl2, NaOH 10%, rif., 3h, 99%; b) C3H6O3, NaH, rif., 3h, 

31%; c) NaBH4, THF/CH3OH 9:1, 1h, 68%; d) Pd/C, H2, EtOAc, r.t., 8h, 93%; e) NIS, (CF3SO3)3In, 

CH3CN, 8h, 51%; f) 1. C12H11BO2, Pd(PPh3)4, K2CO3, C4H8O2, MW (160° C), 30 min, 33%; 2. Pd(PPh3)4, 

K2CO3, C4H8O2, MW (160° C), 30 min, 42%; 3. C6H7BO2, Pd(PPh3)4, K2CO3, C4H8O2, MW (160° C), 30 

min, 26%; g) MeOH, NaOH 10%, rif, 1h, 99%. 

Furthermore, it is noted that the synthesis described in Scheme 4, despite the successful 

S-M cross-coupling on the iodinated 26, presents a strong restriction due to the 

impracticality to obtain the designed compounds with 16-17 double bond. Indeed, 

iodination reaction with NIS did not work with compounds 12 and 24 and additionally the 

chromatographic purification of the 2-iodinated derivative was achievable only with the 

di-hydroxylic compound 26 that however was not suitable for the removal of 17-alcoholic 

OH by the method reported before. 

 

Table 2. Structure of compounds tested for cytotoxic and estrogenic activity 

Compound Structure Compound Structure 

7 

 

8 
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Biology 

Effect of compounds 7, 8, 19a, 30-32 on cell viability. 

In order to verify whether the synthetic RORγt inverse agonists had any effect on cell 

growth and survival, MTT assay was performed on HepG2 cells. As shown in Figure 6, 

compound 19a was found to be toxic at the highest concentrations tested (25 μM, p<0.01 

vs vehicle; 50 μM, p<0.001 vs vehicle), whereas compounds 30 and 32 caused a 

significant decrease of cell viability even at lower concentrations. No cytotoxic effects 

were observed on after incubation of HepG2 cells with compounds 7, 8 and 31.  

 

 

 

 

 

 

 

 

Figure 6. Cell viability assay on HepG2 cells treated with the synthetic compounds 7, 8, 19a and 30-32, 

reported as percentage of viable cells with respect to control treated with medium. Results are mean ± SEM. 

* p<0.05, ** p<0.01 and *** p<0.001 vs vehicle, one-way ANOVA followed by Dunnett post hoc test. 

Three independent experiments were performed in quadruplicate. 

19a 

 

30 

 

31 

 

32 
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Estrogenic activity of the synthetic compounds 7, 8, 19a and 30-32. 

Estrogenic activity of the novel steroidal compounds 7, 8, 19a and 30-32 was evaluated 

because of the molecular structure being derived from estrone, a known estrogenic agent. 

Real time PCR analysis was performed on RNA extracts from an estrogen-receptors 

(ERs) expressing cell line (MCF-7). Cells were treated with the compounds in order to 

test whether the expression of GREB1 and CXCL12, two target genes for ERs, was 

altered. Figure 7 shows that the expression of both GREB1 and CXCL12 was increased 

by compound 8 (p<0.05 and p<0.001 for GREB and CXCL12 mRNA expression vs 

vehicle, respectively), 30 (p<0.001 for GREB and CXCL12 mRNA expression vs 

vehicle), 31 (p<0.001 for GREB and CXCL12 mRNA expression vs vehicle) and 32 

(p<0.001 and p<0.05 for GREB and CXCL12 mRNA expression vs vehicle, 

respectively), while neither compound 7 nor 19a display any estrogenic activity. 

 

 

 

 

 

 

 

 

 

 

Figure 7. Gene expression of GREB1 (A) and CXCL12 (B) in MCF-7 cells treated with the synthetic 

compounds 7, 8, 19a and 30-32. All the compounds were tested at 2 µM concentration. Results are mean ± 

SEM.  * p<0.05 and *** p<0.001 vs vehicle, one-way ANOVA followed by Dunnett post hoc test. Three 

independent experiments were performed in triplicate. 

 

Evaluation of inverse-agonist activity of compounds 7, 8, 19a and 31 on RORγt 

Based on the MTT assay results, where compounds 7, 8 and 31 did not display any 

cytotoxic activity, and compound 19a was cytotoxic only at the highest concentrations 
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55 kDa 

37 kDa 

(25-50 µM), compounds 7, 8, 19a and 31 were selected for evaluating their ability to 

modulate the in vitro RORγt activity in a cellular environment by means of a Gal UAS-

Luc co-transfection system taken ursolic acid as reference compound. Since the absence 

of in vitro cytotoxicity at low concentrations is a promising feature for candidate drugs 

designed for lifetime lasting diseases such as autoimmune diseases, no further in vitro 

characterization of 30 and 32 was performed. To ascertain whether HEK-293 cells had 

been successfully transfected with the plasmids, RORγt protein expression was evaluated 

by means of Western Blot analysis. As shown in Figure 8, the cells transfected with all 

three plasmids (RORγ-Gal4, UAS-Luc, NanoGlo) express RORγt, whereas the cells 

transfected with the plasmids UAS-Luc and NanoGlo do not express the protein 

containing the RORγt LBD. Densitometric analysis confirmed that RORγt is not 

expressed in lanes 2 and 3 (Data not shown).  

 

 

 

 

 

 

 

Figure 8. Western blot analysis of RORγt (58 kDa) protein in whole protein extracts of HEK-293 cells 

transfected with Gal4-RORγ LBD plasmid, UAS-luc and NanoLuc reporter plasmid (+) or not-transfected 

cells (-). GAPDH (43 KDa) was used as loading control. 

Figure 9 shows the ability of the tested compounds to decrease activity, as luminescence 

lessening, at various concentrations. After 2 μM treatment only compound 19a displayed 

a slight but significant activity, at 5 μM both compounds 8 and 19a decreased activity in a 

significant amount, at 10 μM a dramatic decrease in RORγ activity could be observed 

after addition for all the tested compounds (p<0.001), and finally, at 20 μM all 

compounds showed an inhibitory effect comparable to that of ursolic acid. Fig. 9 shows 

that compounds 7, 8, 19a and 31 displayed a concentration-dependent activity. 

Extrapolated IC50 values were similar for compounds 19a and 31 (4,4 µM and 4,7 µM, 

respectively), and increased for compounds 7 and 8 (6,8 and 6,5 µM, respectively). The 

most relevant outcome of the in vitro RORγt inhibitory activity by the selected 
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compounds was that compound 19a significantly reduced RORγt activity at low 

concentrations (2-5 µM, p<0.05 vs vehicle). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Evaluation of inverse-agonist activity of compounds 7, 8, 19a and 31 on RORγt (A) and dose-

dependent efficacy (B). Results are mean Â± SEM. * p<0.05 and *** p<0.001 vs vehicle, one-way 

ANOVA followed by Dunnett post hoc test. Three independent experiments were performed in triplicate. 

 

Effect of compounds 7, 8, 19a and 31 on cell cycle distribution 

In order to complete the characterization of the selected synthetic compounds, we 

analysed their effect on cell cycle distribution both in HepG2 and HEK-293 cells. Fig. 10 

shows the effect of compounds 7, 8, 19a and 31 on both cell viability of HepG2 and 

HEK-293 either transfected or not with RORγt- Gal4 plasmid, and cell cycle distribution. 

After confirming the absence of cytotoxicity of the selected synthetic compounds on both 
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cell lines, we also demonstrated that cell cycle distribution was not affected even after 

incubation with the highest concentrations (10 and 20 M) tested previously.  

 

Fig. 10. Cell viability of HepG2 (left) and HEK-293 (right) cells after incubation with compounds 7, 8, 19a 

and 31 at 10 and 20 M. Below, cell cycle distribution analysis at 20 M. The results are expressed as 

mean  SEM. Three independent experiments were performed in duplicate. 

 

Docking study of compound 19a 

Compound 19a was docked using the crystal structure of RORγt in complex with digoxin 

(PDB code 3B0W).[27] Computer docking simulation of 19a was performed using 

Maestro 10.5 Glide software SP precision. The most favoured pose of 19a (Figure 11) in 

the presumptive binding site is similar to the one found for 8 (Figure 5). Compound 19a 

could be readily accommodated in the pocket, but also in this case, no significant 

interactions with residues responsible for digoxin binding were found.[15] Again, we can 

suggest the possibility that the substituent in position 2 (benzoyl group in this case), could 

perturb the interactions necessary for RORγt activity.[15,17] 
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Figure 11. Comparison of the crystallographic structure of digoxin (in orange) in complex with RORγt 

ligand binding domain (Protein Data Bank code 3B0W) and the energetically most favourable pose of 19a 

(in green) obtained by molecular docking simulation. Hydrophobic residues are shown in white. Hydrogen 

atoms are omitted. 

 

Conclusion 

Looking the NRs natural ligands structure through, representative arotinoids ligands and 

RORs ligands, by means of a structure-based approach founded on hybridization of 

chemical structures, a lead compound 8 (MG 2778) was identified, synthesized and 

chemically modified in order to obtain a small series of novel steroidal compounds acting 

as RORγ inverse agonists. Docking simulations of compounds 8 and 19a into RORγt 

LBD in complex with digoxin showed a potential binding affinity. 

The four non-cytotoxic compounds 7, 8, 19a and 31 were tested by means of a Gal UAS-

Luc co-transfection system taken ursolic acid as reference compound, resulting to act as 

RORγt inverse agonists in a dose dependent manner. Considering these preliminary 

biological results, we can propose that using the tetracyclic scaffold is an appropriate 

approach for the further design of RORγt inverse agonists. Regarding the bound groups at 

2, 3 and 16 positions, we can deduce that a bulky alkyl or aryl group in the 2 position is 

necessary in order to reduce estrogenic activity, although low estrogenic activity is 

maintained in presence of the free 3-phenolic OH as for compound 8 with respect to 

compound 7 (3-OCH3). However, no estrogenic activity was observed for compound 19a 
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having the free 3-OH. In this case, we suggest the existence of a H-bond, between the 

carbonyl of the flexible benzoyl group and the phenolic OH. Probably, this event could 

hamper the interaction of the OH itself at the ER, however, at the docking simulation of 

19a in RORγt LBD (Figure 10) we did not see it. The polar terminus (16-COOH) is 

essential for activity while the 16-17 double bond not as noted for compound 31 that was 

active as well as compounds showing the double bond at that position. The potency of our 

compounds is lower than that of ursolic acid, the strongest known RORγt inverse agonist, 

but their efficacy is similar. In particular, compound 19a was the most active, causing a 

significant reduction of RORγt activity at low micromolar concentrations. From the above 

considerations, we can conclude that 19a may represent a suitable candidate for further in 

vitro and in vivo characterization and may serve as a useful tool for developing RORγt 

inverse agonists.  

 

Experimental section  

 

Melting points were determined on a Buchi M-560 capillary melting point apparatus and 

are uncorrected. 1H NMR spectra were determined on Bruker 300 and 400 MHz 

spectrometers, with the solvents indicated; chemical shifts are reported in δ (ppm) 

downfield from tetramethylsilane as internal reference. Coupling constants are given in 

hertz. In the case of multiplets, chemical shifts were measured starting from the 

approximate centre. Integrals were satisfactorily in line with those expected based on 

compound structure. Mass spectra were obtained on a Mat 112 Varian Mat Bremen (70 

eV) mass spectrometer and Applied Biosystems Mariner System 5220 LC/MS (nozzle 

potential 140 eV). Column flash chromatography was performed on Merck silica gel 

(250−400 mesh ASTM); chemical reactions were monitored by analytical thin-layer 

chromatography (TLC) on Merck silica gel 60 F-254 glass plates. Microwave assisted 

reactions were performed on a CEM Discover® monomode reactor with a built-in 

infrared sensor assisted-temperature monitoring and automatic power control; all 

reactions were performed in closed devices under pressure control. Solutions were 

concentrated on a rotary evaporator under reduced pressure. The purity of new tested 

compounds was checked by HPLC using the instrument HPLC VARIAN ProStar model 

210, with detector DAD VARIAN ProStar 335. The analysis was performed with a flow 

of 1 mL/min, a C-8 column of dimensions 250 mm X 4.6 mm, a particle size of 5 mm, 
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and a loop of 10 mL. The detector was set at 254 nm. The mobile phase consisted of 

phase A (Milli-Q H2O, 18.0 MU, TFA 0.05%) and phase B (95% MeCN, 5% phase A). 

Gradient elution was performed as reported: 0 min, % B = 10; 0-20 min, % B = 90; 25 

min, % B = 90; 26 min, % B = 10; 31 min, % B = 10. 

Starting materials were purchased from Sigma-Aldrich and Alfa Aesar, and solvents were 

from Carlo Erba, Fluka and Lab-Scan. DMSO was obtained anhydrous by distillation 

under vacuum and stored on molecular sieves. 

Dulbecco's modified Eagle's medium (DMEM), was obtained from Sigma-Aldrich Italy 

(Milan, Italy). Dulbecco's modified Eagle's medium (DMEM), was obtained from Sigma-

Aldrich Italy (Milan, Italy). Foetal bovine serum (FBS), glutamine and penicillin-

streptomycin (pen-strep) solutions were obtained from Gibco (Life Technologies Italia, 

Monza, Italy).  

 

Chemical Synthesis 

General procedure for the synthesis of of-protected estrone derivatives 1 and 20. As a 

typical procedure, the synthesis of the-3-methoxy-estrone derivative is described in detail. 

A mixture of commercial estrone (1.00 g, 3.70 mmol) and tetrabutylammonium iodide 

(0.068 g, 0.185 mmol) was suspended in CH2Cl2 (18 mL). Methyl iodide (0.875 mL, 

14.06 mmol) and a 10% NaOH solution (18 mL) were added. The mixture was refluxed 

at 70°C for 3 h. The reaction was monitored by TLC analysis (eluent 

chloroform/methanol 95:5). At the end of the reaction, the two phases were clearly 

transparent and were separated. The aqueous phase was extracted with CH2Cl2 (30 mLx3) 

and the combined organic phases were washed with brine, dried over sodium sulphate, 

filtered and evaporated under vacuum to give a white solid product (1.045 g).  

(8R,9S,13S,14S)-7,8,9,11,12,13,15,16-octahydro-3-methoxy-13-methyl-6-H-

cyclopenta[a]phenanthren-17(14H)-one (1).  

Yield 99%; Rf = 0.88 (chloroform/methanol, 95:5); mp = 177-178°C; 1H NMR (300 

MHz, CDCl3): δ 0.84 (s, 3H), 1.49 (m, 1H), 1.50 (m, 1H), 1.52 (m, 1H), 1.53 (m, 1H), 

1.61 (m, 1H), 1.65 (m, 1H), 1.97 (m, 1H), 2.05 (m, 1H), 2.09 (m, 1H), 2.27 (m, 1H), 2.42 

(m, 1H), 2.51 (m, 1H), 2.53 (m, 1H), 2.93 (m, 2H), 3.80 (s, 3H), 6.67 (d, J = 2.73 Hz, 

1H), 6.75 (dd, J = 8.61 Hz, J = 2.73 Hz, 1H), 7.23 ppm (d, J = 8.61 Hz, 1H); 13C NMR 

(75 MHz, CDCl3): δ 13.86, 21.60, 25.94, 26.57, 29.68, 31.60, 35.88, 38.39, 43.99, 48.03, 

50.43, 55.22, 111.59, 113.89, 126.35, 132.03, 137.77, 157.91, 220.94 ppm. HRMS (ESI-

MS, 140 eV): m/z [M + H+] calculated for C19H25O2
+, 285.1855; found, 285.1865. 
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(8R,9S,13S,14S)-3-(benzyloxy)-7,8,9,11,12,13,15,16-octahydro-13-methyl-6H-

cyclopenta[a]phenanthren-17(14H)-one (20).  

Compound 20 was prepared as for compound 1 by reacting estrone (2.50 g, 9.25 mmol), 

tetrabutylammonium iodide (0.178 g, 0.462 mmol), benzyl bromide (4.18 mL, 35.14 

mmol) in a mixture of CH2Cl2 /10% NaOH solution (45 mL each). After the workup, the 

obtained residue was washed with hexane to remove excess benzyl bromide yielding 

3.301 g of yellow solid. Yield 99%; Rf =0.38 (n-hexane/ethyl acetate, 8:2); mp = 128-

129°C; 1H NMR (400 MHz, CDCl3): 0.91 ppm (s, 3H), 1.50 (m, 1H), 1.52 (m, 1H), 1.53 

(m, 1H), 1.56 (m, 1H), 1.62 (m, 1H), 1.65 (m, 1H), 1.99 (m, 1H), δ 2.04 (m, 1H), 2.09 (m, 

1H), 2.17 (m, 1H), 2.29 (m, 1H), 2.43 (m, 1H), 2.51 (m, 1H), 2.88 (m, 2H), 5.04 (s, 2H), 

6.73 (d, J = 2.7 Hz, 1H), 6.79 (dd, J = 8.6, 2.8 Hz, 1H), 7.20 (d, J = 8.4 Hz, 1H), 7.34 – 

7.29 (m, 1H), 7.40 – 7.35 (m, 2H), 7.45 – 7.41 ppm (m, 2H); 13C NMR (101 MHz, 

CDCl3): δ 13.89, 21.62, 25.95, 26.58, 29.69, 31.63, 35.90, 38.40, 44.04, 48.04, 50.47, 

70.00, 112.42, 114.94, 126.37, 127.45, 127.88, 128.57, 132.36, 137.29, 137.82, 156.90, 

220.94 ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated for C25H29O2
+, 

361.2168; found, 361.2149. 

(8R,9S,13S,14S)-7,8,9,11,12,13,15,16-octahydro-2-adamantyl-3-methoxy-13-methyl-6H-

cyclopenta[a]phenanthrene-17(14H)-one (2).  

Into a two-necked 100 mL round-bottomed flask, compound 1 (1.08 g, 3.80 mmol) and 1-

adamantanol (0.70 g, 4.60 mmol) were placed and stirred for 15 min in hexane at 0°C. 

Under N2 atmosphere, BF3 Et2O (1.6 mL, 12.74 mmol) was added dropwise with a 

syringe. The mixture was stirred at room temperature for 4 h. The reaction was monitored 

by TLC analysis (eluent cyclohexane/ethyl acetate, 8:2). At the end of the reaction, the 

mixture was transferred to a single-necked round-bottomed flask and the solvent was 

removed under vacuum. The obtained residue was treated with water to obtain a 

yellowish solid. The solid was filtrated and dried overnight under vacuum to yield 1.55 g 

of yellow powder. Yield 95%; Rf = 0.50 (cyclohexane/ethyl acetate, 8:2); mp = 253°C; 1H 

NMR (400 MHz, CDCl3): δ 0.93 (s, 3H), 1.47 (m, 1H), 1.53 (m, 1H), 1.54 (m, 1H), 1.56 

(m, 1H), 1.64 (m, 1H), 1.65 (m, 1H), 1.76 (6H), 1.97 (m, 1H), 2.01 (m, 1H), 2.06 (m, 

1H), 2.11 (3H), 2.20-2.08 (6H), 2.30 (m, 1H), 2.47 (m, 1H), 2.53 (m, 2H), 2.92 (m, 2H), 

3.83 (s, 3H), 6.63 (s, 1H), 7.18 ppm (s, 1H); 13C NMR (101 MHz, CDCl3): δ 13.90, 

21.61, 26.04, 26.63, 29.17, 29.30, 31.60, 35.92, 36.94, 37.16, 38.55, 40.79, 44.36, 48.08, 

50.42, 55.03, 112.09, 123.68, 131.03, 134.72, 136.07, 156.87, 221.12 ppm. HRMS (ESI-

MS, 140 eV): m/z [M + H+] calculated for C29H39O2
+, 419.2950; found, 419.2932. 
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(8R,9S,13S,14S)-7,8,9,11,12,13,15,16-octahydro-2-benzoyl-3-methoxy-13-methyl-6H-

cyclopenta[a]phenanthrene-17(14H)-one (14).  

In a dried round-bottomed flask, a suspension of anhydrous AlCl3 (1.260 g, 9.453 mmol) 

in 15 mL of anhydrous CH2Cl2 was prepared. The mixture was cooled to 0°C and benzoyl 

chloride (0.880 mL, 7.574 mmol) was added dropwise. The mixture turned pink and was 

stirred for 1 h at room temperature. After this period, the mixture was cooled again at 0°C 

and then a solution of compound 1 (1.077 g, 3.787 mmol) in anhydrous CH2Cl2 (10 mL) 

was added dropwise. The reaction mixture turned yellow immediately and it was kept at 

0°C for all the duration. The progression of the reaction was monitored by TLC analysis 

(hexane/ethyl acetate 6:4). At the end of the reaction, the suspension was poured into an 

ice/water mixture and it was acidified with concentrated HCl. The two phases were 

separated: the aqueous phase was extracted with CH2Cl2 and the resulting organic phase 

was washed with saturated sodium bicarbonate solution, brine and dried over sodium 

sulphate. The mixture was filtered, and the solvent evaporated under vacuum to yield 

1.344 g of white solid. Yield 58% 14a, 31% 14b, 2%; 14c; Rf = 0.49 (hexane/ethyl 

acetate, 6:4); mp = 229°C; 1H NMR (300 MHz, CDCl3): δ 0.91 (s, 3H), 1.45 (m, 1H), 

1.49 (m, 1H), 1.50 (m, 1H), 1.55 (m, 1H), 1.59 (m, 1H), 1.60 (m, 1H), 1.92 (m, 1H), 2.05 

(m, 1H), 2.05 (m, 1H), 2.06 (m, 1H), 2.25 (m, 1H), 2.32 (m, 1H), 2.51 (m, 1H), 2.97 (m, 

2H), 3.68 (s, 3H), 6.70 (s,1H), 7.30 (s, 1H), 7.39-7.46 (m, 2H); 7.50-7.57 (m, 1H), 7.81 

ppm (dd, J = 8.3, 1.3 Hz, 2H); 13C NMR (400 MHz, CDCl3): δ 13.83, 21.56, 25.77, 

26.40, 29.94, 31.45, 35.81, 38.26, 43.80, 47.94, 50.35, 55.64, 111.79, 126.47, 127.07, 

128.08, 129.77, 131.98, 132.64, 138.20, 140.97, 155.54, 196.47, 220.60 ppm. HRMS 

(ESI-MS, 140 eV): m/z [M + H+] calculated for C26H29O3
+, 389.2117; found, 389.2212. 

General procedure for the synthesis of derivatives (3, 9, 15, 21). As a typical procedure, 

the synthesis of the methyl 2-adamantyl-3-methoxy-16-carboxylate estrone derivative 3 is 

described in detail. Compound 2 (0.640 g, 1.53 mmol) was suspended in dimethyl 

carbonate (11.2 mL, 132.91 mmol) and NaH (0.320 g, 13.33 mmol) was added. A 

catalytic amount of CH3OH was added. The mixture was refluxed for 3h at controlled 

temperature (85°C). The reaction was monitored by TLC analysis (eluent 

cyclohexane/ethyl acetate, 8:2). At the end of the reaction, the mixture was cooled at 

room temperature and quenched with CH3OH (1 mL). The mixture was acidified with 

glacial acetic acid and poured into water (150-200 mL). The suspension was stirred and 

once the precipitate was formed, filtrated to obtain a yellow precipitate that was dried 

overnight under vacuum to yield 0.511 g of yellow powder.  
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(8R,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-2-adamantyl-3-methoxy-

13-methyl-17-oxo-6H-cyclopenta[a]phenanthrene-16-carboxylate (3).  

Yield 93%; Rf = 0.30 (cyclohexane/ethyl acetate, 8:2); mp = 180-181°C; 1H NMR (300 

MHz, CDCl3): δ 0.98 (s, 3H), 1.37 (m, 1H), 1.51 (m, 1H),  1.52 (m, 1H), 1.57 (m, 1H), 

1.63 (m, 1H), 1.65 (m, 1H), 1.76 (6H), 1.85 (m, 1H), 1.99 (m, 1H), 2.03 (m, 1H), 2.11 

(3H), 2.20-2.08 (6H), 2.29 (m, 1H), 2.44 (m, 1H), 2.88 (m, 2H), 3.21 (dd, J = 9.9, 8.5 Hz, 

1H), 3.76-3.79 (s, 3H), 3.80 (s, 3H), 6.61 (s, 1H), 7.14 ppm (s, 1H); 13C NMR (75 MHz, 

CDCl3): δ 13.31, 25.90, 26.40, 29.17, 29.30, 32.50, 36.90, 36.94, 37.16, 38.40, 40.79, 

44.80, 47.87, 50.42, 52.50, 54.10, 55.03, 112.09, 124.20, 131.03, 134.72, 136.07, 156.87, 

169.87, 212.05 ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated for C31H41O4
+, 

477.3005; found, 477.3015. 

(8R,9S,13S,14S)-methyl7,8,9,11,12,13,14,15,16,17-decahydro-3-methoxy-13-methyl-17-

oxo-6H-cyclopenta[a]phenanthrene-16-carboxylate (9).  

Compound 9 was prepared as for compound 3 by reacting compound 1 (1.045 g; 3.674 

mmol) with dimethyl carbonate (26.9 mL, 319 mmol) and NaH (0.768 g, 32.01 mmol). 

Yield 93%; Rf = 0.33 (hexane/ethyl acetate, 8:2); 1H-NMR (300 MHz, CDCl3): δ 0.98 (s, 

3H), 1.37 (m, 1H), 1.51 (m, 1H), 1.52 (m, 1H), 1.57 (m, 1H), 1.63 (m, 1H), 1.65 (m, 1H), 

1.85 (m, 1H), 1.99 (m, 1H), 2.03 (m, 1H), 2.29 (m, 1H), 2.44 (m, 1H), 2.88 (m, 2H), 3.21 

(dd, J = 9.9, 8.5 Hz, 1H), 3.76-3.79 (s, 3H), 3.80 (s, 3H), 6.67 (d, J = 2.73 Hz,  1H), 6.75 

(dd, J = 8.61 Hz, 2.73 Hz, 1H), 7.23 ppm (d, J = 8.61 Hz, 1H). 

(8R,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-2-benzoyl-3-methoxy-13-

methyl-17-oxo-6H-cyclopenta[a]phenanthrene-16-carboxylate (15).  

Compound 15 was prepared as for compound 3 by reacting compound 14 (1.259 g; 3.241 

mmol) with dimethyl carbonate (23.7 mL, 281.5 mmol) and NaH (0.677 g, 28.23 mmol). 

An amount of 1.290 g of a crude product was obtained, and this was purified by silica gel 

flash column chromatography (hexane/ethyl acetate) to give 0.430 g of compound 15. 

Yield 33%; Rf = 0.35 (hexane/ethyl acetate, 2:1); mp = 114°C; 1H NMR (400 MHz, 

CDCl3): δ 0.99-0.96 (m, 3H), 1.40(m, 1H), 1.41 (m, 1H), 1.42 (m, 1H), 1.45 (m, 1H), 

1.52 (m, 1H), 1.90 (m, 1H), 2.07 (m, 1H), 2.07 (m, 1H), 2.24 (m, 1H), 2.26 (m, 1H), 2.27 

(m, 1H), 2.91 (m, 2H), 3.22 (dd, J = 9.9, 8.4 Hz, 1H), 3.68 (s, 3H), 3.77 (s, 3H), 6.70 

(s,1H), 7.29 (s, 1H), 7.39-7.46 (m, 2H); 7.50-7.57 (m, 1H), 7.81 ppm (dd, J = 8.3, 1.3 Hz, 

2H); 13C NMR (101 MHz, CDCl3): δ 13.27/14.34, 25.70, 26.31, 26.39, 30.05, 

31.57/31.77, 37.82, 43.78, 47.82, 48.89, 52.61, 54.01, 55.62, 111.75, 126.49, 127.05, 

128.09, 129.77, 131.75, 132.69, 138.14, 140.91, 155.54/155.56, 169.80/170.32, 196.48, 
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211.79 ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated for C28H31O5
+, 

447.2171; found, 447.2157. 

(8R,9S,13S,14S)-methyl-3-(benzyloxy)-7,8,9,11,12,13,14,15,16,17-decahydro-13-methyl-

17-oxo-6H-cyclopenta[a]phenanthrene-16-carboxylate (21).  

Compound 21 was prepared as for compound 3 by reacting compound 20 (3.301 g; 9.157 

mmol) with dimethyl carbonate (67.03 mL, 795.46 mmol) and NaH (1.914 g, 79.78 

mmol) to yield 3.104 g of yellow powder. Yield 81%; Rf = 0.27 (hexane/ethyl acetate, 

8:2); mp = 155°C; 1H NMR (300 MHz, CDCl3): δ 0.98 ppm (s, 3H), 1.45 (m, 1H), 1.46 

(m, 1H), 1.48 (m, 1H), 1.51 (m, 1H), 1.62 (m, 1H), 1.63 (m, 1H), 1.98 (m, 1H), 2.03 (m, 

1H), 2.07 (m, 1H), 2.25 (m, 1H), 2.40 (m, 1H), 2.89 (m, 2H), 3.21 (dd, J = 9.9, 8.5 Hz, 

1H), 3.76 (s, 3H), 5.04 (s, 2H), 6.74 (d, J = 2.6 Hz, 1H), 6.79 (dd, J = 8.6, 2.7 Hz, 1H), 

7.20 (d, J = 8.5 Hz, 1H), 7.32 (t, J = 7.1 Hz, 1H), 7.38 (t, J = 7.3 Hz, 2H), 7.43 ppm (d, J 

= 6.9 Hz, 2H); 13C-NMR (75 MHz, CDCl3): δ 13.29, 25.78, 26.54, 29.56, 31.94, 36.90, 

37.94, 43.99, 47.95, 48.94, 52.57,54.07, 69.97, 112.47, 114.92, 126.32, 127.42, 127.87, 

128.55, 132.00,137.22, 137.67, 156.94, 169.85, 212.90 ppm. HRMS (ESI-MS, 140 eV): 

m/z [M + H+] calculated for C27H31O4
+, 419.2222; found, 419.2237. 

General procedure for the synthesis of derivatives (4, 10, 16, 22). As a typical procedure, 

the synthesis of methyl 17-hydroxy-2-adamantyl-3-methoxy-13-methyl-16-carboxylate 4 

is described in detail. Compound 3 (1,711g, 3.59 mmol) was suspended in a mixture 

THF/CH3OH 9:1 (20 mL). The mixture was cooled and stirred for 15 min at 0°C, then 

NaBH4 (0.156 g, 4.12 mmol) was added carefully in portions. The temperature was 

maintained at 0°C and the reaction was monitored by TLC analysis (eluent 

cyclohexane/ethyl acetate, 2:1). The reaction was completed in 0.5h. The mixture was 

acidified with HCl 2N solution and extracted with ethyl acetate. The combined organic 

phases were washed with brine, dried over sodium sulphate, filtered and evaporated to 

dryness to yield 1.725 g of spongy solid. The crude product was purified by silica gel 

flash column chromatography (hexane/ethyl acetate) to give 1.53 g of white solid. 

(8R,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-17-hydroxy-2-adamantyl-

3-methoxy-13-methyl-6H-cyclopenta[a]phenanthrene-16-carboxylate (4).  

Yield 90%; Rf = 0.57 (hexane/ethyl acetate, 2:1); mp = 210-211°C; 1H NMR (300 MHz, 

CDCl3): δ 0.83 (s, 3H), 1.18 (m, 1H), 1.32 (m, 1H), 1.35 (m, 1H), 1.45 (m, 1H), 1.55 

(m,1H), 1.68 (m, 1H), 1.76 (6H), 1.91 (m, 1H), 1.80 (m, 1H), 2.02 (m, 1H), 2.02 (3H), 

2.10 (6H), 2.32 (m, 1H), 2.35 (m, 1H), 2.83 (m, 2H), 3.14 (dd, J = 18.7, 9.1 Hz, 1H), 3.72 

(s, 3H), 3.80 (s, 3H), 3.89 (d, J = 10.0 Hz, 1H), 6.59 (s, 1H), 7.16 ppm (s, 1H); 13C NMR 



Chapter 3 

117 
  

(300 MHz, CDCl3): δ 11.67, 26.71, 27.25, 27.74, 29.48, 29.71, 37.24, 37.49, 37.62, 

38.72, 41.11, 44.44, 44.57, 44.69, 48.96, 52.04, 55.10, 82.16, 112.39, 124.03, 131.70, 

135.07, 136.25, 156.87, 175.94 ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated 

for C31H43O4
+, 479.3161; found, 479.3149. 

(8R,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-17-hydroxy-3-methoxy-

13-methyl-6H-cyclopenta[a]phenanthrene-16-carboxylate (10).  

Compound 10 was prepared as for compound 4 by reacting compound 9 (1.195, 3.49 

mmol) with NaBH4 (0.151 g, 4.005 mmol) for 0.5 h, to give 1.166 g of spongy solid. The 

crude product was purified by silica gel flash column chromatography (hexane/ethyl 

acetate) to give 0.717 g of white solid. Yield 60%; Rf = 0.53 (hexane/ethyl acetate, 2:1); 

1H NMR (300 MHz, CDCl3): δ 0.83 (s, 3H), 1.18 (m, 1H), 1.32 (m, 1H), 1.35 (m, 1H), 

1.45 (m, 1H), 1.57 (m, 1H), 1.63 (m, 1H), 1.68 (m, 1H), 1.85 (m, 1H), 1.99 (m, 1H), 2.02 

(m, 1H), 2.32 (m, 1H), 2.35 (m, 1H), 2.83 (m, 2H), 3.14 (dd, J = 18.7, 9.1 Hz, 1H), 3.72 

(s, 3H), 3.80 (s, 3H), 3.88 (d, J = 10.0 Hz, 1H), 6.67 (d, J = 2.73 Hz,  1H), 6.75 (dd, J = 

8.61 Hz, 2.73 Hz, 1H), 7.23  ppm (d, J = 8.61 Hz, 1H).  

(8R,9S,13S,14S)-methyl 2-benzoyl-7,8,9,11,12,13,14,15,16,17-decahydro-17-hydroxy-3-

methoxy-13-methyl-6H-cyclopenta[a]phenanthrene-16-carboxylate (16).  

Compound 16 was prepared as for compound 4 by reacting compound 15 (0.564g, 1.263 

mmol) with NaBH4 (0.055 g, 1.449 mmol) for 0.25 h, to give 0.553 g of spongy solid. 

Yield 97%; Rf = 0.54 (hexane/ethyl acetate, 1:1); mp = 250°C; 1H NMR (400 MHz, 

CDCl3): δ  0.84 (s, 3H), 1.23 (m, 1H), 1.31(m, 1H), 1.31 (m, 1H), 1.47 (m, 1H), 1.70 (m, 

1H), 1.87 (m, 1H), 1.87 (m, 1H), 1.93 (m, 1H), 2.01 (m,1H), 2.17 (m, 1H), 2.98 (m, 2H), 

3.14 (dd, J = 18.8, 9.1 Hz, 1H), 3.67 (s, 3H), 3.72 (s, 3H), 3.87 (d, J = 10.0 Hz, 1H), 6.68 

(s,1H), 7.30 (s, 1H), 7.42 (t, J = 7.5 Hz, 2H), 7.54 (t, J = 7.3 Hz, 1H), 7.83 – 7.77 ppm 

(m, 2H); 13C-NMR (101 MHz, CDCl3): δ 11.28, 27.19, 27.44, 29.67/29.25, 30.01, 

37.16/37.07, 38.14, 43.75, 44.05, 44.38, 48.65, 51.86, 55.64, 81.71, 111.76, 126.41, 

127.16, 128.11/128.07, 129.79, 132.33, 132.59, 138.27, 141.02, 155.47, 175.41, 196.53 

ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated for C28H33O5
+, 449.2328; 

found, 449.2548. 

(8R,9S,13S,14S)-methyl-3-(benzyloxy)-7,8,9,11,12,13,14,15,16,17-decahydro-17-

hydroxy-13-methyl-6H-cyclopenta[a]phenanthrene-16-carboxylate (22).  

Compound 22 was prepared as for compound 4 by reacting compound 21 (3.104 g, 7.42 

mmol) with NaBH4 (0.322 g, 8.52 mmol) for 0.5 h, to give 3.586 g of orange solid. The 

crude product was purified by silica gel flash column chromatography (cyclohexane/ethyl 
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acetate) to give 2.44 g of white solid. Yield 68%; Rf = 0.45 (cyclohexane/ethyl acetate, 

2:1); mp = 186°C; 1H NMR (300 MHz, CDCl3): δ 0.84 ppm (s, 3H), 1.38 (m, 1H), 1.41 

(m, 1H), 1.55 (m, 1H), 1.56 (m, 1H), 1.77 (m, 1H), 1.90 (m, 1H), 2.05 (m, 1H), 2.12 (m, 

1H), 2.26 (m, 1H), 2.36 (m, 1H), 2.89 (m, 2H), 3.13 (m, 1H), 3.73 (s, 3H), 3.88 (d, 1H), 

5.03 (s, 2H), 6.72 (d, J = 2.7 Hz, 1H), 6.78 (dd, J = 8.4, 2.6 Hz, 1H), 7.20 (d, J = 8.5 Hz, 

1H), 7.31 (dd, J = 8.5, 5.9 Hz, 1H), 7.37 (dd, J = 8.1, 6.5 Hz, 2H), 7.43 ppm (d, J = 6.9 

Hz, 2H); 13C-NMR (75 MHz, CDCl3): δ 11.29, 26.24, 27.32, 29.33, 29.69, 37.16, 38.19, 

43.90, 44.04, 48.62, 51.88, 69.93, 81.76, 112.29, 114.79, 126.35, 127.43, 127.84, 128.53, 

132.64, 137.25, 137.81, 156.74, 175.57 ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] 

calculated for C27H33O4
+, 421.2379; found, 421.2364. 

General procedure for the synthesis of derivatives (6, 12, 18). As a typical procedure, the 

synthesis of methyl 2-adamantyl-3-methoxy-16-carboxylate derivative 6 is described in 

detail. In a double-necked round bottomed flask compound 4 (0.659g, 1.377 mmol) was 

dissolved in anhydrous CH2Cl2. Under a N2 atmosphere, triethylamine (0.273mL, 1.956 

mmol) was added dropwise to the solution and then methanesulfonyl chloride (0.112 mL, 

1.456mmol) was poured into the mixture. The obtained solution was stirred overnight. 

The mixture was then washed with water, saturated NaHCO3 solution, brine, filtered and 

evaporated under vacuum to yield a yellow solid (5). The obtained residue (0.741 g, 1.331 

mmol) was then dissolved in benzene (20 mL), and DBU (0.397 mL, 2.662 mmol) was 

added. Under a N2 atmosphere, the reaction mixture was refluxed for 5 h. The progress of 

the reaction was monitored by TLC analysis (hexane/ethyl acetate 2:1). Even though the 

reaction was not completed, the mixture was cooled and washed with equivalent volumes 

of 5% HCl solution, brine and saturated NaHCO3 solution. The organic phase was 

evaporated to dryness under vacuum and the obtained crude product was purified by 

silica gel flash column chromatography (hexane/ethyl acetate) to give 0.179 g of white 

solid correspondent to the desired product (6) and 0.287 g of starting material. 

(8S,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15-octahydro-2-adamantyl-3-methoxy-13-

methyl-6H-cyclopenta [a] phenanthrene-16-carboxylate (6).  

Yield 60%; Rf = 0.80 (hexane/ethyl acetate, 2:1); mp = 179°C; 1H NMR (300 MHz, 

CDCl3): δ 0.88 (s, 3H), 1.50 (m, 1H), 1.63 (m, 1H), 1.65 (m, 1H), 1.70 (m, 1H), 1.77 

(6H), 1.91 (m, 1H), 1.97 (m, 1H), 2.05 (3H), 2.09-2.06 (6H), 2.10 (m, 1H), 2.27 (m, 1H), 

2.37 (m, 1H), 2.42 (m, 1H), 2.58 (m, 1H), 2.86 (m, 2H), 3.76 (s, 3H), 3.81 (s, 3H), 6.62 

(s, 1H), 6.92 (d, J = 1.7 Hz, 1H),  7.14 (s, 1H); 13C-NMR (75 MHz, CDCl3): δ 16.48, 

26.68, 28.13, 29.48, 29.55, 31.51, 35.38, 37.24, 37.49, 37.73, 41.11, 44.90, 47.50, 51.73, 
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55.30, 55.34, 112.44, 123.60, 131.85, 135.14, 135.26, 136.16, 155.12, 157.02, 166.78 

ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated for C31H41O3
+, 461.3056; 

found, 461.3067. 

(8S,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15-octahydro-3-methoxy-13-methyl-6H-

cyclopenta[a]phenanthrene-16-carboxylate (12).  

Compound 12 was prepared as for compound 6 by reacting compound 10 (0.660 g, 1.916 

mmol) with triethylamine (0.379 mL, 2.722 mmol) and methanesulfonyl chloride (0.119 

mL, 2.026 mmol). The obtained crude product 11 (0.659 g, 1.560 mmol) was treated with 

DBU (0.466 mL, 3.120 mmol) and after the work-up, it was purified by silica gel flash 

column chromatography (hexane/ethyl acetate) to give 0.523 g of white solid. Yield 84%; 

Rf = 0.83 (hexane/ethyl acetate, 2:1); 1H NMR (300 MHz, CDCl3): δ 0.88 (s, 3H), 1.50 

(m, 1H), 1.63 (m, 1H), 1.65 (m, 1H), 1.70 (m, 1H), 1.91 (m, 1H), 1.97 (m, 1H), 2.10 (m, 

1H), 2.27 (m, 1H), 2.37 (m, 1H), 2.42 (m, 1H), 2.58 (m, 1H), 2.86 (m, 2H), 3.76 (s, 3H), 

3.81 (s, 3H), 6.67 (d, 1H), 6.75 (d, J = 1.7 Hz, 1H), 7.23 ppm (d, 1H).  

(8S,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15-octahydro-2-benzoyl-3-methoxy-13-methyl-

6H-cyclopenta[a]phenanthrene-16-carboxylate (18). 

Compound 18 was prepared as for compound 6 by reacting compound 16 (0.656 g, 1.462 

mmol) with triethylamine (0.289 mL, 2.077 mmol) and methanesulfonyl chloride (0.119 

mL, 1.546 mmol). The obtained crude product 17 (0.495 g, 0.940 mmol) was treated with 

DBU (0.317 mL, 2.126 mmol) and after the work-up, it was purified by silica gel flash 

column chromatography (hexane/ethyl acetate) to give 0.104 g of white solid. Yield 21%; 

Rf = 0.66 (hexane/ethyl acetate, 2:1); mp = 107°C; 1H NMR (300 MHz, CDCl3): δ 0.91 

(s, 3H), 1.54 (m, 1H), 1.61 (m, 1H), 1.68 (m, 1H), 1.72 (m, 1H), 1.74 (m, 1H), 1.90 

(m,1H), 2.04 (m, 1H), 2.35 (m, 1H), 2.38 (m,1H), 2.39 (m, 1H), 2.60 (m, 1H), 2.89 (m, 

2H), 3.68 (s, 3H), 3.71 (s, 3H), 6.65 (s, 1H), 6.85 (d, J = 1.8 Hz, 1H), 7.22 (s, 1H), 7.44 (t, 

J = 7.4 Hz, 2H), 7.58 – 7.50 (m, 1H), 7.84 – 7.77 (m, 2H); 13C-NMR (75 MHz, CDCl3): δ 

15.95, 26.04, 27.65, 29.99, 31.23, 34.78, 37.10, 43.95, 46.99, 51.54, 54.88, 55.60, 111.57, 

126.47, 126.79, 128.09, 129.83, 132.52, 132.59, 132.60, 134.72, 141.27, 154.60, 155.43, 

166.51, 196.63 ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated for C28H31O4
+, 

431.2222; found, 419.2473. 

(8S,9S,13S,14S)-7,8,9,11,12,13,14,15-octahydro-2-adamantyl-3-methoxy-13-methyl-6H-

cyclopenta[a]phenanthrene-16-carboxylic acid (7).  

In a round bottomed flask, compound 6 (0.166g, 0.360 mmol) was dissolved in a mixture 

of CH2Cl2/CH3OH (9:1), and then 2 mL of 3M methanolic NaOH solution were added. 
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The mixture was stirred at room temperature for 96 h. The progression of the reaction was 

monitored by TLC analysis (hexane/ethyl acetate 2:1). At the end of the reaction, 1M HCl 

solution was added and the organic phase was extracted with CHCl3. The combined 

organic phases were washed with 1M HCl solution, brine and dried over sodium sulphate. 

After filtration, the organic phase was evaporated to dryness to yield 0.153 g of white 

solid. Yield 95%; Rf = 0.49 (hexane/ethyl acetate, 2:1); mp = over 300°C; 1H NMR (300 

MHz, CDCl3): δ 0.89 (s, 3H), 1.46 (m, 1H), 1.58 (m, 1H), 1.65 (m, 1H), 1.72 (m, 1H), 

1.77 (6H), 1.81 (m, 1H), 1.95 (m, 1H), 2.03 (m, 1H), 2.05 (3H), 2.09-2.06 (6H), 2.27 (m, 

1H), 2.36 (m, 1H), 2.37 (m, 1H), 2.56 (m, 1H), 2.88 (m, 2H), 3.80 (s, 3H), 6.61 (s, 1H), 

7.05 (d, J = 1.7 Hz, 1H), 7.14 (s, 1H); 13C-NMR (75 MHz, CDCl3): δ 16.38, 26.65, 28.13, 

29.46, 29.59, 31.19, 35.20, 37.22, 37.47, 37.72, 41.09, 44.85, 47.79, 55.27, 55.35, 112.43, 

123.62, 131.77, 134.74, 135.15, 136.19, 157.03, 157.88, 170.75 ppm. HRMS (ESI-MS, 

140 eV): m/z [M + H+] calculated for C30H39O3
+, 447.2899; found, 447.2878. RP-C8 

HPLC: tR = 19.80 min, 98.9% (A%).  

(8S,9S,13S,14S)-7,8,9,11,12,13,14,15-octahydro-2-adamantyl-3-hydroxy-13-methyl-6H-

cyclopenta[a]phenanthrene-16-carboxylic acid (8).  

Compound 6 (0.103 g, 0.217 mmol) was dissolved in 5 mL of NMP and treated with a 

suspension of NaSCH3 (0.092 g, 1.32 mmol) in 5 mL of NMP. The mixture was refluxed 

for 5 h and monitored by TLC analysis. Once the starting material spot disappeared on 

TLC, a mixture of water and ice was added, and then 1M HCl solution until pH=1. The 

mixture was extracted with ethyl acetate, washed with water, brine and dried over sodium 

sulphate. The solvent was evaporated under vacuum and the black residue obtained was 

dissolved with diluted NH3 solution. The solution was acidified again with 1M HCl until 

pH=1 to obtain a subtle precipitate. The suspension was centrifugated and the supernatant 

discarded. The obtained powder was dried to yield 0,057 g of final product. Yield 56%; 

Rf = 0.49 (hexane/ethyl acetate, 2:1); mp = over 300°C; 1H NMR (400 MHz, CDCl3): δ 

0.89 (s, 3H), 1.46 (m, 1H), 1.72 (m,1H), 1.75 (m, 1H), 1.76 (m, 1H), 1.77 (6H), 1.93 (m, 

1H), 1.97 (m, 1H), 2.06 (m, 1H), 2.07 (3H), 2.11 (6H), 2.30 (m, 1H), 2.31 (m, 1H), 2.42 

(m, 1H), 2.66 (m, 1H), 2.88 (m, 2H), 6.39 (s, 1H), 7.03 (d, J = 1.7 Hz, 1H), 7.12 ppm (s, 

1H). 13C-NMR (101 MHz, CDCl3): δ 16.98, 26.16, 28.91, 29.46, 29.59, 32.06, 34.85, 

36.45, 37.47, 37.65, 40.07, 44.52, 47.39, 55.15, 116.3, 123.74, 131.74, 133.69, 134.19, 

134.73, 151.14, 157.60, 168.99 ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated 

for C29H37O3
+, 433.2743; found, 433.2761. RP-C8 HPLC: tR = 16.59 min, 99.1% (A%).  
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(8S,9S,13S,14S)-7,8,9,11,12,13,14,15-octahydro-2-benzoyl-3-hydroxy-13-methyl-6H-

cyclopenta[a]phenanthrene-16-carboxylic acid (19a).  

Compound 18 (0.124 g, 0.289 mmol) was dissolved in 5 mL DMF and treated with 

NaSCH3 (0.123 g, 1.759 mmol). The mixture was refluxed for 1 h and monitored by TLC 

analysis (hexane/ethyl acetate 1:1). Once the starting material spot disappeared on TLC, 

DMF was evaporated under vacuum and the residue was acidified with 1M HCl. The 

mixture was extracted with ethyl acetate, washed with water, brine and dried over sodium 

sulphate. The solvent was evaporated under vacuum to give 0.074 g of a spongy yellow 

solid. The crude product was purified by RP-C18 flash column chromatography 

(tetrahydrofuran/water 8:2) to give a solid correspondent to the products: 25% 19a, 37,5% 

19b and 37% 19c as approximately evaluated by 1H-NMR. The mixture was further 

separated by a flash column chromatography (Ethyl acetate/hexane 8:2) yielding the 

desired compound 0.0185 g. Overall yield 16%; mp = over 300°C; 1H NMR (300 MHz, 

CDCl3): δ 0.87 (s, 3H), 1.56 (m, 1H), 1.66 (m, 1H), 1.68 (m, 1H), 1.70 (m, 1H), 1.71 (m, 

1H), 1.91 (m,1H), 2.02 (m, 1H), 2.31 (m, 1H), 2.31 (m,1H), 2.36 (m, 1H), 2.58 (m, 1H), 

2.91 (m, 2H), 6.69 (s, 1H), 6.90 (d, J = 1.7 Hz, 1H), 7.28 (s, 1H), 7.42 (t, J = 7.4 Hz, 2H), 

7.57 – 7.50 (m, 1H), 7.83 – 7.78 (m, 2H); 13C-NMR (75 MHz, CDCl3): δ 16.09, 26.11, 

27.56, 29.98, 31.16, 34.81, 37.12, 43.99, 47.10, 55.62, 111.77, 126.27, 126.78, 128.07, 

129.79, 132.52, 132.61, 132.61, 134.88, 141.17, 154.67, 155.45, 166.40, 196.66 ppm. 

HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated for C26H27O4
+, 403.1909; found, 

403.1889. RP-C8 HPLC: tR = 17.75 min, 98.7% (A%). 

(8R,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-3,17-dihydroxy-13-

methyl-6H-cyclopenta[a]phenanthrene-16-carboxylate (25).  

Into a double-necked round bottomed flask, previously dried in oven, about 0.300 g of 

Pd/C 10% and approximately 40 ml of ethyl acetate were placed. After connecting the 

flask to an elastomer balloon containing hydrogen gas, the mixture was stirred at room 

temperature for 1h to saturate the suspension of Pd/C with hydrogen. Then, compound 22 

(2.121 g, 5.04 mmol) in 20 mL of ethyl acetate was added dropwise to the suspension, 

and the mixture was stirred under hydrogen at atmospheric pressure and heated by means 

of an oil bath at 50 °C for 8 h, monitoring the progression of the reaction by TLC analysis 

(cyclohexane/ethyl acetate 2:1). At the end of the reaction the mixture was filtered, and 

the solution was concentrated to dryness on a rotavapor to give 1.550 g of white solid. 

Yield 93%; Rf = 0.20 (cyclohexane/ethyl acetate, 2:1); mp = 125°C 1H NMR (300 MHz, 

DMSO-d6): δ  0.76 (s, 3H), 1.14 (m, 1H), 1.21 (m, 1H), 1.24 (m, 1H), 1.25 (m, 1H), 1.32 
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(m, 1H), 1.41 (m, 1H), 1.81 (m, 1H), 1.82 (m, 1H), 1.83 (m, 1H), 2.11 (m, 1H), 2.26 (m, 

1H), 2.71 (m, 2H), 3.04 (q, J = 8.7 Hz, 1H), 3.60 (s, 3H), 3.77 (s, 1H), 5.00 (dd, J = 8.8, 

5.4 Hz, 1H), 6.43 (d, J = 2.6 Hz, 1H), 6.50 (dd, J = 8.4, 2.5 Hz, 1H), 7.03 (d, J = 8.3 Hz, 

1H), 8.99 ppm (s, 1H); 13C-NMR (75 MHz, DMSO-d6): δ 12.11, 26.62, 27.46, 28.59, 

29.63, 37.08, 38.71, 43.88, 44.53, 46.82, 48.94, 51.72, 80.89, 113.32, 115.38, 126.64, 

130.85, 137.71, 155.37, 175.70 ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated 

for C20H27O4
+, 331.1909; found, 331.1901. 

(8R,9S,13S,14S)-methyl 7,8,9,11,12,13,14,15,16,17-decahydro-3,17-dihydroxy-2-iodo-13-

methyl-6H-cyclopenta[a]phenanthrene-16-carboxylate (26). 

Compound 25 (1.550 g, 4.69 mmol), N-iodosuccinimide (1.161 g, 5.160 mmol), Indium 

(III) trifluoromethanesulfonate (0.264 g, 0.47 mmol) were mixed together and dissolved 

in acetonitrile. The mixture was stirred overnight in the dark (wrapped in foil) at room 

temperature. The progression of the reaction was monitored by TLC analysis 

(cyclohexane/ethyl acetate 1:1). At the end of the reaction water was added and the 

organic phase was extracted with ethyl acetate. The combined organic phases were 

washed with brine and dried over sodium sulphate. After filtration, the solvent was 

evaporated under vacuum to yield 2.183 g of yellow product. The product was purified by 

silica gel column chromatography (d = 3 cm, l = 35 cm, 230-400 mesh, eluent 

cyclohexane/ ethyl acetate 1:1) to yield 0.639 g of white product.  Yield 30%; Rf = 0.66 

(cyclohexane/ethyl acetate, 1:1); mp = 179°C 1H NMR (300 MHz, CDCl3): δ 0.82 (s, 

3H), 1.16 (m, 1H), 1.31 (m, 1H), 1.32 (m, 1H), 1.48 (m, 1H), 1.51 (m, 1H), 1.76 (m, 1H), 

1.88 (m, 1H), 2.05 (m, 1H), 2.09 (m, 1H), 2.16 (m, 1H), 2.24 (m, 1H), 2.78 (m, 2H), 3.13 

(dd, J = 18.7, 9.2 Hz, 1H), 3.72 (s, 3H), 3.88 (d, J = 10.1 Hz, 1H), 5.74 (s br, 1H), 6.68 (s, 

1H), 7.51 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): δ 11.33, 26.28, 27.10, 29.23, 29.28, 

37.02, 37.94, 43.52, 44.15, 45.99, 48.53, 51.99, 81.68, 82.23, 115.00, 134.75, 135.20, 

138.94, 152.83, 175.63 ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated for 

C20H26IO4
+, 457.0876; found, 457.0853. 

General procedure for the synthesis of derivatives (27, 28, 29). As a typical procedure, 

the synthesis of (8R,9S,13S,14S)-methyl 7,8,9,11,12,13,14,15,16,17-decahydro-3,17-

dihydroxy-13-methyl-2-(4-byphenyl)-6H-cyclopenta[a]phenanthrene-16-carboxylate 27 

is described in detail. Compound 26 (0.200 g, 0.438 mmol) was dissolved in dioxane (2 

mL) and then biphenyl boronic acid (0.174 g, 0.880 mmol), potassium carbonate (0.243 

g, 1.760 mmol) and tetrakis(triphenylphosphine)palladium (0) (0.050 g, 0.045 mmol) 

were added. The mixture was microwave irradiated at 160°C (power set point 250 W, 
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ramp time 60 sec, hold time 30 min). The reaction progression was monitored by TLC 

analysis (hexane/ethyl acetate 1:1). At the end of the reaction, the mixture was diluted 

with water (10 mL) and extracted with ethyl acetate. The combined organic phases were 

dried over sodium sulphate, filtered and the solvent removed under vacuum. The crude 

product was purified by silica gel flash-column chromatography (hexane/ethyl acetate) to 

give 0.081 g of compound 27. 

(8R,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-3,17-dihydroxy-13-

methyl-2-(4-byphenyl)-6H-cyclopenta[a]phenanthrene-16-carboxylate (27).  

Yield 33%; Rf = 0.54 (hexane/ethyl acetate, 1:1); mp = 232°C;   1H NMR (400 MHz, 

MeOD-d4): δ 0.94 (s, 3H), 1.46 (m, 1H), 1.65 (m, 1H), 1.69 (m, 1H), 1.79 (m, 1H), 1.81 

(m, 1H), 1.85 (m, 1H), 1.90 (m, 1H), 1.91 (m, 1H), 1.93 (m, 1H), 2.03 (m, 1H), 2.65 (m, 

1H), 2.74 (m, 1H), 2.76 (m, 1H), 2.95 (m, 1H), 3.70 (s, 3H), 3.82 (d, J = 10.5 Hz, 1H), 

6.75 (s, 1H), 7.39 (s, 1H), 7.41 (m, AA’BB’, 2H), 7.45 (m, AA’BB’, 2H), 7.62 (m, 1H), 

7.68 (m, 2H), 7.65 (m, 2H) ppm. 13C-NMR (101 MHz, MeOD-d4): δ 11.64, 24.70, 26.41, 

29.32, 34.27, 36.48, 39.02, 42.54, 44.97, 47.91, 53.39, 55.64, 84.23, 114.35, 127.01, 

127.28, 127.50, 127.61, 127.67, 128.78, 129.03, 137.41, 138.56, 139.34, 140.25, 142.65, 

158.70, 174.60 ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated for C32H35O4
+, 

483.2535; found, 483.2547. 

(8R,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-3,17-dihydroxy-13-

methyl-2-(4-dibenzofuranyl)-6H-cyclopenta[a]phenanthrene-16-carboxylate (28). 

Compound 28 was prepared as for compound 27 by reacting compound 26 (0.308 g, 

0.675 mmol) with 4-(dibenzofuranyl)-boronic acid (0.287 g, 1.356 mmol), potassium 

carbonate (0.375 g, 2.710 mmol) and tetrakis(triphenylphosphine)palladium (0) (0.078 g, 

0.068 mmol). The obtained crude product was purified by silica gel flash column 

chromatography (hexane/ethyl acetate) to give 0.129 g of white solid. Yield 42%; Rf = 

0.53 (hexane/ethyl acetate, 1:1); mp = 215°C; 1H NMR (400 MHz, MeOD-d4): δ 0.80 (s, 

3H), 1.14 (m, 1H), 1.15 (m, 1H), 1.24 (m, 1H), 1.31 (m, 1H), 1.42 (m, 1H), 1.43 (m, 1H), 

1.52 (m, 1H), 1.72 (m, 1H), 1.94 (m, 1H), 2.07 (m, 1H), 2.24 (m, 1H), 2.82 (m, 2H), 3.16 

(q, J = 6.82 Hz, 1H), 3.70 (s, 3H), 3.91 (d, J = 5.07 Hz, 1H), 7.13 (d, J = 9.04 Hz, 1H), 

7.59 (d, J = 2.24 Hz, 1H), 7.65 (dd, J = 9.12, 1.94 Hz, 1H), 7.88 (m, J = 7.54, 1.12 Hz, 

1H), 7.98 (m, J = 7.45, 0.98 Hz, 1H), 8.08 (d, J = 8.94 Hz, 1H), 8.15 (d, J = 9.14 Hz, 1H), 

8.22 (s, 1H), 8.55 ppm (s, 1H). 13C-NMR (101 MHz, MeOD-d4): δ 10.45, 27.02, 27.76, 

29.53, 30.01, 32.31, 38.45, 44.12, 45.02, 47.54, 47.35, 55.72, 82.01, 113.06, 124.23, 

125.08, 125.10, 126.11, 126.40, 127.21, 128.05, 128.86, 130.09, 131.20, 134.89, 138.55, 
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139.71, 142.89, 149.81, 154.89, 159.11, 169.81 ppm. HRMS (ESI-MS, 140 eV): m/z [M 

+ H+] calculated for C32H33O5
+, 497.2328; found, 497.2341. 

(8R,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-3,17-dihydroxy-13-

methyl-2-phenyl-6H-cyclopenta[a]phenanthrene-16-carboxylate (29).  

Compound 29 was prepared as for compound 27 by reacting compound 26 (0.131 g, 

0.287 mmol) with phenyl boronic acid (0.070 g, 0.577 mmol), potassium carbonate 

(0.158 g, 1.150 mmol) and tetrakis(triphenylphosphine)palladium (0) (0.033 g, 0.029 

mmol). The obtained crude product was purified by silica gel flash column 

chromatography (hexane/ethyl acetate) to give 0.081 g of white solid. Yield 26%; Rf = 

0.47 (hexane/ethyl acetate, 1:1); mp = 240°C; 1H NMR (400 MHz, MeOD-d4): δ 0.89 (s, 

3H), 1.22 (m, 1H), 1.34 (m, 1H), 1.37 (m, 1H), 1.54 (m, 1H), 1.55 (m, 1H), 1.91 (m, 1H), 

1.94 (m, 1H), 1.97 (m, 1H), 2.23 (m, 1H), 2.36 (m, 1H), 2.41 (m, 1H), 2.85 (m, 2H), 3.18 

(q, J = 8.8 Hz, 1H), 3.71 (s, 3H), 3.96 (d, J = 10.5 Hz, 1H), 6.62 (s, 1H), 7.14 (s, 1H), 

7.29 – 7.27 (m, 1H), 7.41 – 7.38 (m, 2H), 7.54 – 7.51 ppm (m, 2H); 13C NMR (101 MHz, 

MeOD-d4): δ 10.74, 26.17, 27.23, 28.30, 28.94, 37.36, 38.51, 43.91, 46.43, 48.30, 48.85, 

50.78, 82.90, 115.51, 125.89, 126.08, 127.17, 127.65, 129.12, 131.38, 136.76, 139.31, 

151.47, 176.20 ppm. 13C-NMR (101 MHz, MeOD-d4): δ 10.74, 26.17, 27.23, 28.30, 

28.94, 37.36, 38.51, 43.91, 46.43, 48.30, 48.85, 50.78, 82.90, 115.51, 125.89, 126.08, 

127.17, 127.65, 129.12, 131.38, 136.76, 139.31, 151.47, 176.20 ppm. HRMS (ESI-MS, 

140 eV): m/z [M + H+] calculated for C26H31O4
+, 407.2222; found, 407.2234. 

General procedure for the synthesis of derivatives (30, 31, 32). As a typical procedure, 

the synthesis of (8R,9S,13S,14S)-7,8,9,11,12,13,14,15,16,17-decahydro-3,17-dihydroxy-

13-methyl-2-(4-byphenyl)-6H-cyclopenta[a]phenanthrene-16-carboxylic acid 30 is 

described in detail. Compound 27 was dissolved in 8 mL of methanol and then 4 mL of 

10% NaOH solution were added. The mixture was heated to reflux for 1 h and monitored 

by TLC analysis (hexane/ ethyl acetate, 2:1). As the starting reagent spot disappeared, the 

solvent was reduced with rotavapor and the mixture acidified with concentrated HCl until 

pH=1. The suspension was centrifugated and the supernatant discarded. The obtained 

powder was dried to yield 0,069 g of final product.  

(8R,9S,13S,14S)-7,8,9,11,12,13,14,15,16,17-decahydro-3,17-dihydroxy-13-methyl-2-(4-

byphenyl)-6H-cyclopenta[a]phenanthrene-16-carboxylic acid (30).  

Yield 98%; mp = over 300°C; 1H NMR (400 MHz, MeOD-d4): δ 0.94 ppm (s, 3H), 1.46 

(m, 1H), 1.65 (m, 1H), 1.69 (m, 1H), 1.79 (m, 1H), 1.81 (m, 1H), 1.85 (m, 1H), 1.90 (m, 

1H), 1.91 (m, 1H), 1.93 (m, 1H), 2.03 (m, 1H), 2.65 (m, 1H), 2.74 (m, 1H), 2.76 (m, 1H), 
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2.95 (m, 1H), 3.82 (d, 1H), 6.77 (s, 1H), 7.39 (s, 1H), 7.41 (m, AA’BB’, 2H), 7.45 (m, 

AA’BB’, 2H), 7.64 (m, 1H), 7.68 (m, 2H), 7.69 ppm (m, 2H); 13C-NMR (101 MHz, 

MeOD-d4): δ 11.12, 25.94, 26.17, 29.23, 34.16, 36.72, 38.98, 42.57, 44.89, 47.95, 53.47, 

79.66, 114.12, 127.07, 127.34, 127.54, 127.69, 127.82, 128.87, 128.92, 137.42, 138.43, 

139.24, 140.32, 142.68, 158.76, 177.55 ppm.  HRMS (ESI-MS, 140 eV): m/z [M + H+] 

calculated for C31H33O4
+, 469.2379; found, 469.2354. RP-C8 HPLC: tR = 18.89 min, 

99.23% (A%). 

(8R,9S,13S,14S)-7,8,9,11,12,13,14,15,16,17-decahydro-3,17-dihydroxy-13-methyl-2-(4-

dibenzofuranyl)-6H-cyclopenta[a]phenanthrene-16-carboxylic acid (31).  

Compound 31 was prepared as for compound 30. Yield 97%; mp = over 300°C; 1H NMR 

(400 MHz, DMSO-d6): δ 0.81 (s, 3H), 1.14 (m, 1H), 1.15 (m, 1H), 1.24 (m, 1H), 1.31 (m, 

1H), 1.42 (m, 1H), 1.43 (m, 1H), 1.52 (m, 1H), 1.72 (m, 1H), 1.94 (m, 1H), 2.07 (m, 1H), 

2.24 (m, 1H), 2.82 (m, 2H), 3.16 (q, J = 6.82 Hz, 1H), 3.91 (d, J = 5.07 Hz, 1H), 7.13 (d, 

J = 9.04 Hz, 1H), 7.59 (d, J = 2.24 Hz, 1H), 7.65 (dd, J = 9.12, 1.94 Hz, 1H), 7.89 (m, J = 

7.54, 1.12 Hz, 1H), 7.98 (m, J = 7.45, 0.98 Hz, 1H), 8.08 (d, J = 8.94 Hz, 1H), 8.15 (d, J 

= 9.14 Hz, 1H), 8.22 (s, 1H), 8.59 ppm (s, 1H); 13C-NMR (101 MHz, DMSO-d6): δ 

10.94, 26.98, 27.88, 29.72, 30.04, 32.24, 38.74, 44.17, 45.09, 47.53, 47.88, 82.04, 113.12, 

124.12, 125.06, 125.07, 126.15, 126.34, 127.93, 128.01, 128.92, 130.14, 131.24, 134.93, 

138.56, 139.72, 142.82, 149.82, 154.83, 159.14, 169.87 ppm. HRMS (ESI-MS, 140 eV): 

m/z [M + H+] calculated for C31H31O5
+, 483.2171; found, 483.2161. RP-C8 HPLC: tR = 

14.32 min, 98.8% (A%). 

(8R,9S,13S,14S)-7,8,9,11,12,13,14,15,16,17-decahydro-3,17-dihydroxy-13-methyl-2-

phenyl-6H-cyclopenta[a]phenanthrene-16-carboxylic acid (32).  

Compound 32 was prepared as for compound 30. Yield 90%; mp = over 300°C; 1H NMR 

(400 MHz, MeOD-d4): δ 0.94 (s, 3H), 1.46 (m, 1H), 1.65 (m, 1H), 1.69 (m, 1H), 1.79 (m, 

1H), 1.81 (m, 1H), 1.85 (m, 1H), 1.90 (m, 1H), 1.91 (m, 1H), 1.93 (m, 1H), 2.03 (m, 1H), 

2.65 (m, 1H), 2.74 (m, 1H), 2.76 (m, 1H), 2.95 (m, 1H), 3.82 (d, 1H), 6.88 (s, 1H), 7.38 

(s, 1H), 7.40 (m, 1H), 7.42 (m, 2H), 7.45 ppm (m, 2H); 13C-NMR (101 MHz, MeOD-

d4):δ 11.48, 26.12, 26.17, 29.42, 34.16, 36.72, 39.65, 42.57, 44.12, 47.93, 53.47, 79.66, 

113.01, 127.69, 127.81, 128.87, 128.92, 129.04, 137.42, 138.76, 139.24, 158.76, 177.52 

ppm. HRMS (ESI-MS, 140 eV): m/z [M + H+] calculated for C25H29O4
+, 393.2066; 

found, 393.2973. RP-C8 HPLC: tR = 11.81 min, 99.1% (A%). 
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Biology 

Cell viability assay 

Cell viability was determined by the 3-(4,5-dimethyl- thiazole-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Sigma-Aldrich, St Louis, MO, USA) assay, as 

previously described.[41] Briefly, HepG2 cells were cultured in DMEM supplemented 

with 1% glutamine, pen-strep and 10% FBS; cells were seeded in 96-multiwells culture 

plates at a concentration of (5000 cells/well) and treated with compounds 7, 8, 19a, 30, 31 

and 32 (6.25, 12.5, 25, 50 μM) for 24 h. The formazan absorbance was measured at 570 

nm, using a Multilabel Plate Reader VICTOR™ X3 (Wallac Instruments, Turku, 

Finland). Three independent experiments were performed in quadruplicate.  

Cell cycle distribution analysis 

Cell cycle distribution analysis was evaluated by flow cytometry (Epics XL, Beckmann 

Coulter) with CXP software, according to an already described method.[42] Cells (200000 

per well), 24 hours after seeding into 6 well-plates, were treated with compounds 7, 8, 

19a, 31 at 20 µM for 24 h. The cells were washed with PBS and fixed with ethanol 70%. 

After 15 min of incubation, cells were resuspended with RNase A (0,1 mg/mL) and 25 µL 

of propidium iodide (1 mg/mL) for 15 min at room temperature. The results of the 

different experiments were analysed with CXP software. Three independent experiments 

were performed in duplicate.  

Evaluation of the estrogenic activity by qRT-PCR  

The estrogenic activity of the compounds 7, 8, 19a, 30, 31 and 32 was evaluated in the 

human breast adenocarcinoma cell line MCF-7 which highly expresses estrogen receptor 

(ER).[43] MCF-7 cells were cultured in high glucose DMEM without phenol red 

supplemented with 1% glutamine, pen-strep and 10% FBS, and seeded in 6-well culture 

plates at a concentration of (250000 cells/well). Samples were treated with compounds 7, 

8, 19a, 30, 31 and 32 (2 μM) for 24 h. Estrone (2 μM) was used as positive control. At the 

end of the incubation period, MCF-7 were scraped away from cell culture dishes and total 

RNA was extracted and purified by means of the SV Total RNA Isolation System 

(Promega Corporation, Madison, WI), as already described.[44] Integrity and quantity of 

RNA were evaluated by an RNA 6000 Nano assay in an Agilent BioAnalyser (Agilent 

Technologies Inc., Palo Alto, CA, USA). The relative expression of GREB-1 and 

CXCL12, two genes which increase their transcription after the activation of ER[45] was 

determined by real-time PCR (Eco™ Illumina, Real-Time PCR system, San Diego, CA, 

USA) using One Step SYBR PrimeScript RT-PCR Kit (Takara Bio, Inc., Otsu, Shiga, 
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Japan). PCR amplifications were tested for linearity and efficiency using standard curves 

obtained with serial dilution of cDNA; the specificity of amplification and absence of 

dimers were confirmed by melt-curve analysis. All genes were normalized to 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers used in this study 

are listed in Table 3. Expression levels of GREB-1 and CXCL12 genes were calculated 

by the ΔΔCt method using the Eco™ Software v4.0.7.0. Modifications of mRNA levels 

were expressed as fold variation compared with that of untreated cells. Three independent 

experiment were performed in triplicate. 

 

Table . Primer sequences used in this study, NCBI reference sequences and amplicon 

sizes (base pairs). 

 

Cell transient transfection assays 

HEK293 cells were maintained in DMEM supplemented with 10% FBS, 1% penicillin 

and streptomycin. Cells were plated at a concentration of 30000/well in 96-well plates, 

according to an already described method.[26] HEK293 cells were transiently transfected 

in OPTIMEM (Gibco) medium using lipofectamine 2000 (Invitrogen) following 

manufacturer instructions. Each plate was co-transfected with 0,2 µg of Gal4-RORγ LBD 

plasmid (Gal4-driven reporter assays), 0.1 µg UAS-luciferase expression plasmid (both 

plasmids were kindly furnished by prof. Griffin) and 0.01 µg of NanoLuc reporter 

plasmid (Promega, Italy). 6 h after transfection medium was replaced with DMEM 

supplemented with 1% FBS. The following day compounds 7, 8, 19a and 32 were added 

at different concentrations (2, 5, 10, 20 µM). Ursolic acid was used as a positive control. 

48 h after transfection luminescence emission was measured using Nano-glo dual-

luciferase reporter assay system (Promega) following manufacturer instructions with a 

Gene Forward primer Reverse primer RefSeq Size(bp) 

GREB-1 

5'-gtt-ctg-aag-cta-gac-acg-

ga-3' 

5'-ttg-agc-aatcgg-tcc-acc-

aa-3' NM_014668.3 185 

CXCL12 

5'-tac-aga-tgc-cca-tgc-cga-tt-

3' 

5'-gaa-tcc-act-tta-gct-tcg-

gg-3' NM_000609.6 157 

GAPDH 

5'-aca-tca-aga-agg-tgg-tga-

agc-a-3' 

5'-gtc-aaa-ggt-gga-gga-gtg-

ggt-3' NM_001289746.1 119 
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Perkin Elmer en-vision system. All the assays were performed in triplicate, and the 

standard errors were calculated accordingly. 

Western blot analysis.  

Protein expression levels of RORγt in transient transfected HEK293 cells was evaluated 

by Western blot analysis, as already described.[46] Briefly, 20 µg per lane of proteins were 

subjected to sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 

10% polyacrylamide gels (100 mV for 15’ and 150 mV for 90’) and transferred to a 

0.45µm nitrocellulose membrane (Bio-Rad Laboratories S.r.l., Segrate, Milan, Italy) at 

250 mA for 90 min in the presence of 25 mM Tris - 192 mM glycine. Mouse monoclonal 

anti-RORγ (Millipore, Billerica, MA, USA) and rabbit polyclonal anti-GAPDH (Santa 

Cruz Biotechnology, Dallas, TX, USA) primary antibodies (both diluted 1:500) were used 

to detect RORγt and GAPDH (used as a loading control). Signal intensity of 

immunoreactive bands was analyzed by the Quantity One software (Bio-Rad Laboratories 

S.r.l.).  

Statistical analysis 

Comparison of the experimental data obtained from control cell cultures and those treated 

with the synthetic compounds was made by one-way analysis of variance (ANOVA). In 

the case of significant differences (α = 0.05), the analysis of variance was followed by the 

Dunnett post-hoc test. P < 0.05 was considered statistically significant. If not otherwise 

stated, data are presented as mean ± standard deviation. 

Molecular docking simulations 

The 3D structure of orphan nuclear receptor RORγt in complex with the inverse agonists, 

digoxin, was retrieved from the Protein Data Bank (www.rcsb.org, PDB code 3B0W). 

Prior to docking simulation, protein structure was processed with Maestro 10.5 Protein 

Preparation tool using OPLS-2005 force field. Maestro 10.5[47] Receptor Grid tool was 

used for the docking site identification, indicating bound digoxin as the grid centre and a 

length of 10 Å. Molecular structures of compounds 8 and 19a used for virtual docking 

were designed using the Builder tool of MOE 2015.10[48] and prepared for the docking 

simulation with Maestro 10.5[47] Ligand Preparation tool using OPLS-2005 force field. 

The docking simulations were performed with Maestro 10.5[47] Glide software SP 

precision, using flexible ligand sampling and performing post-docking minimization. 
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CHAPTER 4 

 

In silico screening as a tool to identify new anticancer agents acting in the 

Notch pathway 

 

Synopsis  

Finding new effective anticancer agents still represent a challenge for the scientific 

community. Notch signalling pathway represents one of the major driver in the 

pathogenesis and progression of several cancer diseases, but still no agent able to interfere 

with its activity is proceeding in the drug development process. A virtual screening of 

commercially available drug-like compounds (over 3 million) was performed on the 

Notch1-Jagged1 and NRR binding sites of the Notch1 receptor. 62 compounds were 

selected for biological screening, and 29 of them revealed cytotoxic activity against a 

panel of four T-ALL leukemia cell lines. To assess direct interference with Notch1 

signalling pathway, western blot analysis and real-time PCR were performed, and two 

compounds have been selected and identified as hit compounds for Notch1 inhibition. 

These compounds interfere with Notch1 activity by blocking the release of intracellular 

Notch1 domain and downregulate the mRNA levels of HES1, a direct Notch1 target gene. 

Thus, these hit compounds are proposed as candidates for Notch1 inhibition and will be 

further evaluated, and their structure optimized to develop Notch1 modulators as 

anticancer agents. 

 

Introduction 

Notch signalling pathway is part of a small group of evolutionarily highly conserved 

signalling mechanisms which are crucial for development and homeostasis. Notch 

signalling pathway was primarily discovered a century ago by T. H. Morgan during his 

studies on mutated Drosophila melanogaster. After that discovery, several studies were 

conducted leading to the comprehension of Notch biological implications in reasonable 

details.[1] Notch signalling plays a pivotal role in important processes such as cell 

proliferation, apoptosis, activation of differentiation programs of specific cell fates, and 

its gain or loss of functionality has been related to the development of several diseases 
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such as leukemia, breast cancer, Alagille syndrome and CADASIL syndrome.[2] The first 

evidence of Notch involvement in malignancies was determined in T-cell acute 

lymphoblastic leukemia (T-ALL).[3]  

Notch receptor is at the centre of a cell-cell communication system, based on the 

interaction with Notch ligands on another cell.[1] The receptor is a single pass trans-

membrane protein and in mammals, four closely related Notch receptors exist (1-4), while 

Notch ligands belongs to two different but closed families: Delta-like family (DLL1, 

DLL3 and DLL4) and Jagged family (Jag1, Jag2).[1] The existence of various specific 

Notch receptors and ligands allows fine-tuning of the amplitude and duration of Notch 

activity to generate context- and tissue-specific signals.[2]  

At first sight, Notch signalling pathway appears simple: events start when a ligand binds 

to the Notch receptor expressed on another cell surface. Ligand binding leads to the 

exposure of the extracellular protease cleavage site (S2) which is cleaved by ADAM-

proteases (“A Disintegrin And Metalloproteinase”). Then another cleavage at site S3 

occurs by γ-secretase complex to release Notch intracellular domain (NICD) which 

migrates to the nucleus and forms a transcriptional activation complex with the DNA 

binding factor RBPJ (Recombining Binding Protein suppressor of hairless) of the CSL 

family (an acronym for CBF-1/RBPJ-κ in Homo sapiens/Mus musculus respectively, 

Suppressor of Hairless in Drosophila melanogaster, Lag-1 in Caenorhabditis elegans) 

and coactivators of the Mastermind-like family (MAML).[4] Once this complex is 

activated, transcription of target genes can start.  

Physiologically, Notch regulates different target genes in distinct cell types through 

complex interactions with multiple regulators, thus the network of different biological 

events which are affected by its action is very intricate. Basically, Notch functions as a 

signalling hub, cross-talking with and influencing other signalling pathways. 

The best-characterised Notch-targets are HES family members involved in the repression 

of cell-fate determinants and cell-cycle regulators; the Notch-related ankyrin repeat 

protein (Nrarp) which can regulate cancer cells self-renewal and angiogenesis; and c-Myc 

that highly affects cell proliferation.[5] 
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Figure 1. Notch signalling pathway[6] 

 

Notch1 Structure 

Notch receptor is a single pass trans-membrane protein and its complete quaternary 

structure has still to be exhaustively determined. At first glance, it can be divided in 

extracellular domains, responsible for ligand binding and in intracellular domains, which 

translocate in the nucleus after cleavage by specific enzymes. Structure of the ectodomain 

remains unsolved but since it mainly comprises Epidermal Growth factor-like domains, 

36 for being precise, it is reasonable to hypothesize a structural model based on the 

features of this domain type. Indeed, the receptor is predicted to have a rigid near-linear 

architecture but with some sites of flexibility. Regarding the domains mainly involved in 

ligand binding, it has been demonstrated that Jagged and DLL ligands bind Notch-1 

primarily through EGF 11-12[7] and this is also demonstrated by recently solved crystal 

structures.[8] However, it is possible that additional sites may contribute for the specificity 

in ligand recognition. Moreover, molecular force measurements show that Jag1 and 

DLL4 have different tension thresholds for receptor activation, and both form ‘catch 

bonds’, or bonds whose lifetimes are prolonged upon the application of tensile forces and 

this seems to be the basis on which discrimination of Notch ligands occurs.[8]  

Following the EGF-like domains, there is a portion called Negative Regulatory Region 

(NRR), adjacent to the cell membrane. The NRR is composed by three LNR repeats (Lin-

12/Notch) and a hydrophobic region called the heterodimerisation domain (HD). The 

NRR prevents ligand-independent activation by maintaining Notch in a non-active 
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conformation, which cannot be cleaved by metalloproteases and thus cannot release the 

intracellular domain. For its part, the intracellular domain NICD contains a RAM domain, 

seven ankyrin repeats (ANK), a transcription activation domain and a PEST domain 

(Figure 2). When Notch signalling starts and NICD is cleaved from its extracellular 

counterpart, this domains cooperatively bind to coactivators inducing gene 

transcription.[9]  

 

 

Figure 2. Notch structural domains 

 

Notch-1 ligand binding site 

Structural studies of Notch-1-ligand interactions are made difficult because of the low 

affinity between Notch-1 and its ligands of the Jagged or DLL families. From the first 

mutational studies performed in order to understand how ligand recognition occurs, 

Notch-1 EGF-11 and -12 were recognised as fundamental for ligand binding. Some 

authors then determined the dissociation constant (KD) between Jag1 ligand, as 

representative of the Jagged family, with Notch-1 EGF domains 8 to 12, which resulted to 

be of 0.81 µM, and with Notch-1 EGF domains 11-12 obtaining a KD of 5.4 µM. This 

difference in affinity demonstrated that EGF 8-10 domains contributes to Notch-1-Jag1 

binding energetics. On the other hand, regarding DLL binding event, Notch-1 EGF 8-12 

and Notch-1 EGF 11-12 bound to DLL4 showed a KD of 9.7 µM and of 12.8 µM, 

respectively, indicating that in this case EGF 8-10 have minimal impact on the affinity. 

Thus, it seems that the two different families of ligands have different energetic 

requirements, and this might account for tuning and regulating the sensitivity towards 

each of them.[8]  

The crystal structures of the complex between Notch-1 and ligands DLL4 (PDB code 

4XL1) and Jag1 (PDB code 5UK5) have been solved recently.[8-9] In our study, we 
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decided to focus on the interaction between Notch-1 and Jag1, because of the major 

affinity compared to DLL family.[10] 

 

Notch-1 negative regulatory region[11] 

Notch-1 Negative Regulatory Region is the area of Notch proximal to cell membrane and 

it is well-characterised compared to the EGF-repeats region. The key role for NRR is to 

protect Notch receptor from proteolytic cleavage at S2 site, which would liberate the 

intracellular domain. Indeed, NRR is considered as the regulatory switch that control 

activation of the receptor. Crystal structure of Notch-1 NRR has been completely solved 

(PDB code 3ETO) and structural determinants have been identified. The overall 

architecture is composed by three LNR repeats which wrap around a highly hydrophobic 

region called Heterodimerisation domain (HD) (see Figure 3). This peculiar structure 

serves to cover and protect the S2 cleavage site. Each LNR module is characterised by 3 

disulphide bonds and a calcium coordinating site, which is fundamental for the 

maintenance of the overall structure. The LNR modules tightly stabilize the fold of the 

HD domain and in particular, LNR-A and LNR-B form a hydrophobic plug for the 

protection of S2 site. Thus, for the activation of the receptor this hydrophobic plug has to 

be displaced to expose the S2 site (Figure 3).  

 

 

 

 

 

 

 

 

 

 

Figure 3. Overall structure of the human Notch1 NRR, shown in ribbon representation. Shades of pink and 

purple represent LNR modules; shades of light and dark cyan, HD domain (on N- and C-terminal sides of 

the furin cleavage loop, respectively). Disulphide bonds are rendered as yellow sticks, and calcium ions as 

green spheres. Arrows denote positions of the S1 and S2 cleavage sites.[11] 
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This plug consists of 3 residues that envelop the amide bond sterically precluding 

metalloprotease access to S2. A leucine residue (L1482) extending from the LNR A-B 

linker packs tightly against the valine residue (V1722) that lies immediately terminal to 

the scissile bond. A hydrogen bond from the main chain carbonyl group of the leucine 

residue to the main chain amide group protects the scissile bond. Another polar 

interaction between the carbonyl group of the glutamic acid residue (E1720) preceding 

the scissile bond and the side chain of asparagine (N1483) stabilizes the orientation of the 

long-range interactions, and a hydrophobic cap provided by phenylalanine (F1484) is also 

buried within contact distance of both the valine residue following the S2 cleavage site 

and an aliphatic side chain from helix 3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. S2 site and selected amino acids residues  

 

This region is usually associated with mutations that lead to ligand-independent Notch-1 

activation which account, in most cases, for the development or exacerbation of cancer 

disease. Thus, the determination of the molecular structures and features of NRR 

components provides a template for the development of agents designed to stabilise or 

destabilise its conformation in order to interfere with cancer.  

 

Notch in cancer 

Notch pathway, as already mentioned before, is deeply involved in the development of 

several tissues and organs. Briefly, its signalling pathway controls or regulates at various 

levels: growth, proliferation and differentiation of cells belonging to vasculature, 

hematopoietic system, heart, liver, skin. From a pharmaceutical point of view, the interest 
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towards Notch signalling as a pharmacological target relies on its demonstrated role as 

tumour trigger in several types of cancer disease. Indeed, functional studies implicate 

Notch signalling in all the hallmarks of cancer (Figure 5) but clearly show that it can 

switch from oncogenic to tumour-suppressor depending on context.[12] 

As an oncogene, Notch plays a key role in solid tumour biology, including regulation of 

tumour growth, malignant cell survival, endothelial function, angiogenesis, and normal 

stem cell differentiation and development. Its aberrant constitutive activation in most type 

of leukemia and lymphomas has been clearly highlighted.[13] Proposed mechanisms for 

upregulation of Notch pathway activity include activating mutations of the Notch 

receptor; loss of Notch negative regulators; and indirect activation of Notch through other 

pathways. In line with this concept, the inhibition of Notch signalling represents a new 

promising opportunity in cancer therapy, as Notch pathway regulates and sustains a wide 

range of tumorigenic processes and interacts with a high number of pathways. Moreover, 

a co-targeting approach that simultaneously inhibits these processes can eventually results 

in more effective and durable cancer therapies.[14] 

The pathological role of Notch in the development of cancer has been related to the 

following mechanisms: 

• Sustained proliferative signalling. Notch strongly stimulates the progression of the 

cell cycle by induction of the expression of cyclin D1[15] and of the activity of 

CDK2. Moreover, cMyc, one of the most powerful driver of cell cycle entry, was 

identified as direct downstream target of Notch1.[16] Notch is also able to enhance 

PI3K-Akt signalling, probably through multiple mechanism.[17] 

• Decreased apoptosis. Notch 1 inhibits production and activation of transcriptional 

repressors such as p27 and p57,[18] but it also increases the transcription of anti-

apoptotic genes like B-cell lymphoma 2 (Bcl-2) and of the inhibitor of apoptosis 

survivin.[19]  

• Angiogenesis. Notch indirectly potentiates the production of Vascular endothelial 

growth factor (VEGF) by modulating the activity of hypoxia-inducible factors 

(HIF-1A), which cause the formation of new vessels and in turn, increases the 

expression of DLL4 Notch ligand. In this way the process is self-sustaining.[20]  

• Controls cancer stemness.[21]  

• Induction of a pro-metastatic phenotype with development of aggressive diseases. 

Notch/Jagged 1 activation in epithelial and endothelial cells is involved in the 
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Epithelial-to-Mesenchymal transition (EMT) process, which in turn seems to be 

fundamental for the transformation to malignant phenotypes.[22] Moreover, this 

transition can promote the acquisition of drug resistance.  

• Promotion of chemo- and radio-resistance. In several types of cancer (ovarian, 

colon, hepatocellular), the blockage of Notch signalling restore sensitivity towards 

chemo- and radiotherapy.[23]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Cancer hallmarks proposed to be influenced by Notch signalling. Positive (oncogenic) effects 

(green) and tumor suppressive effects (red) are shown. Abbreviations: ACC, adenoid cystic carcinoma; 

breast Ca, breast carcinoma; CLL, chronic lymphocytic leukemia; SCCa, squamous cell carcinoma; T-ALL, 

T cell acute lymphoblastic leukemia; TIC, tumor-initiating cell.[12] 

 

From a clinical point of view, hyperactivation of Notch signalling was identified in 50-

60% of T-cell acute lymphoblastic leukemia (T-ALL) cases examined, establishing 

Notch1 activity as the main oncogenic lesion in T-ALL.[24] Furthermore, Notch1 is also 

involved in chronic lymphocytic leukemia (CLL), the most frequent adult leukemia and 

even though its role is less important compared to T-ALL disease, it is usually associated 

with poor prognosis. In addition, aberrant activation of Notch pathway is associated with 

all the types of breast cancer.[25] 
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Despite its very-well characterised oncogenic role, recently, some tumour-suppressor’s 

aspects were found and demonstrated for Notch, furnishing the details for a complete but 

more complex situation. Some authors reported that conditional loss of function of Notch 

resulted in a myeloproliferative syndrome which rapidly evolved to acute myeloid 

leukemia (AML) characterised by an increased number of granulocytes and monocytes 

invading tissues.[6] Other studies reported that activation of Notch pathway, mainly 

through administration of peptides mimicking Notch ligands, would inhibit AML cell 

propagation and survival.[26] Great attention merits also the case of development and 

progression of squamous cell carcinoma which is usually associated with Notch loss-of-

function mutations, representing the most recurrent mutations in this type of solid cancer. 

Also, some in vivo data suggest this onco-suppressor role.[27] Thus, it seems that in some 

cases activation of Notch signalling might result in onco-suppressor activity, especially in 

myeloid malignancies, indeed some in vitro and in vivo evidences suggest that Notch 

suppresses myeloid differentiation, and basically it could prevent uncontrolled 

proliferation and transformation of myeloid cells during hematopoietic development.[26] 

Despite the increase in the comprehension of its biological role and implications in 

several types of cancer, only a small group of molecules have been discovered with the 

ability to interfere with its activity, and none of them is progressing in the drug 

development process. Additionally, the complexity related to its capacity of modulating 

cancer progression, where Notch can act as oncogenic or as tumour suppressor in a 

context-dependent way, renders it a challenging target. 

 

Results and Discussion 

 

Molecular Modelling: hit identification 

From a molecular modelling point of view, two potential binding sites were explored in 

order to find small molecules able to activate or to block the Notch pathway. For our 

studies, Notch1 structure was taken in consideration, as its role in cancer, especially in 

some type of leukemia is well-documented and understood. The selected sites were 

Notch-1/Jagged1 binding site and the NRR region. 

Two different virtual screening approaches have been used for the initial selection of 

potential hit compounds: a structure-based virtual screening (for both the binding sites) 

and a ligand-based virtual screening (only for NRR region). While the first approach 
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takes into consideration the protein structure to filter a library of molecules through 

docking simulations, the ligand-based methodology compares the shapes of known 

ligands with unknown ones, evaluating two-dimensional similarities (i.e. same functional 

groups) or three-dimensional similarities (molecule occupational volume) without 

considering the protein structure. The molecules selected with the two methods were then 

subjected to different molecular docking evaluations described below. 

 

Structure-based virtual screening on Notch1-Jagged1 binding site 

Since no crystal structure was available in the literature at the time of the experiment, a 

reliable model of the interaction between Notch1 and its ligand Jagged1 was built. The 

main binding site of Jagged1 is located within Notch1 surface, in the area that comprises 

EGF 11-13 domains.[10] In order to obtain a model of the interaction between Notch1 

EGF 11-13 (PDB code 2VJ3) and Jagged1 DSL and EGF 1-3 (PDB code 2VJ2), their 

crystallographic structures were retrieved from the Protein Data Bank. The structures 

were imported into MOE[28] and unrelated entities such as unnatural dimerization of 

Jagged1, water and sodium atoms were removed for docking purposes via MOE sequence 

editor. Both proteins were reprocessed, and protonation was performed with protonate3D 

tool in MOE. Partial charges were calculated using Amber99 forcefield, adjusting 

hydrogens and lone pairs. Lastly, an energy minimization procedure was conducted to 

orientate the atoms to their optimal positions. The minimization was performed by using 

Amber99 forcefield, commonly used for large proteins. Then, the two structures were 

docked by using protein-protein docking tool in MOE, using standard parameters. A 

hundred poses were obtained and visual inspected by looking at the number of hydrogen 

interactions and orientation, and then one pose was selected as the best. 

The selected model was used to perform a structure-based virtual screening of the SPECS 

library, a database of ~300,000 commercially available compounds,[29] using Maestro 

10.5 Glide software High Throughput Virtual Screening tool.[30] All default parameters 

were kept allowing one output pose per ligand input. The top 20% best performing 

compounds (53,165) were docked again in the same site using Maestro 10.5 Glide 

software Standard Precision tool.[30] This is a more reliable and accurate procedure which 

gave three output poses per ligand input. The obtained conformations (486,325) were 

submitted to a Rescoring study by employing the following docking software: Maestro 

10.5 Glide software Extra Precision tool, FlexX module in LeadIT 2.1.8 and PLANTS.[30-

32] All the scores obtained from the different docking programs were exported in Excel 
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where a Consensus score was performed. We obtained a selection of 3,580 unique 

compounds. The compounds were visual inspected to give a final selection of 19 

compounds. 

 

Ligand-based virtual screening on NRR binding site 

The NRR region acts as an activation switch for Notch1 receptor, thus interfering with it 

means also influencing Notch1 activity. Recently, N-methylhemeanthidine chloride 

(NMHC, see Figure 6), a compound isolated from Zephyranthes candida, was shown to 

promote Notch1 proteolytic cleavage and therefore its activation in AML cell line by 

interacting with NRR region.[26] This compound could be considered a Notch1 agonist. 

As consequence, the NRR region seems a good target for a molecular modelling study in 

order to find small molecules that can either activate Notch1, by disrupting the NRR 

region and allow the S2 cleavage and therefore Notch1 activation, or block Notch1 by 

stabilising the NRR region and not allowing the S2 cleavage.  

 

 

 

 

 

 

 

Figure 6. NMHC molecular structure and occupied volume 

 

In this case, we preliminarily studied and evaluated NMHC from a molecular point of 

view. Firstly, a conformational study search on this compound was performed in order to 

find the most likely compound conformation to be used in the next steps. The 

presumptive binding site in the NRR was obtained from literature.[26] (see figure below) 

A virtual screening of more than 3 million compounds (SPECS, Enamine, LifeChemicals 

databases)[29,33,34] was performed using ROCS software,[35] which compared the shape of 

the active NMHC with the ones of commercial compounds. The best 3% compounds 

were selected for the second step. The selected compounds were docked using Maestro 

10.5 Glide software Standard Precision tool,[30] which lead to the generation of a library 

of 248,216 entries. A Rescoring study was performed again with Maestro 10.5 Glide 

software Extra Precision tool, FlexX module in LeadIT 2.1.8 and PLANTS.[30-32] A 
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Consensus score was performed to obtain a selection of 6,820 compounds. After 

fingerprint clustering and visual inspection, 22 compounds were selected for purchasing. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Presumptive NMHC binding site in the Notch1 NRR region 

 

Structure-based virtual screening on NRR binding site 

A High Throughput virtual screening of a library of commercially available compounds 

(3 million structures taken from three different databases: SPECS, Enamine, 

LifeChemicals)[29,33,34] was performed in the NMHC binding site by using Maestro 10.5 

Glide software High Throughput Virtual Screening tool.[30] The best performing 5% 

(249,648 entries) was selected for further evaluation. The results were then filtered 

performing a docking simulation using Maestro 10.5 Glide software Standard Precision, 

to generate a library of 745,700 poses.[30] A consensus score study was performed using 

three different docking software: Maestro 10.5 Glide software Extra Precision, FlexX and 

PLANTS.[30-32] The consensus score was performed to obtain a library of 14,844 entries. 

The molecules were visual inspected and 21 of them were selected to be purchased. 

 

The selected compounds were divided into two sets characterised by the following code: 

• Compounds targeting the Notch1/Jagged1 binding site: AB1521-AB1537 

• Compounds targeting the NRR: AB1674-AB1715 
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Biological Screening. Two candidates affects Notch pathway 

The selected 62 compounds were screened in order to evaluate the cytotoxic activity with 

the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay against a 

panel of 4 T-ALL cell lines (ALL-SIL, TALL1, DND41, Jurkat). RO4929097, a 

commercially available γ-secretase inhibitor, acting in the Notch pathway, was used as 

reference compound.[36] Compounds were tested at concentrations ranging from 100 µM 

to 0.1 nM for 72 h. Of the 62 screened compounds, one showed to be insoluble, thirty-two 

were not toxic and twenty-nine showed cytotoxic activity in at least one cell lines. These 

last derivatives showed the following ranges of GI50s: two compounds showed GI50 < 1 

µM, five with GI50s between 1 µM and 20 µM, twelve with GI50s between 20 µM and 50 

µM and ten with GI50s > 50 µM (see Figure 8). Our interest in conducting cytotoxicity 

testing was to rule out compounds which did not affect cancer cell growth (GI50 > 100 

µM). We decided to set this rather generous cut off since also established Notch1 

inhibitors such as γ-secretase inhibitors (GSIs) show GI50 values around 30µM or 

higher.[2] 

 

 

 

 

 

Figure 8. Heat map showing growth inhibitory concentrations (GI50) on 4 T-ALL cell lines of the tested 

compounds. 

 

To exclude the inhibition of other cellular pathway and to select only the compounds 

affecting Notch signalling, the compounds were assayed by means of Western Blot 

analysis to detect intracellular protein levels of cleaved Notch1 in DND41 cells after 48h 
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of exposure. Most interesting results are shown in Figure 9. Cells were treated at sub 

lethal doses (one-third GI50). 

Figure 9. Western Blot data showing in red compounds which downregulate the intracellular protein levels 

of cleaved Notch1 and in blue, compounds which upregulate the intracellular protein levels of cleaved 

Notch1 in DND41 cells after 48h of exposure. 

 

From the results, it is clear that twelve compounds affect the protein levels of Notch1 

intracellular domain. In particular, compounds AB1523, 1529, 1674, 1678, 1681, 1688, 

1701, 1707, 1708 and 1715 (in red) decreased the level of cleaved Notch1, while 

compounds AB1535 and 1696 enhance the level of intracellular Notch1 domain. In the 

first case, this means that compounds are blocking the release of Notch1 intracellular 

domain, thus they are inhibiting its activity. In the case of compounds highlighted in blue, 

the upregulation of Notch1 intracellular domain means that they are working as Notch 

activators. 

Focusing our attention on compounds able to inhibit Notch1 activity and to further 

validate the influence on this signalling pathway, we decided to evaluate the reduction in 

expression of HES1, a direct Notch1 target gene by means of a Real-Time PCR (qPCR) 

analysis. The assay was performed with two cell lines (DND41 and ALL-SIL) by 

exposing cells at sub lethal doses (one-third GI50) of selected compounds for 72 h and 

using GSI X, a commercially available γ-secretase inhibitor as reference compound.[37] 

Figure 10 shows compounds able to reduce the expression of HES1 mRNA levels. 
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Figure 10. Real-Time PCR (qPCR) data showing the compounds which downregulated the mRNA levels 

of HES1, a direct Notch1 target gene. mRNAs derive from DND41 (blue) and ALL-SIL (black) treated for 

72h with test compounds. The effect on HES1 levels of GSI X, a commercially available gamma secretase 

inhibitor was included as a reference. 

 

From the above results, compounds AB1674, 1696, 1681, 1701, 1708 and 1715 are able 

to reduce the expression of HES1 mRNA. The compounds which showed the best activity 

profile are AB1681 and AB1701 that are able to reduce the expression of HES1 target 

gene in both DND41 and ALL-SIL cell lines, similarly to GSI X, the reference 

compound. In particular, AB1681 is able to reduce the production of HES1 mRNA by 50-

40% at low micromolar concentration (0.5 μM, see Figure 10), while AB1701 is 

particularly effective in the case of ALL-SIL cell line, downregulating the levels of HES1 

mRNA by 70% at low micromolar concentration (10 μM, see Figure 10). Taking together 

the results obtained by cytotoxic assays, western blot and PCR analysis, both AB1681 

and AB1701 can be considered as hit compounds targeting Notch signalling pathway. 

Molecular structure of discovered hit compounds cannot be shown due to patentability 

reasons. 

 

Conclusions and future works 

 

Exploiting both Structure-based and Ligand-based approaches, a virtual screening study 

of commercially available drug-like compounds (over 3 million) was performed on the 
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Notch1-Jagged1 and NRR binding-sites of the Notch1 receptor. Selected compounds (n = 

62) were examined for growth inhibition ability on four cancer cell lines using the MTT 

test. Thirty-one cytotoxic compounds were further evaluated by means of a Western Blot 

analysis and twelve of them demonstrated activity towards Notch1 pathway by reducing 

or increasing the protein levels of Notch1 intracellular domain. Focusing on Notch1 

inhibition, six compounds were evaluated for their capacity to downregulate the 

expression of HES1 mRNA, a direct Notch1 target gene. Two compounds revealed 

promising activity, at low micromolar concentrations, in a comparable fashion with 

reference compound GSI X and could be identified as hit compounds. 

In conclusion, two novel hit compounds were found to be effective inhibitor of Notch1 

signalling pathway. The in-silico studies demonstrated to be predictive and reliable in 

finding new structures able to interfere with Notch1 pathway. More experiments are 

required to definitely confirm and validate the biological outcome of these two 

compounds. Anyway, these compounds represent a promising starting point for further 

hit-to-lead optimization studies, in order to improve potency, understand structure-

activity relationships and determine specificity profile in the search for a new and better 

anticancer agent. 

 

Experimental 

Molecular Modelling 

All the in-silico studies were performed on Vigle genie processor Intel®core i7-4790 

CPU@ 3.60 GHz x 8 running Linux Ubuntu 16.04. Molecular Operating Environment 

(MOE) 2015.10, Maestro (Schrodinger Release 2016–1), LeadIT (version 2.1.8) and 

PLANTS were used as molecular modelling software. Shape-comparison screening was 

performed with ROCS version 3.2.1.4. Output conformations were ranked according to 

the Tanimoto combo score and the shape Tanimoto score. Three libraries of commercially 

available compounds were purchased from SPECS, Enamine and LifeChemicals in sdf 

format and prepared using the Conformational Search tool in MOE for the screening. 

Notch crystal structures were downloaded from Protein Data Bank (PDB) 

(http://www.rcsb.org/); PDB code 2VJ3 (Notch-1 EGF 11-13), PDB code 2VJ2 (Jagged1 

DSL and EGF 1-3), PDB code 3ETO (Notch-1 NRR region) and prepared with the MOE 

Protein Preparation tools for the screening and docking studies.  
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Maestro Glide docking simulations for the virtual screening were performed using a grid: 

binding site centre of coordinates [22.527, -21.830, -27.731] for Notch1 NRR crystal and 

[-19.057, 13.570, -23.056] for Notch1-Jagged1 binding site. The docking results obtained 

were then re-docked using Glide SP. The results were submitted to a rescoring study 

using Glide XP, PLANTS and FlexX scoring functions. The docking output database was 

saved as mol2 file and the docking poses visually inspected for their binding mode in 

MOE. The visual inspection process, conducted as last step of the structure-based and the 

ligand-based virtual screening, was performed using MOE 2016.10. The docking poses of 

the compounds obtained from the consensus score procedure were evaluated considering 

the ability of a compound to occupy the binding site and to establish significant 

interactions with the target protein (H-bonds, π-π interactions, etc.); the coverage of 

different chemical scaffolds, discarding similar structural features; the chemical 

instability and presence of potential toxic groups (multiple halogen atoms, aldehyde, etc.). 

Cell culture 

Human leukemia cell lines were cultured in RPMI 1640 (Gibco) with 10% (DND41 and 

Jurkat) or 20% (ALL-SIL, TALL-1) FBS (Gibco), glutamine (2 mM/L; Gibco), penicillin 

(100 U/mL; Gibco), and streptomycin (100 mg/mL; Gibco) and were maintained at 37°C 

in a humidified atmosphere with 5% CO2. All cell lines were periodically tested for 

mycoplasma infection. 

In vitro treatments 

For the viability assay cells were treated at doses starting from 100 µM to 0.1 nM for 72 

h. Cells were treated at sub lethal doses (one-third GI50) for 48 h (protein assays, Western 

blots) or 72 h (gene expression analysis, Real Time PCR). 

Cell viability assay 

Cells were seeded in 96-well round bottom plates (Falcon Plymouth, England) and, 

following overnight incubation, treated for 72h with test compounds. Cell viability was 

assessed by MTT assay: 10 µL of MTT solution (3-(4,5-Dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide, 5 mg/mL in Hank’s salt solution) were added to each 

well and plates were incubated at 37°C in a humidified atmosphere with 5% CO2. After 4 

h, 100 µL of acid-isopropanol solution (0.08 M HCl in isopropanol) were added to each 

well and mixed thoroughly to dissolve the formazan crystals. The plate was read on a 

Victor (Perkin Elmer) plate reader using a test wavelength of 570 nm and a reference 

wavelength of 630 nm. Absorbances were corrected by subtracting the mean value 
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obtained from cell-free wells. Results were expressed as percentage of live cells setting at 

100 % of vitality the absorbance obtained from the control wells (untreated cells). 

Western Blot Analysis 

After incubation, cells were collected, centrifuged, and washed two times with ice cold 

phosphate buffered saline (PBS). The pellet was then resuspended in lysis buffer. Cells 

were lysed on ice for 30 min and lysates were centrifuged at 15000 g at 4 °C for 10 min. 

The protein concentration in the supernatant was determined using the BCA protein assay 

reagents (Pierce, Italy). Equal amounts of protein (10 μg) were resolved using sodium 

dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) (7.5−15% acrylamide 

gels) and transferred to a PVDF Hybond-p membrane (GE Healthcare). Membranes were 

blocked with BSA 3% for 2h at room temperature. Membranes were then incubated with 

primary antibodies against cleaved Notch1 (rabbit, 1:1000, Cell Signaling), or β-actin 

(mouse, 1:10,000, Sigma) overnight at 4 °C. Membranes were next incubated with 

peroxidase-labeled goat antirabbit IgG (1:100000, Sigma) or peroxidase-labeled goat 

antimouse IgG (1:100000, Sigma) for 1 h. All membranes were visualized using ECL 

Advance (GE Healthcare) and exposed to Hyperfilm MP (GE Healthcare).  

RNA isolation and reverse transcriptase polymerase chain reaction (RT-PCR) 

Total cellular RNA from cell lines was extracted with TRIzol reagent (Invitrogen). RNA 

quality and quantity was controlled using Nanodrop spectrophotometer. Subsequently, 

1 μg of total RNA was reversely transcribed using random hexamers and Superscript II 

(Invitrogen), according to the manufacturer’s instructions. 

Real-time quantitative RT-PCR (RQ-PCR) was performed on an Applied Biosystems 

7900 HT Sequence Detection System using SYBR Green PCR Master Mixture Reagents 

(Applied Biosystems; Forest City, CA). Experiments were performed minimum as 

triplicate and used for relative quantity studies. Primers used for RQ-PCR analysis were 

for HES1 (F: 5′-CTCTCTTCCCTCCGGACTCT-3′, R: 5′-

AGGCGCAATCCAATATGAAC -3′).All expression values were normalized using 

expression of GAPDH as an endogenous control. The relative expression levels were 

calculated using the ddCt method. 
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CHAPTER 5 

 

Rational design and synthesis of 2,3,4,9-tetrahydro-1H-β-carboline 

derivatives as trypanothione reductase inhibitors 

 

Synopsis 

The neglected tropical Chagas disease, caused by the protozoan parasite Trypanosoma 

cruzi, is a relevant social and economic problem in many Latin American countries. The 

current treatment and control of Chagas disease depend on the chemotherapeutic agents 

benznidazole and nifurtimox. However, they have limited efficacy and produce severe 

side effects. Trypanothione disulphide-reductase (TryR), the glutathione reductase analog 

of T.cruzi, is the only parasite's defense toward oxidative damage caused by benznidazole 

and nifurtimox and represents a new promising pharmacological target. A structure-based 

virtual screening was performed with the TryR protein structure, and again the β-

carboline nucleus was confirmed as a key scaffold for the rational design of new potential 

inhibitors of TryR. Some derivatives of 2,3,4,9-tetrahydro-1H-β-carboline-3-carboxylate 

acid were proposed as good candidates to inhibit TryR. Accordingly, the new derivatives 

exhibit structural features such as long hydrophobic chains bound to pH-dependent or 

permanent positively charged groups, represented by branched or bulky quaternary alkyl 

amines. The synthesized compounds are currently under biological investigation at the 

UMCE, Santiago (Chile). 

 

Introduction 

Recognized by WHO as one of the world’s 13 most neglected tropical diseases, Chagas 

disease, also known as American trypanosomiasis, is a relevant social and economic 

problem in many Latin American countries. It was discovered in 1909 by the physician 

Carlos Chagas and nowadays is considered endemic in 21 countries, with a number of 

infection cases between 6 and 8 million, and a consequent number of deaths of 

approximately 12,000 per year worldwide.[1] Furthermore, it results in the largest burden 

of disease in disability-adjusted-life-years of any parasitic disease in the Americas and the 
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morbidity and mortality associated with this infection produce an astonishing annual 

global economic burden of 7.2 billion US $.[2]  

Chagas disease originally stroke the poorest sections of the population of the rural areas 

of Southern and Central America, however, the recent influx of immigrants from these 

countries has meant that Chagas disease is becoming an important health issue also in the 

USA, Canada and in many parts of Europe.[3] From the etiopathological point of view, 

Chagas disease, is caused by the protozoan parasite Trypanosoma cruzi. T.cruzi is 

transmitted to human beings and to animals mainly by bloodsucking reduviid bugs of the 

Triatominae subfamily, which in turn becomes infected by feeding on the blood of 

infected people or animals. Other mechanisms of transmission are transfusion of whole 

blood or blood derivatives, congenital transmission in children from chagasic mothers and 

oral transmission through contaminated food in some cases.[4]  

 

Phases of infection and clinical manifestations 

In human, Chagas disease occurs in two main stages: 

1. Acute phase: symptoms appear 1-2 weeks after the infection and last for 4-8 

weeks. Acute phase is in general asymptomatic or with self-limiting states of 

illness, such as fever, muscle pain, nausea and vomit. In the case of vector-borne 

transmission a local swelling on the skin, called chagoma, or a periorbital 

swelling, namely Romaña sign, can be recognized during the physical 

examination of the patient. They both represents the site of entrance of the parasite 

on the body.[3] Serious manifestations, such as myocarditis or meningoencephalitis 

have a high risk of death but are rare.[5] In fact, in most of the cases, the disease 

resolves spontaneously without any treatment, but for the 30-40% of infected 

people, the acute phase can turn chronic.  

 

2. Chronic phase: usually developed 10-30 years after the initial infection, it targets 

specifically two main sites: heart and digestive system. Because of this reason it 

can be classified in different form (digestive, cardiac or cardio-digestive), 

depending on the major clinical manifestation. The digestive form is characterized 

mainly by gastrointestinal dysfunctions, such as megacolon, megaesophagus or 

both, but the cardiac form is the most frequent and the most dangerous one. 

Affected patients show a chronic inflammatory process that involves all heart 

chambers and conduction system damage.[6] The typical clinical manifestations 
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are related to heart rhythm abnormalities (bradyarrhythmia and tachyarrhythmia), 

high-degree heart block, pulmonary and systemic thromboembolic phenomena 

which can exasperate in progressive dilated cardiomyopathy with congestive heart 

failure, and a considerable risk of death. The association of megacolon or 

megaesophagus with cardiac manifestation defines the cardio-digestive form.[3]  

 

Current treatment 

The drugs currently used to treat Chagas disease were discovered to have anti-T.cruzi 

activity over four decades ago. They are nitroheterocycles compounds: benznidazole, a 

nitro-imidazole derivative and nifurtimox, a nitrofuran derivative[7]. 

 

 

 

 

 

Figure 1. Molecular structures of benznidazole and nifurtimox 

 

The recommended dose in the acute phase is 8–10 mg/kg/day for nifurtimox and 5 

mg/kg/day for benznidazole. The average duration of treatment is about 60 days, but 

when chronic disease is reactivated, such as in immunocompromised patients, treatment 

can last 5 months or longer.[8]  

The two compounds behave as prodrugs because to exert cytotoxic activity they should 

be metabolized by enzymes of the nitroreductases class (NTRs). Their actual mechanism 

of action has been debated for long time, and it still has not been completely clarified. 

Both drugs act through the formation of free radicals or electrophilic metabolites, which 

damage the parasite’s cells. The reactivity center is the nitro group which is reduced by T. 

cruzi cytochrome P450-related nitroreductases. In the case of nifurtimox, the generated 

free radicals may undergo redox cycling with oxygen and then H2O2 can be produced by 

the action of superoxide dismutase. In this way, the obtained free radicals and 

electrophilic metabolites can damage macromolecules inside the cells. On the other hand, 

benznidazole activity seems not to be dependent on oxygen radicals’ production, but 

instead its reduced metabolites may be involved in covalent binding of macromolecules.[9]  
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Figure 2. General benznidazole and nifurtimox mechanisms of action 

 

Asides from the exact mechanism of action, nifurtimox and benznidazole are trypanocidal 

to all forms of the parasite, but because of its better tolerance, benznidazole is considered 

as the first-line treatment.[10] The two drugs are effectively used to treat the acute phase of 

Chagas disease, however the use in the chronic phase remains controversial and still 

raises perplexities.[11] The major problem is related to their modest or sometimes very low 

antiparasitic activity in the chronic form, resulting in 80% of not parasitologically cured 

patients.[12] Furthermore, chemotherapeutic efficiency varies in patients coming from 

different geographic areas highlighting the fact that different strains of T. cruzi have 

different response to the drug. Toxicities and side effects are not negligible and frequently 

force the physician to stop the treatment. The most frequent undesirable effects are 

anorexia, nausea, vomiting and nervous problems that can also be aggravated with other 

patient conditions such as immunodeficiency and advanced age. With nifurtimox the 

central nervous system side effects are emphasized, while with benznidazole, skin 

manifestations are considerable, often combined with lymphadenopathy, articular and 

muscular pain. Also, polyneuropathy, paraesthesia and polyneuritis of peripheral nerves 

are reported.[11] Recently, some antifungal agents such as posaconazole and ravuconazole 

have been tested as clinical alternatives to benznidazole. These agents are well-known 

and should cause less side effects, but the efficacy results from different clinical trials 

were not satisfactory.[13] Thus, there is an urgent need to discover new compounds as 

starting point for the development of potent drugs with less side effects, preferably 

interfering with unique essential pathways of this parasite.  
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Trypanothione reductase as drug target for T.cruzi infection 

Several studies have been conducted to discover new molecular targets to develop 

specific antiparasitic drugs. The main pursued concept was the exploitation of metabolic 

differences between the pathogen and the host. In particular, the target should be essential 

for the survival of the parasite and should have no counterpart in the host or should be 

sufficiently different from its counterpart in the host to allow selective inhibition. 

In the case of Trypanosomatidae, one of the most important distinctions regards the redox 

defence system. In facts, in mammalians, the defence towards oxidative stress is based on 

the glutathione/Glutathione Reductase (GR) couple, which in trypanosomatids is replaced 

by an analogous but different system which involves the flavoenzyme Trypanothione 

Reductase (TryR) and the substrate trypanothione.[14] Trypanothione has strong structural 

similarities with glutathione, in fact it is constituted by the same amino acids (γ-glutamic 

acid, cysteine and glycine), but the two small peptides in trypanothione are also linked by 

a spermidine cross-link between the two glycyl carboxyl groups, that confers it different 

physico-chemical properties and specificity.  

 

 

 

 

 
 

Figure 3. Molecular structures of Glutathione disulphide and Trypanothione disulphide 

 

From a physiological point of view, TryR has the role to maintain an intracellular 

reducing environment by scavenging free radicals and reactive oxygen species produced 

by the host during T.cruzi infection.[15] In particular, TryR catalyses the NADPH-

dependent reduction of trypanothione disulphide to the dithiol trypanothione 

[bis(glutathionyl)spermidine]. 

 

 

 

 

 

 

 

Figure 4. Reaction catalyzed by Trypanothione Reductase 
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Human GR and TryR are both flavin-containing disulphide oxidoreductases and they 

share about 30% sequence identity. The interesting fact is that the key residues involved 

in catalysis are conserved (Cys 58 and 63 in GR; Cys 53 and 58 in TryR) but each 

enzyme is specific for its cognate substrate and this suggests the chance to inhibit the 

parasite enzyme without affecting the host GR.[15] In particular, in GR a group of positive 

residues (Arg 37, Arg 38 and Arg 347) create a positive charged site able to properly 

interact with the negatively charged carboxylate groups of glutathione (see Figure 5). The 

corresponding residues in TryR are Leu 18, Trp 22, Tyr 111 and Met 114 which are 

mainly involved in hydrophobic interactions with both glycyl carboxamide groups of 

Trypanothione disulphide. Additionally, mutagenesis studies suggested an interaction of 

the hydrophobic region of spermidine chain of Trypanothione disulphide with Trp 22, 

besides a negatively charged active site that binds to the extra protonated secondary 

amino group present in the spermidine component of Trypanothione, which promotes 

significant steric and electrostatic difference in relation to GR.[16] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. a) Crystallographic structure of oxidized Glutathione GSS (in green) in complex with GR (PDB 

code 1GRA). The catalytic couple Cys 58 and Cys 63 (in yellow) and the basic residues Arg 37, Arg 38 and 
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Arg 347 (in blue) are shown. b) Crystallographic structure of Trypanothione disulfide TSH (in green) in 

complex with TryR (PDB code 1BZL). The catalytic couple Cys 53 and Cys 58 (in yellow) and the residues 

Leu 18, Trp 22, Tyr 111 and Met 114 (in white) are shown. 

 

Moreover, it has been demonstrated that TryR is essential for survival of T. cruzi both in 

vitro and in the human host.[17] All together these facts validate TryR and trypanothione 

metabolism as a target for structure-based drug design of molecules able to interfere with 

its activity. These new structures have the potentialities to exert trypanocidal activity by 

their own right or at least may be capable of increasing the susceptibility of T.cruzi 

toward anti-Chagas drugs in a synergistic way, allowing lower doses and probably major 

success in treating the disease. 

 

State of the art 

The first rationally designed non-peptide inhibitors are represented by the class of the 

tricyclic phenothiazines and related structures. These compounds have been demonstrated 

to act as competitive inhibitors of TryR and some of them are commercial drugs such as 

chlorpromazine, trifluopromazine, thioridazine and promethazine. 

 

 

 

 

 

 

Figure 6. Structures of known phenothiazines inhibitors of TryR 

 

These molecules are all characterised by the same structural features: a tricyclic scaffold 

represented by the phenothiazine core and an alkyl amino group. Some authors suggested 

that these compounds bound to the enzyme with their tricyclic moiety lodged against the 

hydrophobic surface formed by Trp 22 and Met 114, with the aminopropyl side chain 

protruding towards Glu 466 and Glu 467.[18] Additional modelling studies have indicated 

the possibility to enhance the affinity of these compounds by exploiting another 

hydrophobic cavity near the two glutamic residues. This site was called Z-site and is not 

implicated in trypanothione disulphide binding. The main residues responsible for its 

nature are Phe 396, Pro 398 and Leu 399. Thus, the consequent step was trying to gain 

additional binding interactions through Z-site and to introduce a permanent positive 
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charge able to interact with Glu 466 and/or Glu 467. The results obtained by enzyme 

inhibition assays reported in this work, showed an improved TryR inhibition of about 20-

fold compared to chlorpromazine, for the compounds with quaternary ammonium salts 

with a benzyl substituent. In the same study, it has also been suggested that the positive 

charged group helps in the specificity of interaction with TryR over GR.[19]  

Although tricyclic compounds have been extensively studied for their capacity to inhibit 

TryR, the study of molecules with a β-carboline scaffold remains underexplored, and only 

a few examples have been reported in the literature.[20-22] Thus, the aim of this work was 

to use the knowledge about the structure and interaction mode of reported TryR inhibitors 

and to exploit it by designing new β-carboline inhibitors. 

 

Results and Discussion 

 

Molecular modelling 

A pharmacophore model[23] 

For the generation of a TryR inhibitors pharmacophore model, a library of TryR inhibitor 

reported in the literature was constructed using the information available in the ChEMBL 

database.[24] The model was built by using the structures of the eight TryR inhibitors with 

the lowest known IC50 using the flexible alignment function implemented in MOE. The 

obtained model is characterised by six features (F1 to F6): F1-F4 were considered to be 

essential, while F5 and F6 were judged as desirable. As reported in Figure 7, the 

pharmacophore model features are the following: F1, aromatic ring centre, F2 and F3, 

aliphatic hydrophobic centre, F4, cationic heavy atoms and hydrogen bond donor, F5, 

aliphatic hydrophobic centre and F6, aromatic ring centre or aliphatic hydrophobic centre. 

 

 

 

 

 

 

 

 

 

Figure 7. Pharmacophore spheres: F1, aromatic ring centre (Aro); F2, F3 and F5, aliphatic hydrophobic 
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 centre (Hyd); F4, cationic heavy atoms (Cat) and hydrogen bond donor (Don); F6, aromatic ring centre 

(Aro) or aliphatic hydrophobic centre (Hyd). The radiuses of the spherical regions were adjusted manually: 

F1 and F3 were adjusted to 1.5 Å, while F2, F4, F5 and F6 were adjusted to 1.2 Å 

 

This model was used for the selection of new β-carboline derivatives, after the virtual 

screening and docking studies, to be proposed as new TryR inhibitors. 

 

Virtual screening and chemical space analysis  

A molecular modelling study was completed with the aim to explore the chemical space 

of commercial β-carboline derivatives versus known TryR inhibitors. A virtual library of 

amides derived from 2,3,4,9-tetrahydro-1H-β-carboline-3-carboxylate acid (THBCA) was 

designed and generated by acylating selected nucleophiles standards, purchased by 

Sigma-Aldrich, with THBCA, employing the software Reactor.[25] 

 

 

 

 

 

Figure 8. Acylation of THBCA with nucleophiles standard 

 

The obtained library was standardised using the protocol already described by Becerra et 

all[23] and explored using drug-like filters (Ghose Filter, Veber Filter and Muegge 

Filter)[26-28] and a lead-like filter[29] implemented in Instant Jchem. Then all the structure 

were clustered using chemical fingerprints, similarity matrices and a Tanimoto Combo of 

0.70, which are all implemented in MOE.[30] 

A virtual screening study was performed on the structure of TryR (PDB code 1AOG), 

using an optimized virtual screening method for computer-aided discovery of new TryR 

inhibitors[23] by employing the AutoDock 4.2 software.[31] The obtained binding energies 

were computed using a consensus score study which consider DSX-Online score 

function[32] and ASE and Affinity dG score functions implemented in MOE.[30]  

This consensus scoring function was combined with the conformational search method 

implemented in Autodock-4.2.[31] Only the best scored conformation of each β-carboline 

derivative was considered for ranking, obtaining a small library of new potential β-

carboline inhibitors of TryR. The best compounds were compared to the pharmacophore 

model and selected for the synthesis. Structurally speaking, new derivatives exhibit 



Chapter 5 

170 
  

common structural features with known TryR inhibitors, for instance, long hydrophobic 

chains bound to positively charged groups, represented by branched or bulky quaternary 

amines. In Figure 9, the general structures of compounds 4 and 34 (panel A) and of 

derivatives 23, 24, 28-30 (panel B) are depicted. The first two derivatives only differ for 

the tricyclic nucleus: tetrahydro-β-carboline scaffold for 4 and β-carboline scaffold for 

34, while both bear the di-octylamine lateral chain. Regarding the other five derivatives 

23, 24, 28-30 the tetrahydro-β-carboline scaffold is always present but it is differently 

decorated with various di-amino chains. 

 

 

Figure 9. General structures of compounds 4 and 34 (A) and of derivatives 23, 24, 28-30 (B) 

 

The chemical space (CS) for the small library of selected new THBCA derivatives was 

generated and compared to the one of commercial β-carboline derivatives and known 

TryR inhibitors using MACCS Structural Keys (MACCS) as chemical fingerprint, as 

already described by Becerra et all.[23] A structural similarity analysis was performed 

using the MACCS chemical fingerprints and the Tanimoto Coefficient (TC) implemented 

in MOE. Then, a similarity matrix for the studied compounds was calculated, and the R 

Software was applied to conduct a Principal Component Analysis (PCA).[33] The obtained 

results showed that both commercial and designed β-carboline derivatives contribute to 

extend the chemical space of TryR inhibitors already described in literature.  
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Figure 10. Representation of the chemical space of TryR inhibitors (blue color), commercial β-carboline 

derivatives (red color) and designed β-carboline derivatives (green color). Chemical space using MACCS 

fingerprint with the Tanimoto coefficient as similarity metrics.  

 

Figure 10 shows the position of the chemical space occupied by TryR inhibitors obtained 

from literature (blue colour), commercial β-carboline derivatives (red colour) and 

designed β-carboline derivatives (green colour). This displays that there is no significant 

overlapping of the areas, indicating that the designed β-carboline derivatives have 

topological features that have not been yet considered in TryR inhibitors reported. 

Therefore, the study of new β-carboline derivatives, as potential inhibitors of TryR, 

would allow the exploration of new areas of chemical space, currently not considered in 

this topic. 

 

Chemical synthesis 

For the synthesis of new β-carboline derivatives we followed a multistep convergent 

pathway. The preparation of tetrahydro-β-carboline scaffold was performed by classical 

Pictet-Spengler reaction. In Scheme 1 starting from commercial tryptophan, the final N-

dioctyl-amide derivative 4 was obtained in good yields. The starting amino acid was 

submitted to Pictet-Spengler reaction by treatment with formaldehyde in water solution, 

obtaining the tricyclic structure in excellent yield (95%). The amino group was then 

protected with carboxybenzyl group, which proved to be the best in terms of yields and 

ease of workup, by using benzyl chloroformate and sodium carbonate in a mixture 1:1 

water/THF for 16 h at room temperature, giving the desired product in very good yield 
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(85%). Following a previously described procedure[34] the obtained compound 2 was then 

submitted to amidic coupling reaction by using commercial di-octylamine in presence of 

the coupling reagents HOBt and EDC, by treatment with Et3N in DMF at room 

temperature overnight. The final derivative 4 was obtained by removal of CBz protecting 

group with a catalytic hydrogenation reaction and precipitation by treatment with 

concentrated hydrochloric acid. 

Scheme 1. Synthesis of compound 4 

 

 

 

 

 

 

 

 

Reagents and conditions: a. HCHO, NaHCO3, H2O, rt 2h, ref. 3h, 95%; b. CbzCl, Na2CO3, H2O/THF 1:1, 

rt, 16h, 83%; c. Di-N-Octylamine, HOBt, EDC, Et3N, DMF, rt, 16h, 70%; d. H2, Pd/C 10%, EtOAc, rt, 16h, 

56%. 

 

In Scheme 2, part A and B respectively, the preparation of dibenzyl- and methyl-benzyl-

diamino derivatives 11-13 and 17 is described. Compound 5 was obtained by reacting 

commercial 1,8-dibromoottane with sodium cyanide in DMF for 2 h.[35] The bromo-

cyanide derivatives 5-7 were submitted to substitution reaction with dibenzylamine in 

presence of K2CO3, KI in DMF at 80°C for 16 h,[36] while in the case of compound 16, 

methyl-benzyl amine 15 was firstly prepared in a two-steps procedure by reacting 

commercial benzaldehyde with methylamine and NaBH4,
[37] and then substitution 

reaction was performed as reported for compounds 8-10. The free amine derivatives 11-

13 and 17 were obtained by treating compounds 8-10 and 16 with LiAlH4 in Et2O or THF 

for 2h.[38] 
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Scheme 2A. Synthesis of dibenzyl-diamino derivatives 11-13 

 

 

 

 

 

 

 

 

 

Reagents and conditions: a. NaCN, DMF, 35°C, 2h, 90%; b. K2CO3, KI, DMF, 80°C, 18h, 95-65%; c. 

LiAlH4, Et2O, rt, 2h, 88-75%. 

 

Scheme 2B. Synthesis of benzyl-methyl-diamino derivative 17 

 

 

 

 

 

 

 

 

Reagents and conditions: a.1.MeNH2 40%, MeOH, rt, 15 min. 2. NaBH4, rt, 1h, 88%; b. K2CO3, KI, DMF, 

80°C, 18h, 82%; c. LiAlH4, THF, rt, 2h, 95%. 

 

In Scheme 3 the synthesis of final derivatives 23, 24 and 28-30 is described. Firstly, 

compound 1 was protected at the amino group with BOC by treatment with di-tert-butyl 

dicarbonate and Na2CO3 to obtain compound 18 and then submitted to amidic coupling 

reaction with previously synthesised amines 11-13 and 17.[34] The reaction was performed 

with HOBt, EDC and Et3N in DMF for 16 h at room temperature leading to the amidic 

derivatives 19-22 in good yields (55-87%). 

Compounds 20 and 21 were then submitted to acidic treatment by using gaseous HCl in 

ethanol to deprotect the amino group and retrieve the final derivatives 23 and 24 as 

hydrochloride salts. Derivatives 19, 21 and 22 were methylated at the amino group in the 

lateral chain, using methyl iodide to obtain ammonium salts 25-27 in good yields (62-

77%).[39] This methylated derivatives were then reacted for the deprotection of the amino 
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group using the same conditions reported for compounds 23 and 24, furnishing 

compounds 28-30 as hydrochloride salts. 

 

Scheme 3. Synthesis of tetrahydro-β-carboline derivatives 23, 24, 28-30 

 

Reagents and conditions: a. BOC2O, Na2CO3, H2O, THF, rt, 16h, 73%; b. HOBt, EDC, Et3N, DMF, rt, 16h, 

87-55%; c. HCl, EtOH, rt, 16h, 92-84%; d. CH3I, rt, 18h, 62-77% 

In the last scheme (Scheme 4), the synthesis of the fully aromatic carboline derivative 34 

is described. Firstly, already synthesised compound 1 was transformed into the ester 

derivative 31 by treatment with ethanol and concentrated HCl.[40] The obtained ester was 

submitted to oxidation reaction employing MnO2 in toluene for 24 h at reflux to retrieve 

the carboline derivative 32.[41] The ethyl ester moiety was then hydrolysed by alkaline 

treatment,[40] and the carboxylic acid 33 coupled with commercial di-octylamine using 

HOBt and EDC as coupling reagents in presence of Et3N in DMF for 16 h at room 

temperature.[34] Final derivative 34 was obtained in good yield (56%). 
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Scheme 4. Synthesis of derivative 34 

Reagents and conditions: a. HCl, EtOH, 0°C, 2h, 87%; b. MnO2, toluene, ref., 24h, 65%; c. NaOH 10%, 

EtOH, ref., 1h, 94%; d. Di-N-Octylamine, HOBt, EDC, Et3N, DMF, rt, 16h, 56%. 

 

These new compounds are presently being tested at the Universidad Metropolitana de 

Ciencias de la Educación, Santiago (Chile) to assess possible effects on Trypanosoma 

cruzi viability and TryR inhibition. 

 

Experimental section  

 

Molecular modelling 

The virtual library of new β-carbolines was constructed using the amines building blocks 

offered by Sigma-Aldrich Company and 2,3,4,9-tetrahydro-1-β-carboline-3-carboxylate 

acid (THBCA). All molecular structures were imported in SDF format and standardized 

using the Standardizer software[42] and the protocol as previously described.[23] The β-

carboline library was generated from reactants of building blocks and THBCA using the 

reaction of acylation of nucleophiles with carboxylic acids implemented in software 

Reactor.[25] Parameters employed were combinatorial for reactant combination and with 

1:1 molar ratio. The obtained β-carbolines were subsequently compiled into the library. 

The libraries of β-carbolines and TryR inhibitors were analysed using the Instant JChem 

software and filters were used to classify chemicals as drug-like or lead-like. The 

stereoisomers detected were considered as duplicates and only tautomeric forms were 

preserved. New β-carboline and TryR inhibitors were explored using drug-like filters 
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(Ghose Filter, Veber Filter and Muegge Filter)[26-28] and a lead-like filter[29] implemented 

in Instant Jchem. Polarity, flexibility and molecular size descriptors were obtained 

computing the Cumulative Distribution Function (CDF) for molecular descriptors within 

the Muegge filter (HBD, HBA, logD, PSA, RB, MW, AC and RC). Clustering was 

performed using the method described by Jarvis-Patrick,[43] using chemical fingerprints, 

similarity matrices and a TC of 0.70, which are all implemented in MOE.[30] The 

chemical space (CS) of each standardized library was generated using the following 

chemical fingerprints: MACCS Structural Keys (MACCS). The chemical fingerprints 

were implemented in the MOE software package and used to compute Topological 

Molecular Descriptors. A structural similarity analysis was performed using the MACCS 

chemical fingerprints and the Tanimoto Coefficient (TC) implemented in MOE. Then, a 

similarity matrix for the studied compounds was calculated, and the R Software was 

applied to conduct a Principal Component Analysis (PCA).[33] The first three PCs were 

used to plot the chemical space of TR inhibitors and β-CDs. Molecular docking 

calculations for TR inhibitors and β-CDs were performed using the AutoDock 4.2 

software.[31] All ligands were considered with their major microspecies at pH 7.4 for the 

ligand preparation process. These ligands were exported in SDF format using Instant 

Jchem and subjected to a conformational search using the stochastic method implemented 

in MOE.[30] The selected conformers were exported, with their respective atomic partial 

charges (ESP charge), in MOL2 format. During the TryR preparation process, all 

molecules of flavin adenine dinucleotide (FAD), maleic acid and water were removed 

from the PDB input file (1AOG, RCSB Protein Data Bank Code).[44] Pre-calculated grid 

maps were generated using Autogrid, with one map for each atom type present in the 

ligand being docked into TryR (A, BR, C, Cl, F, H, HD, HS, N, NA, OA, S, SA). The 

grid maps were built using a three-dimensional lattice with a size of 126 Å x 126 Å x 126 

Å, with a grid point spacing of 0.204 Å and centred on the TryR active site. The 

coordinates of the carbonyl oxygen of the amino acid Glu19 (23,495x, 18,935y, and -

4,912z; PDB Code: OE1) were used.[31] 

In the AutoDock software 4.2,[31] we used the Lamarckian Genetic Algorithm (LGA)[45] 

to explore the conformational states of a flexible ligand and the empirical free energy 

scoring function to evaluate conformations during the docking process. The parameters 

employed for the docking process were: i) number of automated docking runs, 200, and 

ii) maximum number of energy evaluations and maximum number of generations 
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performed during each LGA run, 25,000,000 and 50,000, respectively. The other 

parameters were taken from the default settings in AutoDock 4.2. 

The binding energies were computed using the triple consensus scoring function, which 

consider: DSX-Online score function[32] and ASE and Affinity dG score functions 

implemented in MOE.[30] This consensus scoring function was combined with the 

conformational search method implemented in Autodock-4.2[31] to provide a list of 

ligands sorted by simple scoring and consensus scoring adopting the rank-by-rank 

method. For each conformation, the final ranking was calculated as the average ranking 

obtained using the three scoring functions. Only the best scored conformation of each β-

carboline derivative was considered for ranking. The Spearman coefficient (ρ) was used 

to assess the correlation interval between the IC50 values and the binding energies 

computed for the calibration library  previously reported by our group.[23]  

 

Chemical synthesis 

1H NMR spectra were determined on Bruker 300 and 400 MHz spectrometers, with the 

solvents indicated; chemical shifts are reported in δ (ppm) downfield from 

tetramethylsilane as internal reference. Coupling constants are given in hertz. In the case 

of multiplets, chemical shifts were measured starting from the approximate centre. 

Integrals were satisfactorily in line with those expected based on compound structure. 

Mass spectra were obtained on a Mat 112 Varian Mat Bremen (70 eV) mass spectrometer 

and Applied Biosystems Mariner System 5220 LC/MS (nozzle potential 140 eV). Column 

flash chromatography was performed on Merck silica gel (250−400 mesh ASTM); 

chemical reactions were monitored by analytical thin-layer chromatography (TLC) on 

Merck silica gel 60 F-254 glass plates. The purity of new tested compounds was checked 

by HPLC using the instrument HPLC VARIAN ProStar model 210, with detector DAD 

VARIAN ProStar 335. The analysis was performed with a flow of 1 mL/min, a C-18 

column of dimensions 250 mm X 4.6 mm, a particle size of 5 mm, and a loop of 10 mL. 

The detector was set at 254 nm. The mobile phase consisted of phase A (Milli-Q H2O, 

18.0 MU, TFA 0.05%) and phase B (95% MeCN, 5% phase A). Gradient elution was 

performed as reported: 0 min, % B = 20; 0 and 20 min, % B = 90; 25 min, % ; B = 90; 26 

min, % B = 20; 31 min, % B = 20. Starting materials were purchased from Sigma-Aldrich 

and Alfa Aesar, and solvents were from Carlo Erba, Fluka and Lab-Scan. DMSO was 

obtained anhydrous by distillation under vacuum and stored on molecular sieves. 

(3S)-1H,2H,3H,4H,9H-pyrido[3,4-b]indole-3-carboxylic acid (1). 
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5 g (24.48 mmol) of Tryptophan were suspended in 250 mL of water and 2.05 g (24.48 

mmol) of sodium bicarbonate were added. The mixture was stirred to give a clear solution 

and 2.00 g (66.61 mmol) of 37% formaldehyde solution were added. The mixture was 

stirred for 2 hours at room temperature, then refluxed for 3 hours. The hot solution was 

poured into 50 mL of water and, with vigorous stirring, the pH was adjusted to 5 with 6M 

HCl, giving a precipitate. The slurry was stirred for 18 hours, filtered, and the solid dried 

in vacuo. Yield: 95%; 1H NMR (400 MHz, DMSO-d6): δ 10.99 (s, 1H), 9.89 (s, 1H), 7.30 

(t, J = 7.5 Hz, 1H), 7.22 (t, J = 8.0 Hz, 1H), 7.01 (d, J = 8.0 Hz, 1H), 6.81 (d, J = 7.5 Hz, 

1H), 4.01 (t, J = 4.8 Hz, 1H), 3.75 (dd, J = 10.5 Hz, J = 5.0 Hz, 1H), 3.64 (dd, J = 10.5 

Hz, J = 2.4 Hz, 1H), 2.91 (d, J = 10.5 Hz, 2H), 2.86 (s, 1H) ppm; HRMS (ESI-MS, 140 

eV): m/z [M+H]+ calculated for C12H13N2O2
+, 217.0972; found, 217.0969. 

(3S)-2-[(benzyloxy)carbonyl]-1H,3H,4H,9H-pyrido[3,4-b]indole-3-carboxylic acid (2). 

5 g (23.12 mmol) of compound 1 were suspended in a mixture water/THF 1:1 and 5.15 g 

(48.59 mmol) of sodium carbonate were added. After 5 minutes stirring, 3.94 g (23.10 

mmol) of benzyl chloroformate were added and the mixture was stirred overnight. The 

THF was evaporated under vacuum and the aqueous residue was acidified with 1 M HCl. 

The resulting solid was extracted with ethyl acetate. The organic solution was washed 

with 1 M HCl, water, brine, and dried over sodium sulfate. The solution was evaporated, 

and the residue crystallized from toluene to give pure protected compound 2. Yield: 83%; 

1H NMR (400 MHz, DMSO-d6) δ: 12.89 (s, 1H), 10.85 (d, J = 33.5 Hz, 1H), 7.46 – 7.27 

(m, 7H), 7.08 – 7.02 (m, 1H), 6.97 (m, 1H), 5.21 (s, 2H), 5.19 (m, 1H), 4.82 (dd, J = 21.5, 

16.3 Hz, 1H), 4.48 (dd, J = 40.7, 16.3 Hz, 1H), 3.32 (m, 1H), 3.06 – 2.95 (m, 1H) ppm. 

HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C20H19N2O4
+, 351.1339; found, 

351.1376. 

Benzyl (3S)-3-(dioctylcarbamoyl)-1H,3H,4H,9H-pyrido[3,4-b]indole-2-carboxylate (3). 

1.00 g (2.85 mmol) of compound 2, 0.758 g (3.14 mmol) of di-N-Octylamine, 0.424 g 

(3.14 mmol) of HOBt and 0.602 g (3.14 mmol) of EDC were dissolved in 4 mL of DMF. 

Then, 0.854 mL (6.14 mmol) of triethylamine were added, and the mixture was stirred at 

room temperature overnight. After evaporating the DMF, the residue was dissolved with 

ethyl acetate and washed with 10% acid citric solution, 10 % sodium carbonate solution, 

water, brine, and dried over sodium sulfate. The solution was filtered, evaporated and the 

crude product was purified by silica gel flash column chromatography on silica gel 

(eluent n-hexane/EtOAc 6:4). Yield: 70%; Rf 0.77 (eluent n-hexane/EtOAc 6:4); 1H-

NMR [300 MHz, CDCl3] δ: 8.03 ppm (s, 1H), 7.43 – 7.33 (m, 6H), 7.23 (d, J = 8.1 Hz, 
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1H), 7.13 – 7.01 (m, 2H), 5.63 (d, J = 7.1 Hz, 1H), 5.29 – 5.10 (m, 2H), 5.06-4.78 (m, 

2H), 3.49-2.94 (m, 6H), 1.47-1.04 (m, 24H), 0.91 (t, J = 6.9 Hz, 3H), 0.83 (t, J = 6.9 Hz, 

3H) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C36H52N3O3
+, 574.4003; 

found, 574.4043. 

(3S)-3-(dioctylcarbamoyl)-1H,2H,3H,4H,9H-pyrido[3,4-b]indol-2-ium hydrate chloride 

(4). 

0.556 g (0.97 mmol) of compound 3 were dissolved in 50 mL of ethyl acetate and this 

solution was added to a suspension of Pd/C 10% in ethyl acetate. The mixture was stirred 

under H2 at atmospheric pressure for 5 hours, filtered and the residue was precipitated 

with HCl 12 M. Yield: 56%; 1H NMR (400 MHz, DMSO-d6) δ 11.22 (s, 1H, NH 

pyrrole), 10.10 (s, 1H, NH amine), 9.57 (s, 1H, NH amine), 7.47 (d, J = 7.8 Hz, 1H, H-5), 

7.39 (d, J = 8.1 Hz, 1H, H-8), 7.12 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, H-7), 7.02 (ddd, J = 8.0, 

7.0, 1.0 Hz, 1H, H-6), 4.63 (dd, J = 11.7, 4.6 Hz, 1H, H-3), 4.43 (d, J = 15.5 Hz, 1H, H-

1), 4.31 (d, J = 15.4 Hz, 1H, H-1), 3.58 – 3.49 (m, 1H, H-4), 3.38 - 3.17 (m, 4H, 

CONCH2), 2.89 – 2.78 (m, 1H, H-4), 1.68 – 1.46 (m, 4H, CONCH2CH2), 1.36 – 1.16 (m, 

20H, CH2CH2CH2CH2CH2CH3), 0.91 – 0.81 (m, 6H, CH3) ppm; 13C NMR (400 MHz, 

DMSO-d6) δ 168.40, 136.70, 126.96, 126.22, 122.14, 119.45, 118.31, 111.87, 105.05, 

53.67, 47.37, 45.42, 40.80, 31.69, 31.65, 29.17, 29.16, 29.09, 29.07, 27.38, 26.69, 26.50, 

23.48, 22.56, 22.51, 14.42, 14.37 ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated 

for C28H46N3O
+, 440.3635; found, 440.3628; RP-C18 HPLC: tR = 18.59 min, 96.22%. 

9-bromononanenitrile (5). 

To a stirred solution of 2 g (7.35 mmol) of commercial 1,8-dibromoottane in 6 mL of 

DMF, 0.360 g (7.35 mmol) of NaCN were added and the reaction mixture was stirred for 

2 h at 35°C. After cooling to r.t., the mixture was poured into water, and the aqueous 

layer was extracted with ethyl acetate. The combined organic layers were washed with 

brine and water and dried over sodium sulfate. Evaporation of the solvent gave the 

product as a yellow oil. Yield: 90%; 1H-NMR [300 MHz, CDCl3] δ: 3.40 (t, 2H), 2.34 (t, 

2H), 1.85 (m, 2H), 1.66 (m, 2H), 1.33-1.46 (m, 8H) ppm. 

N-benzylmethylamine (15). 

To a solution of 2 g (18.82 mmol) of benzaldehyde in MeOH, 1.86 g (23.95 mmol) of 

40% aqueous solution of methylamine were added. After stirring at room temperature for 

15 min, the solution was cooled to 0°C and 0.356 g (9.41 mmol) of sodium borohydride 

were added portion wise. The resulting solution was stirred at room temperature for 1 h. 

After addition of water (25 mL), methanol was evaporated under vacuum and the 
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resulting aqueous phase extracted with CH2Cl2. The combined organic layers were dried 

(MgSO4) and evaporated, affording 15 as a colorless oil. The product was used in the next 

step without any further purification. Yield: 88%; 1H-NMR [300 MHz, CDCl3] δ: 7.29-

7.35 (m, 4H), 7.22-7.28 (m, 1H), 3.75 (s, 2H), 2.46 (s, 3H), 1.54 (s br, 1H) ppm. 

General procedure for the synthesis of amino-nitrile derivatives (8-10 and 16). As a 

typical procedure, the synthesis of 9-(dibenzylamino)nonanenitrile (8) is described in 

detail. To a solution of dibenzylamine (1.72 g, 8.73 mmol) in 2.5 mL of anhydrous DMF, 

compound 5 (1.91 g, 8.73 mmol), potassium carbonate (2.65 g, 19.20 mmol) and 

potassium iodide (0.158 g, 0.958 mmol) were added. The resulting mixture was heated at 

80°C overnight. The slurry was partitioned with water and ethyl acetate. The aqueous 

layer was extracted twice with ethyl acetate and the combined organic layers washed with 

water, dried over sodium sulfate and evaporated under vacuum to give the crude product. 

9-(dibenzylamino)nonanenitrile (8).  

The crude product was purified by silica gel flash-column chromatography (eluent n-

hexane/EtOAc, 8:2).Yield: 65%; 1H-NMR [300 MHz, CDCl3] δ: 7.36 (m, 4H), 7.31 (m, 

4H), 7.23 (m, 2H), 3.55 (s, 4H), 2.40 (t, J=7.04 Hz), 2.31 (t, J=7.10 Hz, 2H), 1.62 (m, 

2H), 1.50 (m, 2H), 1.40 (m, 2H), 1.15-1.30 (m, 6H) ppm; HRMS (ESI-MS, 140 eV): m/z 

[M+H]+ calculated for C23H31N2
+, 335.2482; found, 335.2456. 

5-(dibenzylamino)pentanenitrile (9).  

Compound 9 was prepared as for compound 8 by reacting 0.59 g (5 mmol) of commercial 

5-chlorovaleronitrile 6, 0.99 g (5 mmol) of dibenzylamine, 1.38 g (10 mmol) of 

potassium carbonate and 0.083 g (0.5 mmol) of potassium iodide. After workup 

procedure, compound 9 was used for the next step without any further purification. Yield: 

84%; 1H-NMR [300 MHz, CDCl3] δ: 7.24-7.36 (m, 10H), 3.55 (s, 4H), 2.44 (t, J = 6.22 

Hz, 2H), 2.13 (t, J = 7.02 Hz, 2H), 1.58-1.68 (m, 4H) ppm; HRMS (ESI-MS, 140 eV): 

m/z [M+H]+ calculated for C19H23N2
+, 279.1856; found, 279.1877. 

2-(dibenzylamino)acetonitrile (10). 

Compound 10 was prepared as for compound 8 by reacting 0.6 g (5 mmol) of commercial 

bromo-acetonitrile 7, 0.99 g (5 mmol) of dibenzylamine, 1.38 g (10 mmol) of potassium 

carbonate and 0.083 g (0.5 mmol) of potassium iodide. After workup procedure, 

compound 10 was used for the next step without any further purification. Yield: 95%; 1H-

NMR [300 MHz, CDCl3] δ: 7.28-7.42 ppm (m, 10H), 3.75 (s, 4H), 3.37 (s, 2H) ppm; 

HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C16H17N2
+, 237.1386; found, 

237.1375. 
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7-(N-benzyl-N-methylamino)heptanenitrile (16). 

Compound 16 was prepared as for compound 8 by reacting 0.5 g (2.63 mmol) of 

commercial 7-bromoheptanenitrile 14, 0.319 g (2.63 mmol) of previously synthesised 

compound 15, 0.73 g (5.26 mmol) of potassium carbonate and 0.083 g (0.5 mmol) of 

potassium iodide. After workup procedure, compound 16 was used for the next step 

without any further purification. Yield: 78%; 1H NMR (300 MHz, CDCl3) δ 7.34 - 7.17 

(m, 5H), 3.43 (s, 2H), 2.35 – 2,25 (m, 4H), 2.15 (s, 3H), 1.68 – 1.55 (m, 2H), 1.53 – 1.27 

(m, 6H) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C15H23N2
+, 

231.1856; found, 231.1878 

General procedure for the synthesis of diamino derivatives (11-13 and 17). As a typical 

procedure, the synthesis of N1,N1-dibenzylnonane-1,9-diamine (11) is described in 

detail. 0.67 g (2 mmol) of compound 8 were dissolved in 20 mL of anhydrous diethyl 

ether and dropped to an ice-cold suspension of lithium aluminum hydride (0.113 g, 3 

mmol). The suspension was stirred for 2 h at room temperature, and then quenched by 

addition of water, followed by 3 mL of a 10% aqueous sodium hydroxide solution. The 

formed precipitate was filtered, and the filtrate extracted with ethyl acetate. The combined 

organic phases dried in sodium sulfate and evaporated under vacuum.  

N1,N1-dibenzylnonane-1,9-diamine (11).  

Yield: 79%; 1H-NMR [300 MHz, CDCl3] δ: 7.36 (d, J=6.87 Hz, 4H), 7.30 (t, J= 7.60 Hz, 

4H), 7.22 (m, 2H), 3.54 (s, 4H), 2.67 (t, J=7.08 Hz, 2H), 2.39 (t, J=7.09 Hz, 2H), 1.61 (s 

br, 2H), 1.38-1.56 (m, 4H), 1.13-1.30 (m, 10H) ppm; HRMS (ESI-MS, 140 eV): m/z 

[M+H]+ calculated for C23H35N2
+, 339.5369; found, 339.5388. 

N1,N1-dibenzylpentane-1,5-diamine (12).  

Compound 12 was prepared as for compound 11 by reacting 0.631 g (2.27 mmol) of 

compound 9 with 0.129 g (3.40 mmol) of lithium aluminum hydride. Yield: 75%; 1H 

NMR (300 MHz, CDCl3): δ 7.40 – 7.24 (m, 10H), 3.56 (s, 4H), 2.64 (t, J = 7.6 Hz, 2H), 

2.43 (t, J = 7.2 Hz, 2H), 1.64 (s, 2H), 1.53 (m, 2H), 1.38 – 1.26 (m, 4H) ppm; HRMS 

(ESI-MS, 140 eV): m/z [M+H]+ calculated for C19H27N2
+, 283.2169; found, 283.2145. 

N1,N1-dibenzylethane-1,2-diamine (13). 

Compound 13 was prepared as for compound 11 by reacting 1.02 g (4.33 mmol) of 

compound 10 with 0.246 g (3.40 mmol) of lithium aluminum hydride. Yield: 88%; 1H-

NMR [300 MHz, CDCl3] δ: 7.29-7.36 (m, 8H), 7.24 (tt, J=6.90, 2.45, 2 H), 3.58 (s, 4H), 

2.74 (t, J = 5.76 Hz, 2H), 2.51 (t, J = 6.13 Hz, 2H), 1.70 (s br, 2H) ppm; HRMS (ESI-MS, 

140 eV): m/z [M+H]+ calculated for C16H21N2
+, 241.1699; found, 241.1687. 
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N1-benzyl-N1-methylheptane-1,7-diamine (17). 

Compound 17 was prepared as for compound 11 by reacting 0.238 g (1.03 mmol) of 

compound 16 with 0.059 g (1.55 mmol) of lithium aluminum hydride. Yield: 95%; 1H 

NMR (300 MHz, CDCl3) δ 7.24 - 7.19 (m, 5H), 3.41 (s, 2H), 2.62 (t, J = 7.0 Hz, 2H), 

2.28 (t, J = 8.6 Hz, 2H), 2.15 (s, 2H), 2.10 (s, 3H), 1.41 (m,4H), 1.29 – 1.19 (s, 6H) ppm; 

HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C15H27N2
+, 235.2169; found, 

235.2177. 

2-(tert-butoxycarbonyl)-1H,3H,4H,9H-pyrido[3,4-b]indole-3-carboxylic acid (18). 

2.91 g (13.33 mmol) of di-tert-butyl dicarbonate and 2.88 g (23.12 mmol) of compound 1 

were dissolved together in 50 mL of THF and 1.84 g (48.59 mmol) of sodium carbonate 

were added along with 50 mL of water. The mixture was stirred vigorously overnight. 

THF was evaporated under vacuum and the aqueous residue was acidified with 1 M HCl. 

The residue was extracted with ethyl acetate and the organic solution washed with brine, 

dried over sodium sulfate, filtered and evaporated. Yield: 73%; 1H NMR (400 MHz, 

DMSO) δ 12.72 (s, 1H), 10.87 (d, J = 18.6 Hz, 1H), 7.41 (d, J = 7.7 Hz, 1H), 7.29 (dd, J 

= 8.0, 5.0 Hz, 1H), 7.07 – 7.02 (m, 1H), 6.96 (m, 1H), 5.10 (dd, 1H), 4.72 (t, J = 16.4 Hz, 

1H), 4.39 (dd, 1H), 3.29 (dd, J = 15.6, 5.7 Hz, 1H), 2.95 (m, 1H), 1.58 – 1.35 (m, 9H); 

HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C17H21N2O4
+, 317.1496; found, 

317.1469. 

General procedure for the synthesis of amidic derivatives (19-22). As a typical procedure, 

the synthesis of tert-butyl 3-(9-(dibenzylamino)nonylcarbamoyl)-3,4-dihydro-1H-

pyrido[3,4-b]indole-2(9H)-carboxylate (19) is described in detail. 0.452 g (1.43 mmol) of 

compound 18 were mixed with 0.532 g (1.57 mmol) of diamino derivatives 11, 0.212 g 

(1.57 mmol) of HOBt and 0.301 g (1.57 mmol) of EDC in 4 mL of DMF. 0.311 g (3.07 

mmol) of triethylamine were added, and the mixture was stirred at room temperature 

overnight. After evaporating the DMF under vacuum, the residue dissolved with ethyl 

acetate and washed with 10% acid citric solution, 10 % sodium carbonate solution, water, 

brine, and dried over sodium sulfate. The solution was filtered and evaporated under 

vacuum. 

Tert-butyl-3-(9-(dibenzylamino)nonylcarbamoyl)-3,4-dihydro-1H-pyrido[3,4-b]indole-

2(9H)-carboxylate (19).  

The crude product was purified by silica gel flash-column chromatography (eluent n-

hexane/EtOAc, 8:2). Yield: 82%; 1H NMR (300 MHz, CDCl3) δ 7.89 (m, 1H), 7.50 (d, J 

= 7.4 Hz, 1H), 7.42 – 7.20 (m, 11 H), 7.16 – 7.04 (m, 2H), 5.84 (d, 14 Hz, 1H), 5.18 (d, J 
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= 55.9 Hz, 1H), 5.01 – 4.80 (m, 1H), 4.49 – 4.26 (m, 1H), 3.54 (s, 4H), 3.42 (m, 1H), 3.15 

(m, 2H), 2.99 (m, 1H), 2.37 (m, 2H), 1.43 (s, 9H), 1.14 (s, 10H) ppm; HRMS (ESI-MS, 

140 eV): m/z [M+H]+ calculated for C40H53N4O3
+, 637.4112; found, 637.4139. 

Tert-butyl-3-(5(dibenzylamino)pentylcarbamoyl)-3,4-dihydro-1H-pyrido[3,4-b]indole-

2(9H)-carboxylate (20). 

Compound 20 was prepared as for compound 19 by reacting 0.365 g (1.16 mmol) of 

compound 18 with 0.359 g (1.27 mmol) of compound 12, 0.172 g (1.27 mmol) of HOBt 

and 0.244 g (1.27 mmol) of EDC, 0.251 g (2.48 mmol) of triethylamine in 4 mL of DMF. 

After the same workup reported for compound 19, the crude product was purified by 

silica gel flash-column chromatography (eluent n-hexane/EtOAc, 6:4). Yield: 87%; 1H 

NMR (300 MHz, CDCl3) δ 7.48 (d, J = 7.5 Hz, 1H), 7.41 – 7.19 (m, 11 H), 7.09 (m, 2H), 

5.80 (s, 1H), 5.31 – 4.79 (m, 2H), 4.32 (m, 1H), 3.51 (m, 5H), 3.22 – 2.89 (m, 3H), 2.29 

(m, 2H), 1.52 (s, 9H), 1.39 – 1.21 (m, 4H), 1.08 (s, 2H) ppm; HRMS (ESI-MS, 140 eV): 

m/z [M+H]+ calculated for C36H45N4O3
+, 581.3486; found, 581.3476. 

Tert-butyl-3-(2(dibenzylamino)ethylcarbamoyl)-3,4-dihydro-1H-pyrido[3,4-b]indole-

2(9H)-carboxylate (21).  

Compound 21 was prepared as for compound 19 by reacting 0.567 g (1.79 mmol) of 

compound 18 with 0.474 g (1.97 mmol) of compound 13, 0.267 g (1.97 mmol) of HOBt 

and 0.344 g (1.97 mmol) of EDC, 0.390 g (3.86 mmol) of triethylamine in 4 mL of DMF. 

After the same workup reported for compound 19, the product was used for the next step 

without any further purification. Yield: 70%; 1H NMR (400 MHz, CDCl3) δ 7.65 (s, 1H), 

7.48 (d, J = 7.4 Hz, 1H), 7.39 – 7.33 (m, 4H), 7.32 - 7.27 (m, 6H), 7.25 – 7.17 (m, 1H), 

7.10 (dt, J = 14.9, 7.0 Hz, 2H), 6.35 (s, 1H), 5.20 (m, 1H), 5.05 – 4.80 (m, 1H), 4.34 – 

4.11 (m, 1H), 3.54 (m, 4H), 3.36 (d, J = 13.2 Hz, 1H), 3.24 (m, 2H), 2.98 (m, 1H), 2.63 – 

2.41 (m, 2H), 1.57 (s, 9H) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for 

C33H39N4O3
+, 539.3017; found, 539.3005. 

Tert-butyl-3-(7-(N-benzyl-N-methylamino)heptylcarbamoyl)-3,4-dihydro-1H-pyrido[3,4-

b]indole-2(9H)-carboxylate (22).  

Compound 22 was prepared as for compound 19 by reacting 0.282 g (0.89 mmol) of 

compound 18 with 0.230 g (0.98 mmol) of compound 17, 0.133 g (0.98 mmol) of HOBt 

and 0.188 g (0.98 mmol) of EDC, 0.194 g (1.92 mmol) of triethylamine in 4 mL of DMF. 

After the same workup reported for compound 19, the crude product was purified by 

silica gel flash-column chromatography (eluent chloroform/methanol, 93:7). Yield: 55%; 

1H NMR (300 MHz, CDCl3) δ 8.92 (s, 1H), 7.56 – 7.45 (m, 1H), 7.39 – 7.28 (m, 5H), 
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7.24 (m, 1H), 7.14 – 6.99 (m, 2H), 5.88 (s, 1H), 5.36 – 4.83 (m, 2H), 4.40 (t, J = 21.4 Hz, 

1H), 3.67 (s, 2H), 3.61 (m, 1H), 3.25 (dt, J = 13.2, 6.6 Hz, 1H), 3.12 (dt, J = 13.2, 6.3 Hz, 

1H), 2.99 (d, J = 16.8 Hz, 1H), 2.44 (m, 2H), 2.28 (s, 3H), 1.53 (s, 9H), 1.46 – 0.96 (m, 

10H) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C32H45N4O3
+, 

553.3486; found, 553.3499. 

General procedure for the synthesis of N-methylated derivatives (25-27). As a typical 

procedure, the synthesis of tert-butyl 3-(9-([dibenzyl-(methyl)-ammonio]nonyl})-3,4-

dihydro-1H-pyrido[3,4-b]indole-2(9H)-carboxylate (25) is described in detail. 0.415 g 

(0.65 mmol) of derivative 25 were mixed with 1.85 g (13.03 mmol) of methyl iodide and 

stirred for 18 h. At the end of the reaction, the remaining methyl iodide was evaporated. 

Tert-butyl-3-(9-([dibenzyl-(methyl)-ammonio]nonyl})-3,4-dihydro-1H-pyrido[3,4-

b]indole-2(9H)-carboxylate (25). 

The crude residue was purified by silica gel flash column chromatography (eluent 

EtOAc/methanol, 95:5). Yield: 77%; 1H NMR (400 MHz, CDCl3) δ 8.91 (s, 1H), 7.61 - 

7.53 (m, 4H), 7.50 – 7.39 (m, 8H), 7.06 – 6.96 (m, 2H), 6.15 (d, J = 25.5 Hz, 1H), 5.30 – 

4.72 (m, 6H), 4.46 (d, J = 16.8 Hz, 1H), 3.60 – 3.35 (m, 1H), 3.31 – 2.85 (m, 9H), 1.88 (s, 

2H), 1.63 (s, 2H), 1.51 (s, 9H), 1.41 – 1.31 (m, 2H), 1.29 – 1.06 (m, 4H) ppm; HRMS 

(ESI-MS, 140 eV): m/z [M+H]+ calculated for C41H55N4O3
+, 651.4269; found, 651.4255. 

Tert-butyl-3-(2-([dibenzyl-(methyl)-ammonio]ethyl})-3,4-dihydro-1H-pyrido[3,4-

b]indole-2(9H)-carboxylate (26).  

Compound 26 was prepared as for compound 25 by reacting 0.702 g (1.30 mmol) of 

compound 21 with 3.70 g (26 mmol) of methyl iodide. The crude residue was purified by 

silica gel flash column chromatography (eluent EtOAc/methanol, 9:1). Yield: 65%; 1H 

NMR (400 MHz, DMSO-d6) δ 11.15 (s, 1H), 10.15 (d, J = 10.6 Hz, 1H), 9.79 (d, J = 8.1 

Hz, 1H), 9.39 (t, J = 5.9 Hz, 1H), 7.71 – 7.63 (m, 4H), 7.55 (m, 6H), 7.42 (d, J = 7.9 Hz, 

1H), 7.38 (d, J = 8.1 Hz, 1H), 7.12 (t, J = 8.2 Hz, 1H), 7.06 – 7.00 (m, 1H), 4.82 (dd, J = 

12.7, 6.0 Hz, 2H), 4.60 (dd, J = 15.5, 12.8 Hz, 2H), 4.41 (m, 1H), 4.36 – 4.23 (m, 2H), 

3.86 (q, J = 6.2 Hz, 2H), 3.37 (m, 2H), 3.34 (m, 1H), 2.98 (s, 3H), 2.88 (dd, J = 15.4, 11.2 

Hz, 1H) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C34H41N4O3
+, 

553.3173; found, 553.3166. 

Tert-butyl-3-(7-(N-benzyl-N-methylamino)heptylcarbamoyl)-3,4-dihydro-1H-pyrido[3,4-

b]indole-2(9H)-carboxylate (27). 

Compound 27 was prepared as for compound 25 by reacting 0.134 g (0.253 mmol) of 

compound 22 with 0.064 g (0.451 mmol) of methyl iodide. Yield: 62%; 1H NMR (400 
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MHz, CDCl3) δ 9.63 (s, 1H), 7.61 – 7.30 (m, 7H), 7.10 – 6.93 (m, 2H), 6.37 (d, J = 35.2 

Hz, 1H), 5.39 – 4.98 (m, 2H), 4.60 - 4.38 (m, 3H), 3.44 – 3.22 (m, 3H), 2.86 (m, 4H), 

1.64 - 1.46 (m, 12H), 1.41 – 0.96 (m, 9H) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ 

calculated for C33H47N4O3
+, 547.3643; found, 547.3629. 

General procedure for the synthesis of deprotected derivatives (23, 24, 28-30). As a 

typical procedure, the synthesis of 3-({5-[dibenzyl-ammonio]pentyl}carbamoyl)-

1H,2H,3H,4H,9H-pyrido[3,4-b]indol-2-ium dichloride (23) is described in detail. In a 

round-bottomed flask, derivative 23 was dissolved in 5 mL of absolute EtOH. Gaseous 

HCl was bubbled inside the flask for 2 minutes and the mixture was stirred at room 

temperature overnight. The solvent was evaporated under vacuum and the residue was 

treated with diethyl ether. The obtained precipitate was filtered and dried to afford the 

final compound.  

3-({5-[Dibenzyl-ammonio]pentyl}carbamoyl)-1H,2H,3H,4H,9H-pyrido[3,4-b]indol-2-

ium dichloride (23).  

Yield: 92%; 1H NMR (300 MHz, DMSO) δ 11.40 (s, 1H, NH amine), 11.25 (s, 1H, NH 

pyrrole), 10.06 (d, J = 8.7 Hz, 1H, NH-2), 9.75 (d, J = 8.6 Hz, 1H, NH-2), 8.85 (t, J = 5.4 

Hz, 1H, NH amide), 7.77 - 7.64 (m, 4H, ortho-H benzylic groups), 7.50 – 7.40 (m, 7H, 

meta-, para-H benzylic groups, H-5), 7.37 (d, J = 8.0 Hz, 1H, H-8), 7.14 – 7.06 (m, 1H, 

H-7), 7.06 – 6.98 (m, 1H, H-6), 4.39 (m, 1H, H-1), 4.35 – 4.26 (m, 5H, H-1, NCH2Phe), 

4.20 (dd, J = 10.2, 6.1 Hz, 1H, H-3), 3.37 (m, 1H, H-4), 3.20 – 3.09 (m, 2H, H-3’), 2.86 

(m, 3H, H-4, H-7’), 1.88 – 1.73 (m, 2H, H-6’), 1.46 – 1.35 (m, 2H, H-4’), 1.21 (m, 2H, H-

5’) ppm; 13C NMR (75 MHz, DMSO-d6) δ 167.91, 136.24, 131.39, 130.06, 129.34, 

128.73, 126.50, 125.68, 121.67, 119.05, 117.63, 111.39, 104.63, 64.85, 55.87, 54.93, 

50.97, 38.31, 28.10, 23.52, 23.20, 22.17, 15.16 ppm; HRMS (ESI-MS, 140 eV): m/z 

[M+H]++ calculated for C31H38N4O2
++, 241.1518; found, 241.1535; RP-C18 HPLC: tR = 

12.12 min, 98.67%. 

3-({2-[Dibenzyl-ammonio]acetyl}carbamoyl)-1H,2H,3H,4H,9H-pyrido[3,4-b]indol-2-

ium dichloride (24).  

Yield: 88%; 1H NMR (400 MHz, DMSO-d6) δ 11.43 (s, 1H, NH amine), 11.18 (s, 1H, 

NH pyrrole), 9.97 (s, 1H, NH-2) 9.89 (s, 1H, NH-2), 9.20 (s, 1H, NH amide), 7.70 – 7.61 

(m, 3H, ), 7.56 – 7.18 (m, 10H), 7.15 – 7.08 (m, 1H), 7.07 – 6.99 (m, 1H), 4.53 – 4.10 (m, 

7H), 3.77 (s, 1H), 3.65 (d, J = 22.6 Hz, 2H), 3.09 (s, 2H), 2.86 – 2.78 (m, 1H) ppm; 13C 

NMR (100 MHz, DMSO-d6) δ 169.01, 136.75, 132.01, 130.03, 129.95, 129.29, 126.89, 

126.13, 122.20, 119.59, 118.15, 111.93, 105.00, 56.87, 55.50, 50.85, 40.81, 39.84, 23.32 
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ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]++ calculated for C31H38N4O2
++, 220.1283; 

found, 220.1312; RP-C18 HPLC: tR = 11.37 min, 97.6%. 

3-({9-[Dibenzyl-(methyl)-ammonio]nonyl}carbamoyl)-1H,2H,3H,4H,9H-pyrido[3,4-

b]indol-2-ium dichloride (28).  

Yield: 92 %; 1H NMR (400 MHz, DMSO-d6) δ 11.15 (s, 1H, NH pyrrole), 9.89 (s, 1H, 

NH amine), 9.71 (s, 1H, NH amine), 8.74 (t, J = 5.6 Hz, 1H, NH amide), 7.61 – 7.57 (m, 

4H, ortho-H benzylic groups), 7.53 (dd, J = 8.1, 5.9 Hz, 6H, meta-, para-H benzylic 

groups), 7.44 (d, J = 8.0 Hz, 1H, H-5), 7.37 (d, J = 8.1 Hz, 1H, H-8), 7.14 – 7.08 (m, 1H, 

H-7), 7.05 – 6.98 (m, 1H, H-8), 4.67 (d, J = 12.7 Hz, 2H, NCH2Ph), 4.51 (d, J = 12.7 Hz, 

2H, NCH2Ph), 4.42 (s, 1H, H-1), 4.30 (d, J = 14.9 Hz, 1H, H-1), 4.20 (s, 1H, H-3), 3.35 

(m, 1H, H-4), 3.19 (dd, J = 13.4, 6.5 Hz, 2H, H-3’), 3.10 – 3.04 (m, 2H, H-11’), 2.89 (d, J 

= 17.2 Hz, 4H, NCH3, H-4), 1.89 (s, 2H, H-10’), 1.49 (d, J = 6.5 Hz, 2H, H-4’), 1.31 - 

1.24 (m, 10H, H-5’, H-6’, H-7’, H-8’, H-9’) ppm; 13C NMR (101 MHz, DMSO-d6) δ 

168.27, 133.56, 130.60, 129.33, 122.11, 119.47, 118.07, 111.86, 65.53, 65.08, 65.03, 

60.40, 55.39, 40.80, 40.77, 39.11, 29.32, 29.11, 26.83, 26.35, 23.82, 23.68, 22.13 ppm; 

HRMS (ESI-MS, 140 eV): m/z [M+H]++ calculated for C36H48N4O2
++, 276.1909; found, 

276.2017; RP-C18 HPLC: tR = 14.71 min, 95.70%. 

3-({2-[Dibenzyl(methyl)ammonio]ethyl}carbamoyl)-1H,2H,3H,4H,9H-pyrido[3,4-

b]indol-2-ium dichloride (29). 

Yield: 89%; 1H NMR (400 MHz, DMSO-d6) δ 11.15 (s, 1H, NH pyrrole), 10.15 (d, J = 

9.0 Hz, 1H, NH amine), 9.79 (d, J = 7.2 Hz, 1H, NH amine), 9.39 (t, J = 5.6 Hz, 1H, NH 

amide), 7.67 (dd, J = 7.7, 1.7 Hz, 4H, ortho-H benzylic groups), 7.59 – 7.50 (m, 6H, 

meta-, para-H benzylic groups), 7.42 (d, J = 7.9 Hz, 1H, H-5), 7.38 (d, J = 8.1 Hz, 1H, H-

8), 7.14 – 7.09 (m, 1H, H-7), 7.05 – 7.00 (m, 1H, H-6), 4.82 (dd, J = 12.7, 6.0 Hz, 2H, 

NCH2Phe), 4.60 (dd, J = 15.5, 12.8 Hz, 2H, NCH2Phe), 4.42 (dd, J = 12.5, 10.7 Hz, 1H, 

H-1), 4.33 (s, 1H, H-1, H-1), 4.28 (d, J = 5.0 Hz, 1H, H-3’), 3.86 (dd, J = 12.4, 6.2 Hz, 

2H, H-3’), 3.35 (m, 2H, H-4’), 3.34 (m, 1H, H-4’), 2.98 (s, 3H, NCH3), 2.88 (dd, J = 

15.8, 11.1 Hz, 1H, H-4) ppm; 13C NMR (100 MHz, DMSO-d6) δ 169.25, 136.74, 133.77, 

130.91, 130.09, 129.51, 128.01, 126.85, 126.08, 122.27, 119.62, 118.03, 111.95, 104.91, 

65.74, 55.35, 46.73, 40.77, 39.68, 33.21, 23.52 ppm; HRMS (ESI-MS, 140 eV): m/z 

[M+H]++ calculated for C29H34N4O
++, 227.1361; found, 227.1389; RP-C18 HPLC: tR = 

10.96 min, 96.13%. 

3-({7-[Benzyl(dimethyl)ammonio]heptyl}carbamoyl)-1H,2H,3H,4H,9H-pyrido[3,4-

b]indol-2-ium dichloride (30). 
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Yield: 84%; 1H NMR (400 MHz, DMSO-d6) δ 11.11 (s, 1H, NH pyrrole), 9.82 (d, J = 8.5 

Hz, 1H, NH amine), 9.69 (d, J = 8.9 Hz, 1H, NH amine), 8.71 (t, J = 5.4 Hz, 1H, NH 

amide), 7.60 – 7.50 (m, 5H, benzylic H), 7.45 (d, J = 7.6 Hz, 1H, H-5), 7.38 (d, J = 8.1 

Hz, 1H, H-8), 7.12 (t, J = 7.6 Hz, 1H, H-7), 7.02 (t, J = 7.5 Hz, 1H, H-6), 4.54 (s, 2H, 

NCH2Ph), 4.42 (s, 1H, H-1), 4.31 (d, J = 13.1 Hz, 1H, H-1), 4.20 (td, J = 9.5, 4.1 Hz, 1H, 

H-3), 3.37 (m, 1H, H-4), 3.24 (m, 2H, H-9’), 3.20 (dd, J = 12.7, 6.4 Hz, 2H, H-3’), 2.94 

(d, J = 14.9 Hz, 6H, NCH3), 2.89 (dd, J = 14.3, 12.6 Hz, 1H, H-4), 1.87– 1.73 (m, 2H, H-

8’), 1.55 – 1.45 (m, 2H, H-4’), 1.38 – 1.22 (m, 8H, H-5’, H-6’, H-7’, H-8’) ppm; 13C 

NMR (100 MHz, DMSO-d6) δ 168.37, 136.75, 133.40, 130.74, 129.39, 128.60, 126.95, 

126.16, 122.17, 119.55, 118.19, 111.19, 105.17, 66.64, 63.96, 55.48, 49.62, 40.82, 39.16, 

29.21, 28.60, 26.50, 26.23, 23.72, 22.23 ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]++ 

calculated for C28H40N4O
++, 224.1596; found, 224.1660; RP-C18 HPLC: tR = 10.75 min, 

97.31%. 

Ethyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate (31). 

Dry gaseous HCl was bubbled into a suspension of 1 (1.100 g, 5.09 mmol) in 50 mL of 

ethanol. The temperature was kept at 0°C. The mixture cleared slowly, and then a white 

precipitate formed readily. The reaction was monitored by TLC (n-BuOH/AcOH/H2O, 

4:1:1). The crystalline product was collected, washed sparingly with ethanol, stirred into 

H2O, neutralized (NaHCO3), and extracted with CH2Cl2. The combined CH2Cl2 extracts 

were dried (Na2SO4) and evaporated to yield 1.081 g of ester derivative. Yield: 87%; 1H 

NMR (400 MHz, CDCl3) δ 7.93 (s, 1H), 7.48 (dd, J = 7.6, 1.2 Hz, 1H), 7.30 (d, J = 7.8 

Hz, 1H), 7.13 (dt, J = 20.2, 7.3 Hz, 2H), 4.26 (q, J = 7.1 Hz, 2H), 4.13 (m, 2H), 3.78 (dd, 

J = 9.7, 4.5 Hz, 1H), 3.13 (dd, J = 15.5, 4.3 Hz, 1H), 2.89 (dd, J = 15.3, 9.5 Hz, 1H), 2.17 

(s, 1H), 1.32 (t, J = 7.1 Hz, 3H) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated 

for C14H17N2O2
+, 245.1285; found, 245.1267. 

Ethyl 9H-pyrido[3,4-b]indole-3-carboxylate (32). 

Into a round-bottomed flask, compound 31 (1.000 g, 4.09 mmol) and toluene (30 mL) 

were mixed. The solution was heated to reflux, at which time MnO2 (1.00 g) was added to 

the flask. Additional quantities of MnO2 were added until analysis by TLC (eluent 

EtOAc) indicated the absence of starting material. The hot solution was filtered through a 

Celite pad to remove the MnO2 and the filter cake was washed with toluene. The organic 

layers were cooled to room temperature and the formed precipitate collected by vacuum 

filtration. Yield: 65%; 1H NMR (400 MHz, CDCl3) δ 10.28 (s, 1H), 9.15 (s, 1H), 8.90 (s, 

1H), 8.21 (d, J = 7.9 Hz, 1H), 7.71 (d, J = 8.3 Hz, 1H), 7.61 (ddd, J = 8.3, 7.1, 1.2 Hz, 
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1H), 7.36 (ddd, J = 8.0, 7.1, 0.9 Hz, 1H), 4.55 (q, J = 7.1 Hz, 2H), 1.47 (t, J = 7.1 Hz, 3H) 

ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C14H13N2O2
+, 241.0972; 

found, 241.0988. 

9H-Pyrido[3,4-b]indole-3-carboxylic acid (33). 

A mixture of compound 32 (0.500 g, 2.08 mmol), NaOH (0.333 g, 200 mmol), EtOH (25 

mL), and H2O (25 mL) was refluxed for 30 min, and then EtOH was removed on the 

rotary evaporator. The mixture was neutralized (pH 5) with HCl 6 M and cooled to room 

temperature. The precipitate was collected, washed with H2O and MeOH, and dried in 

vacuo. Yield: 94%; 1H NMR (400 MHz, DMSO-d6) δ 13.39 (s, 1H), 9.32 (s, 1H), 9.20 (d, 

J = 0.7 Hz, 1H), 8.64 (d, J = 7.7 Hz, 1H), 7.86 (dt, J = 8.4, 1.0 Hz, 1H), 7.79 (ddd, J = 

8.3, 7.0, 1.2 Hz, 1H), 7.47 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H) ppm; HRMS (ESI-MS, 140 eV): 

m/z [M+H]+ calculated for C12H9N2O2
+, 213.0659; found, 213.0632. 

N,N-Dioctyl-9H-pyrido[3,4-b]indole-3-carboxamide (34). 

Compound 34 was prepared by reacting 0.350 g (1.65 mmol) of compound 33 with 0.438 

g (1.81 mmol) of commercial di-N-octylamine, 0.245 g (1.81 mmol) of HOBt and 0.348 g 

(1.81 mmol) of EDC, 0.550 g (5.44 mmol) of triethylamine in 4 mL of DMF. The mixture 

was stirred overnight. After evaporating the DMF under vacuum, the residue was 

dissolved in ethyl acetate and washed with 10% acid citric solution, 10 % sodium 

carbonate solution, water, brine, and dried over sodium sulphate. The solution was 

filtered and evaporated under vacuum. Yield: 64%; 1H NMR (400 MHz, CDCl3) δ 11.77 

(s, 1H, NH pyrrole), 8.82 (d, J = 1.1 Hz, 1H), 8.33 (s, 1H), 8.30 (d, J = 7.9 Hz, 1H), 7.62 

(d, J = 8.2 Hz, 1H), 7.56 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H), 7.28 – 7.21 (m, 1H), 3.40 (dt, J = 

20.4, 7.7 Hz, 4H), 1.66 – 1.57 (m, 2H), 1.49 (t, J = 7.4 Hz, 2H), 1.37 – 1.16 (m, 12H), 

1.03 – 0.95 (m, 8H), 0.89 – 0.84 (m, 3H, CH3), 0.69 (t, J = 6.9 Hz, 3H, CH3) ppm; 13C 

NMR (100 MHz, CDCl3) δ 170.32, 144.04, 141.23, 136.01, 131.96, 129.17, 128.69, 

121.72, 121.33, 120.18, 114.71, 112.08, 49.17, 46.20, 31.83, 31.68, 29.43, 29.23, 29.09, 

28.80, 27.71, 27.23, 26.62, 22.54, 14.08 ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ 

calculated for C28H42N3O
+, 436.3322; found, 436.3355; RP-C18 HPLC: tR = 18.59 min, 

99.02%. 
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