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Abstract 
During my PhD project I have been involved in different studies concerning the 

investigation of different ways to fight infective agents. 

In particular the main focus has been the development of inhibitors against the main 

protease of SARS-CoV-2, in fact, a library of peptide-based inhibitors has been 

developed, with the aim to accomplish a SAR study that could allow the further 

development of new antiviral agents with the potential to inhibit the replication not 

only of SARS-CoV-2 but also of other coronaviruses that have the potential to 

spillover, or similar viral entities such as enteroviruses. The library of compounds 

includes 25 new Mpro inhibitors which have been designed, synthesized and their 

inhibitory activity against the main protease of SARS-CoV-2 has been assessed, 

giving promising outputs. Moreover the most active compounds have been tested in 

infected VERO E6 cell line. 

A further exploration that has been pursued in the context of SARS-CoV-2 Mpro 

inhibition has been the study of a small library of fragments, in order to further expand 

the knowledge of the active site pocket and explore new accessible scaffolds for the 

design of small molecule inhibitors against the main protease of SARS-CoV-2. The 

development of this limited library of compounds is still in progress as well as the 

biological evaluation of the first compounds that have been synthesized. 

The second project in which I have been involved during this PhD project has been 

the repurposing of in house HDACi with a preventive effect against SARS-CoV-2 

infection, based on the knowledge of the entry mechanism of SARS-CoV-2 into the 

host cells, which is achieved through the binding of the viral particles to the host 

receptor ACE2, whose expression has been correlated with HDAC modulation. For 

this reason two selective HDACi developed by the research group have been 

repurposed for their biological evaluation in terms of prophylactic activity of these 

compounds towards ACE2-mediated entry coronaviruses. The compounds have 

thus been synthesized and the biological evaluation is ongoing. 

A further study that has been carried out during this PhD project has been the 

development of monkeypox VP37 inhibitors. In particular, taking inspiration from the 

approved anti-viral agent tecovirimat, which is an inhibitor of the VP37 protein of 

monkeypox, a SAR study has been carried out, exploring different moieties for the 

cap group that interacts with the external surface of the active site and of the linker 

unit of these compounds. The compounds that have been synthesized so far have 

been evaluated from a biological point of view, for their inhibitory potency in infected 

cells, affording promising results, 

Finally, among the infective agents with high morbidity and mortality note to mention 

surely are the Pseudomonas aeruginosa acute and chronic infections in patients 
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affected by cystic fibrosis. During this project, which has been recently published, a 

family of modulators of the virulence factors within the biofilm of Pa has been 

developed and the evaluation of the inhibition of the biofilm, and the modulation of 

pyoverdine and pyocyanin has been assessed with promising results, confirming the 

efficacy of these compounds. 
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CHAPTER 1 – INTRODUCTION 

1.1 – Emerging and re-emerging infective agents 
In the past, diseases like tuberculosis, polio, smallpox, and diphtheria were 

widespread and led to significant illness and death. Over the last decades, however, 

advancements in medicine, improved access to healthcare, and better sanitation 

have significantly decreased death and illness from these infective pathogens, 

especially those causing respiratory and diarrheal illnesses, as also confirmed by 

the fast development of vaccines for the last pandemic COVID-19 1–5. Despite these 

advancements, infectious diseases continue to pose a major challenge in low- and 

middle-income countries, in which high rates of morbidity and mortality associated 

to neglected tropical diseases, HIV, tuberculosis, and malaria still persist. 

Furthermore, the 21st century has seen a consistent threat from new and re-

emerging microbial infections.  The beginning of a new era has defined, 

characterized not only by frequent outbreaks of infective agents, but also an 

escalating growth in bacterial resistance that is leading to high rates of resistant 

strains such as the ESKAPE pathogens. This growing threat is facilitated by global 

traveling, climate change, and an increasing interaction between humans and animal 

reservoirs, as seen with HIV, the 1918 influenza, MERS-CoV, and SARS-CoV-2, 

West Nile Virus, protozoan neglected diseases such as leishmaniasis 6–8. 

The risk of a novel pathogen threatening human health involves several factors, 

firstly there has to be an initial contact with the animal host, then the pathogen must 

allow for human-to-human transmission, and its potential for geographical spread 

must have evolved. Changes in human behavior, such as encroachment into new 

areas, population growth, agricultural development also in wild-life inhabited 

territories, wild-life farming, as well as natural habitats destruction, have increased 

the human-wildlife contact, raising the risk of disease spillover 9,10. This is 

exemplified by the Nipah virus outbreak among pig farmers in Malaysia in 1999 

identified in numerous species of flying foxes of the family of bats and infections from 

Pseudomonas spp. among poultry workers 11. In addition to this, changes in human 

demographics, and sanitary laws such as the discontinuation of smallpox 
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vaccinations due to the elimination of this virus, have also influenced disease 

dynamics, potentially facilitating the spread of dormient diseases like monkeypox. 

Furthermore, the global landscape is shifting in ways that could allow existing 

pathogens to develop new traits and spread more widely, exemplified by the 

worldwide emergence of drug-resistant pathogens and rapid urbanization in 

developing countries that create fertile ground for the emergence of infectious 

diseases. Urban areas, in particular, have become hotspots for arboviral diseases 

transmitted by mosquitoes such as Aedes aegypti and Aedes albopictus mosquitoes 

that are well adapted to urban areas, causing insurgence of Dengue, Zika, and 

Chikungunya viruses, which thrive in densely populated and poor environments 12,13. 

In the last years, the World Health Organization (WHO) has highlighted several viral 

diseases as major global concerns, including MERS, SARS, Ebola, Zika, and 

Dengue viruses, as well as the infamous disease X. Disease X symbolizes the 

potential of a global epidemic which could originate from either an unrecognized 

human infectious pathogen or a known pathogen that has evolved to become more 

contagious or virulent. This concept was created in order to highlight the possibility 

of new emerging or re-emerging infectious diseases and establish a new concept of 

awareness and preparedness which has brought to light the protocols from the R&D 

Blueprint 14–16. 

1.2 – Old and new antimicrobial agents, overview and timeline  
In the realm of antiviral medications approved by the Food and Drugs Administration 

(FDA) and European Medicines Agency (EMA), the majority can be considered small 

molecules utilized for a range of clinical applications, but also “large” molecules have 

received approval as antiviral agents which comprehend proteins such as interferons 

and monoclonal antibodies, peptides and oligonucleotides. These antimicrobial 

agents comprehend drugs focused on the inhibition of viral cellular processes, and 

drugs that target mechanisms within the host cells, to be used in combination 

therapies or as single-agents, the most historically significant have been included in 

the timeline of Figure 1 17. 



13 
 

Figure 1 also discloses the parallel timeline of significant antibiotic discoveries, 

tracing the trajectory from the beginning of the modern “antibiotic era”, raised with 

pioneers such as Paul Ehrlich and Alexander Fleming, to the most recent 

antibacterial agents which have gained approval by both FDA and EMA. This 

timeline highlights drugs that have been milestones in the advancement of 

antimicrobial treatments, showcasing a range of drug classes with distinct modes of 

action and tailored uses. This diversity underscores the continuous struggle against 

bacterial infections and the challenge posed by the evolution of drug-resistant strains 

18–21. 
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Figure 1: Most important antimicrobial agents that have marked a deep impact in the treatment and management 
of microbial infections, introducing novel mechanisms of action, or which have paved the way for further 
developments in antimicrobial therapy. 



15 
 

1.3 – Strategies to fight infective agents 
There is no general procedure that can effectively prevent or control microbial 

infections, despite the time-consuming process of developing various therapeutic 

strategies such as vaccinations, immunotherapy, and chemotherapy, alone or in 

combination 22–25. This largely stems from the unique characteristics and complex 

interactions that each pathogen, whether it is a virus, bacterium, fungus, or 

protozoan, shares with its host. The effectiveness of the currently available 

prevention and treatment therapies notably presents limitations, partly due to the 

ability for mutation and evolution in both viral and cellular pathogens, challenging the 

efficacy of existing control measures. 

1.3.1 – New anti-viral strategies 

Among the classical antiviral strategies pursued by medicinal chemists to fight viral 

infections, single or combination therapies and split treatments which target viral 

proteins, host-target therapies and immunotherapies can be found. Monotherapies 

can be either divided into inhibitors targeting viral proteins, which are the main topic 

of this PhD thesis, or inhibitors targeting host-cell components involved in the viral 

life-cycle or replication. Combination therapies work through the association of two 

or more drugs; the general advantage of this type of therapy lies in its ability to 

counteract the rapid evolution and adaptability of viruses, identified as quasispecies 

dynamics 26,27, and there are many clinical evidences of the success of this type of 

therapy 28. Another strategy involves the application of the split treatment, which 

consists in the administration of the therapy into two steps: an induction step and a 

maintenance step, still for the fast mutation of viruses, allowing to limit the induction 

of resistant viral strains 29. Another therapeutic approach able to decrease the 

chance of resistance selection consists in targeting cellular functions which are 

pivotal for viral replication, thus avoiding variations in the viral response to the 

therapy and reducing the likelihood of resistance development. However this kind of 

strategy has two side-effects which include possible toxic effects derived from the 

suppression or alteration of host cellular activities, and the selection of viral mutants 

that are insensitive to the presence of such inhibitor. Bypassing the common antiviral 
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approaches we can find antiviral strategies that stimulate the host immune system, 

for example through the use of antibodies or vaccinations. But also a combination of 

immunotherapy and chemotherapy is possible, this concept has been initially 

proposed as a strategy for the control of influenza viruses in 1985 25,30,31. 

1.3.2 – New anti-bacterial strategies 

In addition to the need for new antiviral agents, the search for new antibacterial 

strategies is of the utmost importance as well, as increasing antibiotic resistance 

poses a significant public health challenge in the 21st century. In fact, it's estimated 

that by 2050, deaths due to antimicrobial resistance could escalate to 10 million 

annually worldwide. In addition to this the proliferation of major multidrug-resistant 

(MDR) opportunistic microorganisms, particularly those belonging to the ESKAPE 

group, underscores this issue. Given that very few novel classes of antibacterial 

agents have been discovered, the focus has shifted towards innovative approaches 

to combat bacterial infections. Among these the previously mentioned approach 

targeting bacterial targets has been amply explored with the approval and the use of 

many exponents of the penicillin and cephalosporin classes. However, as resistance 

grows, alternative methods are gaining attention. One such promising method is the 

use of phages and endolysins, either alone or alongside conventional antibiotics, to 

target bacterial infections effectively 32,33. Immunological strategies, including 

vaccinations and immunomodulators, also represent a pivotal frontline defense 

against MDR pathogens, eliminating the recurrent need for antibiotics. Moreover 

vaccines have the added benefit of reducing antimicrobial resistance spread by 

decreasing both the necessity for antimicrobial treatments and the overall incidence 

of infections. Finally targeting specific virulence factors, for example targeting the 

PQS (Pseudomonas quorum sensing) system in Pseudomonas aeruginosa, or 

disrupting secretion systems and toxins can lead to novel anti-infective therapies 34. 

Additionally, the exploration of bacterial small regulatory RNAs, which play critical 

roles in virulence onset, biofilm formation, and antibiotic resistance, presents another 

innovative strategy. Important to mention, are also the clinical and developmental 

use of antimicrobial resistance inhibitors, such as β-lactamase and efflux pump 
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inhibitors, which highlights the ongoing efforts to enhance the effectiveness of 

existing therapies 35–41.  
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CHAPTER 2 – Design and synthesis of  new inhibitors of  the main protease 

of  SARS-CoV-2 

 
Table of  content 

Over the past decades, three significant coronavirus outbreaks, all traced back to 

animal origins, have underscored the urgent need for effective antiviral agents 

Notably, SARS-CoV-2 has caused a global health and economic crisis, leading 

researchers to quickly repurpose FDA-approved drugs as an initial response to the 

pandemic. Concurrently, the necessity to identify new drug targets became evident, 

driving efforts to design and synthesize novel antiviral agents. Among the most 

promising targets, the Main protease of SARS-CoV-2 (Mpro) has been recognized as 

a crucial enzyme, pivotal for protein maturation and viral replication. Furthermore, its 

conservation across other coronaviruses, along with its high amino acidic sequence 

homology with other zoonotic coronaviruses, makes its inhibition a viable strategy 

for developing broad-spectrum inhibitors to prevent future spillovers. During this 

project a new series of peptidomimetic Mpro covalent inhibitors has been designed 

and synthesized, investigating various warheads, including aldehyde, nitrile, and the 

less commonly used cyanohydrin, the backbone of these inhibitors has been 

extensively varied as well, incorporating different natural and unnatural amino acids. 

These compounds have been tested on isolate enzyme and in cell-based assays to 

confirm their inhibitory potency and selectivity towards Mpro, and the most promising 

showed encouraging activity in micromolar range in infected Vero E6 cells. The 

binding mode of these peptide-based compounds into the active site of Mpro has also 
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been confirmed through the solved co-crystal structure of one of the tested 

compounds with the enzyme. These results set the stage for further development of 

new pan-antiviral inhibitors. 
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2.1 – Introduction to coronavirus infections 
Coronaviruses are a highly diverse family of single-stranded, positive-sense RNA 

viruses with an enveloped structure 42. These pathogens are recognized to cause 

respiratory and gastrointestinal diseases in both humans and animals, ranging from 

the common cold to more severe conditions such as deadly bronchial pneumonia. 

These pathogens affect a diverse array of hosts, spanning from humans, to multiple 

mammal species comprising birds and family pets, thus presenting considerable 

challenges to public health, animal healthcare, and economic stability 43. 

Coronaviruses, classified within the Nidovirales order and the Coronavirineae 

suborder, are part of the Coronaviridae family. In particular, included within the 

Orthocoronavirinae subfamily, coronaviruses are divided into four principal groups: 

α-coronavirus, β-coronavirus, γ-coronavirus, and δ-coronavirus. α-Coronaviruses 

and β-coronaviruses are known to mainly infect mammals, whereas γ-coronaviruses 

and δ-coronaviruses may affect a wider range of hosts, including avian species 44. 

Until December 2019, only six coronaviruses were known to have the potential to 

infect humans; these included two α-coronaviruses, specifically HCoV-229E and 

HCoV-NL63, and four β-coronaviruses, namely HCoV-OC43, HCoV-HKU1, SARS-

CoV, and MERS-CoV.  

SARS-CoV has marked the first significant coronavirus outbreak, which has 

occurred between 2002 and 2003, attracting the attention worldwide. This epidemic 

has caused 8,096 infected individuals, leading to 774 deaths with a mortality rate of 

approximately 9% 45. Ten years later, in 2012, a new coronavirus epidemic has 

emerged, with the infective agent being identified as MERS-CoV due to the primary 

geographical localization of reported cases. During this second epidemic outbreak 

the number of reported cases progressed slowly but relentlessly, and in fact many 

cases were still reported in November 2019, with a total of 2,494 documented cases 

and 858 deaths, resulting in a mortality rate of 35% 46. As a matter of fact, in 

November 2019 another coronavirus with the capability of infecting humans, the 

predicted pathogen X (later identified as SARS-CoV-2), has been the causative 

agent for COVID-19 pathology. By July 2020 the global tally had escalated to 
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13,150,645 confirmed infections and 574,464 deaths, highlighting the critical need 

for effective antiviral agents 47–49.  

In particular, SARS-CoV-2 pandemic has been characterized by the sequential 

appearance of different variants 50, which arise from the swift evolutionary pace that 

coronaviruses are characterized by, similarly to other RNA viruses, with changes and 

mutations occurring over a limited timeframe of months or years, often aligning with 

their infectivity and ecological dynamics. This evolution is both observable and 

quantifiable, by tracking down transmission events and changes in environmental 

factors, including variations in the population of infected individuals, immunity 

profiles, and human mobility 51. In comparison to other viruses, coronaviruses 

present an exceptionally large RNA genome, which is framed by untranslated 

regions at both 5′ and 3′ ends, which harbor cis-acting secondary RNA structures 

crucial for the synthesis of RNA. At the 5′ end of the genomic sequence, two 

extensive open reading frames (ORFs), that group about two-thirds of the genome, 

can be identified. These ORFs are both capped and polyadenylated and are 

responsible for the translation of two large polyproteins, pp1a and pp1ab. 

Specifically, ORF1a and ORF1b encode for the 16 non-structural proteins (nsp), 15 

of which compose the viral replication and transcription complex (RTC) 52. This 

complex includes a variety of RNA-processing and modifying enzymes, along with 

an RNA proofreading mechanism that is essential for preserving the integrity of the 

coronavirus genome. The remaining part of the genome, located at the 3′ end of the 

sequence, is devoted to the encoding of structural and accessory proteins, leading 

to the creation of a nested set of subgenomic mRNAs (sg-mRNAs). The accessory 

proteins of the coronavirus are highly variable showing minimal conservation even 

within the same species, and are thought to mainly play a role in modifying the host's 

response to the infection, thus they can be considered the key factors in determining 

the virus's pathogenicity. Nevertheless, the molecular function of many accessory 

proteins remains largely unknown owing to the lack of homologies in other 

coronaviruses or to other known proteins 44,53,54. 
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2.1.1 – Pandemic and infectivity  

2.1.1.1 – Infection onset 
For decades, coronaviruses like HCoV-229E and HCoV-OC43 have been 

recognized for their presence among humans, and as anticipated before they 

primarily caused mild, seasonal respiratory ailments, and this pattern was echoed 

with the later identification of HCoV-NL63 and HCoV-HKU1. In strong contrast with 

these, has been the emergence of SARS-CoV, MERS-CoV, and SARS-CoV-2 in the 

last twenty years, which have demonstrated a significant pathogenic potential. 

Genetic analysis of these three coronaviruses highlights that SARS-CoV-2 and 

SARS-CoV share approximately 79% of their genomic sequences, hinting at a 

potential shared ancestry. Despite this genetic similarities, SARS-CoV-2 has 

distinguished from the previous strains for its enhanced transmissibility and a more 

prolific development of variants compared to its predecessor SARS-CoV 55.  

These viruses spread by infecting epithelial cells and pneumocytes in the human 

respiratory system, including bronchi, lungs, and the upper respiratory tract, though 

these infections can escalate into critical respiratory conditions, lung and enteric tract 

damage that pose a high risk to life 56. 

Coronavirus infection begins when the virus's spike (S) protein attaches to specific 

receptors on the surface receptors of host cells, which vary among different 

coronaviruses. These receptors include human aminopeptidase N (APN) for HCoV-

229E 57, angiotensin-converting enzyme 2 (ACE2) for HCoV-NL63, SARS-CoV, and 

SARS-CoV-2 58,59, and dipeptidyl peptidase 4 (DPP4) for MERS-CoV 60. The 

presence and distribution of these receptors in various tissues plays a critical role in 

determining the virus's ability to infect different parts of the body and its overall 

potential to cause disease. 

Right after the binding, the virus and the cell membranes merge, initiating the entry 

phase of the virus into the cell through endocytosis, as described in Figure 2. This 

process leads to the release of the virus's RNA into the cytoplasm of the host cell, 

which triggers a detailed and tightly controlled viral gene expression process where 

it is translated into viral proteins 44,61,62. 
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Figure 2: Different steps of coronavirus life cycle, and inhibitors which come in play in the various replication 

phases 63 

The replication process starts with the genomic RNA translation of ORF1a and 

ORF1b, leading to the creation of the two large polyproteins, pp1a and pp1ab. These 

polyproteins are then cleaved into the sixteen non-structural proteins (nsp) through 

both co-translational and post-translational processes, by the action of the two 

cysteine proteases, namely nsp3 (papain-like protease or PLpro) and nsp5 

(chymotrypsin-like protease CLpro, so-called due to its resemblance to the 

picornavirus 3C protease or Main protease Mpro). The genes for the virus's structural 
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components, including the S protein, envelope (E) protein, membrane (M) protein, 

and nucleocapsid (N) protein, are located in the initial 3’ part of the coronavirus 

genome, with additional genes for accessory proteins interspersed among them. 

While the specific functions of the structural proteins in virus assembly and release 

are still under investigation, typically these proteins are involved in the formation and 

release of new viral particles through the ER-to-Golgi intermediate compartment, 

allowing the exit from the host cell via exocytosis. 

Nsp1's rapid proteolytic release is critical, as it enables the targeting of the host cell 

translation machinery. Nsp2-16 are crucial for the formation of the viral replication-

transcription complex (RTC) and for this reason target host cell components within 

specific subcellular locations, that are pivotal in directing the replication process. 

Nsp2 to nsp11 play supportive roles that help maintain the RTC by altering 

intracellular membranes, evading the immune response, and supplying necessary 

cofactors for viral replication. Meanwhile, nsp12 to nsp16 are responsible for the 

virus's key enzymatic activities related to RNA replication, proofreading, and 

modification 64. The nsp12 protein, acting as an RNA-dependent RNA polymerase 

(RdRP) alongside its two cofactors nsp7 and nsp8, drives RNA synthesis, while 

nsp14 adds a level of fidelity to this process with its 3′–5′ exonuclease activity, 

enabling RNA proofreading. The virus's mechanism for capping RNA, which is only 

partially understood, involves nsp10 as a cofactor, nsp13 with its RNA 5′-

triphosphatase activity, and nsp14 and nsp16 for N7-methyltransferase and 2′-O-

methyltransferase activities, respectively 65. 

The viral RTC's formation is a cornerstone of replication, making it a key target for 

antiviral strategies, but also the Mpro, which plays a critical role in nps release, is a 

particularly promising target since it presents highly specific amino acidic recognition 

sequence, and compounds that structurally mimic those cleavage sites can 

specifically target the viral protease with little or no impact on host cellular proteases 

44. 
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2.1.1.2 – Pathogenicity 
The initial outbreak of a coronavirus epidemic was traced back to Guangdong 

province, China, in November 2002, with the SARS-CoV virus responsible for the 

outbreak, which was eventually contained by July 2003. The primary mode of SARS-

CoV transmission was direct physical contact with individuals infected by the virus 

or through exposure to surfaces (fomites) contaminated with viral particles, including 

droplets and aerosols emitted by infected persons. This virus targets the epithelial 

cells of the airways, potentially leading to severe pneumonia known as SARS. 

Typical symptoms of the infection include fever, dyspnea, and lymphopenia, with 

some patients also experiencing diarrhea and other gastrointestinal issues, which 

may be caused by an active viral replication in the intestines and the possibility of 

fecal-oral transmission routes. Additionally, patients often exhibited prolonged 

clotting times and increased liver enzyme levels. The virus also infects macrophages 

and dendritic cells, causing them to release pro-inflammatory cytokines and 

chemokines, crucial in the progression of the disease66. However, the detailed 

mechanisms driving the pulmonary complications and disease severity have not 

been fully understood yet. Following the 2002–2003 SARS-CoV epidemic, another 

coronavirus, MERS-CoV, emerged in Jeddah, Saudi Arabia, in 2012, causing lower 

respiratory system infections almost identical to those seen with SARS-CoV and with 

an infectivity comparable to the previous coronavirus infection reported. Also the 

symptoms closely mirror those of SARS-CoV, with severe cases advancing to acute 

respiratory distress syndrome, septic shock, failure of multiple organs, and ultimately 

death. MERS-CoV activates the innate immune response through the interferon I 

pathway but employs viral proteins to inhibit the IFN and NF-κB signaling pathways, 

thereby hindering the immune response, thus enhancing viral replication, and 

increasing the disease's severity. 

In December 2019, the novel coronavirus outbreak led to severe pneumonia cases, 

marking the start of the 21st century's second pandemic, following the swine flu 

pandemic caused by the Influenza A (H1N1) virus in 2009. 
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Figure 3: Diffusion maps of SARS-CoV, MERS-CoV and SARS-CoV-267 
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SARS-CoV-2 spreads primarily through respiratory droplets between people and by 

touching surfaces contaminated with the virus, similarly to its predecessors, SARS-

CoV and MERS-CoV 61. Like the earlier coronaviruses, it can trigger a severe 

immune response known as "Cytokine Storm Syndrome," characterized by elevated 

levels of IL-6, MCP-1, VEGF, IL-8, and other analytes, which can lead to pulmonary 

dysfunction and hypotension 49,68. Despite the significant health crises sparked by 

SARS-CoV and MERS-CoV, and the current global challenge posed by SARS-CoV-

2, strategies to manage coronavirus infections are still in development, hinging on a 

more comprehensive understanding of the virus's genetic behavior and interactions 

with human cells.  

Although SARS-CoV and SARS-CoV-2 share similarities in how they enter cells, 

they differ in their replication efficiency and spread, as visible by the diffusion maps 

reported in Figure 3. SARS-CoV mainly infects the lower respiratory tract, such as 

pneumocytes and lung macrophages, where its entry receptor, ACE2, is highly 

expressed, leading to more severe respiratory symptoms and somewhat contained 

spread. In contrast, SARS-CoV-2 has a broader replication scope, including the 

upper respiratory tract, facilitating its efficient transmission. This variation in cell 

tropism and replication rates between the two viruses may stem from differences in 

the binding affinities between the spike protein and ACE2 receptor. Other factors, 

including cellular glycans, integrins, and neuropilin 1, could also influence the 

phenotypic effects, the distinct behaviors and effects of SARS-CoV compared to 

SARS-CoV-2 69,70. 

2.1.2 – Zoonoses 

The definition of zoonotic diseases includes all those infectious pathologies that 

naturally transfer from vertebrate animals to human and vice versa, as defined by 

the World Health Organization in 1951 71. Transmission from an infected animal host 

to humans can occur through direct contact, indirect contact via vectors, whether 

they are mechanical or biological, or through contaminated inanimate objects. Often, 

the lifecycle of these diseases may involve multiple vertebrate hosts, sometimes 

including invertebrates, to complete their infectious cycle. Historically, wildlife has 



29 
 

been a significant reservoir for infectious diseases that humans can contract, and 

nowadays, zoonotic diseases originating from wildlife represent one of the most 

significant challenges to public health globally 72. The consciousness of the 

importance of wildlife-associated zoonoses is growing, highlighting the urgent need 

for increased research and attention in this area and while the exact number of 

zoonotic diseases is not definitively known, it is estimated that out of the 1,415 

pathogens known to affect humans, approximately 62% have a zoonotic origin 73. 

As aforementioned, a wide array of pathogens, ranging from viruses, bacteria, 

parasites, to fungi, are responsible for zoonoses. It is estimated that around 80% of 

all viruses, 50% of bacteria, 40% of fungi, 70% of protozoa, and 95% of helminths 

that infect humans have zoonotic origins. 

The pathways for zoonotic disease transmission varies and can include both direct 

and indirect interactions with animals or their environments. Among the transmission 

modalities, consuming contaminated or improperly prepared animal products, such 

as milk, meat, eggs, and even raw products contaminated with animal waste, can 

lead to zoonoses 74–76. Direct exposure to the bodily fluids of infected animals, 

including pets, or injuries like scratches or bites, as seen with rabies, are also 

common transmission routes. Additionally, indirect exposure through contact with 

animal habitats, contaminated objects, or bites from insect vectors like ticks and 

mosquitoes can result in infection. Certain zoonotic diseases require an intermediate 

host for transmission to humans, examples comprehend plague, Lyme disease, and 

West Nile virus infection, which may be transmitted via fleas, ticks, and mosquitoes, 

respectively 77–79. Leisure activities that involve close contact with nature, such as 

camping, hiking, visiting zoos and farms, and various water sports, can also lead to 

an increase in the risk of coming into contact with zoonotic pathogens. An emerging 

concern in public health is the rise of antimicrobial resistance among zoonotic 

pathogens, complicating the treatment and control of these diseases. 

The 'One Health' approach emphasizes the need for collaboration among 

veterinarians, medical researchers, policy makers, and public health experts to 

effectively address and manage emerging zoonotic diseases. This interdisciplinary 



30 
 

strategy is pivotal for controlling diseases transmitted by various pathogens, 

including arthropods, bacteria, helminths, protozoans, and viruses, which can lead 

to severe and sometimes fatal conditions in animals. Additionally, the zoonotic 

potential of these diseases poses significant risks to human health, underscoring the 

importance of a unified response 80–84.  

The variety of animal species serving as reservoirs for pathogens that cause 

zoonotic diseases is notably vast, and research into outbreaks of zoonotic diseases 

has occasionally uncovered unanticipated new animal sources of infection for 

humans, ranging from wild to domesticated species. Beyond the pathogens that 

humans share with invertebrates, which act as vectors or intermediate hosts in the 

transmission of diseases, mammals are the predominant reservoirs for zoonotic 

pathogens, accounting for approximately 80% of known cases, followed by avian 

species. Within mammals, the highest number of shared pathogens occurs primarily 

with artiodactyls, animals often found in close proximity to humans, and only 

secondarily with rodents, carnivores, and primates. 

Recent papers have underscored the camel's role in zoonotic transmission, 

identifying 19 diseases transmitted by this animal in Iran 85–87, a country where camel 

breeding is prevalent, and there is significant interaction between camels and 

humans through farming, as well as the consumption of camel meat and milk. Among 

the reported zoonotic pathogens are the plague, Q fever, campylobacteriosis, 

tuberculosis, salmonellosis, rabies, MERS, and toxoplasmosis. 

Additionally, birds have been identified as primary carriers of the influenza A virus 88, 

while pigs, which are susceptible to both avian and mammalian strains of influenza, 

serve as intermediaries in the viral transmission, allowing for the recombination of 

these viruses. This process, known as reassortment, leads to the creation of mutant 

influenza strains that have the pathogenic potential in humans. Wild migratory birds 

also play a recognized role in spreading zoonotic diseases, either as direct carriers 

or by transporting infected arthropod vectors, such as in the case of the West Nile 

virus's introduction to the USA 89. In addition to these zoonotic intermediates, the 

rising incidents of zoonotic diseases originating from wildlife, particularly bats, 
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highlights a global issue 90. The practice of wildlife farming and trading exacerbates 

the risk of cross-species virus transmission by placing different species under 

stressful, cramped conditions; additionally, human activities such as hunting and 

guano mining increases direct exposure to bat-borne pathogens. These interactions 

are part of a broader trend of human invasion of wildlife habitats, driven by population 

growth and escalating demand for natural resources. Bats, belonging to the second 

most diverse mammalian order with over 1,400 species, harbor a wide variety of 

coronaviruses, to date, more than 4,800 coronavirus sequences have been identified 

in bats, representing over 30% of all bat viruses sequenced. Given that only 543 out 

of approximately 1,435 bat species have been studied for coronavirus presence, the 

actual diversity of bat coronaviruses is likely much higher. For this reason bats are 

huge reservoirs for the betacoronavirus lineage, from which several significant public 

health threats have emerged 91,92. 

2.1.2.1 – SARS-CoV-2 as zoonotic pathogen 
Since the initial identification of a coronavirus in chickens in the 1930s and the 

uncovering of the first coronaviruses known to infect humans, HCoV-229E and 

HCoV-OC43, in the 1960s, significant progress has been made in the field of 

coronavirus research 93. The understanding of how coronaviruses replicate and their 

pathogenicity and infectivity has expanded rapidly, especially following the first 

outbreak of SARS-CoV in 2002 and MERS-CoV in 2012, highlighting their potential 

as zoonotic agents with serious implications for human health 44. However, the 

origins of SARS-CoV-2 and the specifics of how it was transmitted to humans still 

remain unclear, despite extensive phylogenetic analysis have been carried out 94. 

Since its discovery, extensive research has focused on various animal species to 

determine potential reservoirs or intermediary hosts for this virus, particularly 

exploring a wide array of insect-eating bats within the Rhinolophus genus. Notably, 

SARS-CoV-2-related viruses have been identified in different Rhinolophus species 

across multiple regions, including R. shameli in Cambodia (2010), R. pusillus and R. 

malayanus in China (2020 and 2019, respectively), R. acuminatus in Thailand 

(2020), and R. cornutus in Japan (2013). However, the bat-borne genome presenting 
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the highest similarity to that of SARS-CoV-2 is from R. affinis, known as RaTG13 

(China, 2013), which shares 96.1% of its genomic sequence with SARS-CoV-2. 

Since the first transmission of SARS-CoV-2 to humans, it has undergone various 

mutations and recombination’s, with changes that have enhanced its ability to spread 

or avoid detection by neutralizing antibodies. While the identification of the exact 

origin of SARS-CoV-2 in bats is a significant aim, a more attainable goal is the 

identification of the genetic sequences that make up its unique mosaic structure. The 

spike protein is particularly critical, as it governs the virus's ability to bind to the 

cellular ACE2 receptor, which is the key for infection and host range so Temman et 

al. have reported a comparison between the receptor-binding domain of SARS-CoV-

2 and that of cave-bats living in northern Laos 95. The spike sequence of the closest 

related bat virus, RaTG13, shows limited similarity to SARS-CoV-2, especially in the 

receptor-binding domain (RBD), with only 11 out of 17 contact amino acids with the 

human ACE2 (hACE2) receptor being conserved. This results in RaTG13's reduced 

ability to bind to the hACE2 receptor in comparison to SARS-CoV-2. To date, 

evidence suggests that SARS-CoV-2 has a limited ability to infect bats and bat cell 

lines that have been examined. Moreover, no virus closely related to SARS-CoV-2 

found in bats has demonstrated the capability to efficiently utilize the hACE2 receptor 

for the entry into human cells, nor they possess the furin cleavage site linked with 

enhanced pathogenicity in humans. On the other hand, sarbecoviruses, which are 

widespread among Rhinolophus bat populations residing in Chinese caves and in 

near southern regions, present a diverse genetic pool. In particular, in a study 

conducted in northern Laos, researchers have identified and characterized five 

sarbecoviruses, which present RBDs that differ from SARS-CoV-2 RBD by only one 

or two amino acids, exhibiting strong binding to hACE2, and facilitating entry and 

replication in human cells despite lacking the furin cleavage site. This finding 

underscores their potential role in the genesis of SARS-CoV-2 and highlights a risk 

of future direct human transmission, as schematically reported in Figure 4. Among 

the identified viruses, three in particular, BANAL-52, BANAL-103, and BANAL-236, 

bear a notable resemblance to SARS-CoV-2 in these specific protein domains, 

suggesting a close genetic relationship. These discoveries support the theory that 
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SARS-CoV-2 may have emerged from a combination of genetic sequences present 

in Rhinolophus bats inhabiting the vast limestone caves of Southeast Asia and South 

China. The identification of these new viruses highlights that recombination events 

or the natural selection of mutations that increase the RBD's affinity for hACE2 in an 

intermediate host, such as pangolins, or in humans post-spillover may have not 

occurred 96. 

  

Figure 4: The potential transmission of SARS-CoV-2 between hosts and humans 97. 

In a recent study by Pavan et al., they have reported a computational analysis to 

explore the similarities and differences in the main protease of SARS-CoV-2 

compared to those found in the bat coronaviruses from the bats of Northern Laos. 

This work has a high importance also in perspective of the potential future application 

new Mpro inhibitors as broader spectrum antiviral agents 95. This work reported a 

structural comparison that has been performed comparing the crystal structure of 

SARS-CoV-2's Mpro and the homology models of the bat coronavirus proteases 

RaTG13, identifying two primary structural differences neither one affecting the 

catalytic site 96. Specifically, the substitutions that have been identified include a 

Phe96 in SARS-CoV-2 with a Thr in RaTG13, this latter is the only bat coronavirus 

with a significant change at this position, which results in fewer hydrophobic contacts 

without impacting any crucial interactions necessary for the protease's structural 
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integrity. In fact, this threonine is positioned in a flexible loop, suggesting the 

structural integrity remains unaffected by this substitution. The second structural 

difference involves Asn180 in SARS-CoV-2, which does not affect the activity. 

Moreover just like the reported Phe96 alteration, this change occurs in a solvent-

exposed loop, indicating that it's unlikely to compromise the protease's function. 

Overall, not only the in silico analysis indicates that these structural differences do 

not lead to significant alterations in the Mpro structure, but also that the similarity of 

the catalytic site between SARS-CoV-2 and these bat coronaviruses supports the 

continued viability of targeting this protease for the treatment of current and future 

pandemics, awakening the concept of preparedness 96. 

2.2 – Host and viral targets  
As mentioned earlier the strategies for fighting viral pathogens may involve a dual 

approach: directly inhibiting viral components, essential for viral life cycle, or 

modulating the host's biological pathways that the virus exploits for entry, replication, 

and evasion of the immune response. These approaches encompass a broad range 

of targets, which are further going to be analyzed including structural proteins, such 

as the spike protein critical for cell entry, and non-structural proteins, like the RNA-

dependent RNA polymerase (RdRp) and proteases, which are key for viral 

replication and maturation. In contrast, host targets involve receptors like ACE2 and 

transmembrane serine protease 2 (TMPRSS2), which facilitate virus entry, and 

various immune signaling pathways that can be modulated to enhance antiviral 

defense or mitigate pathological inflammation. 

2.2.1 – Spike protein 

The S proteins of coronaviruses belong to a homotrimeric class I fusion glycoprotein 

class, consisting of two distinct functional regions: S1 and S2. The S1 region, visible 

on the virus surface, includes the receptor-binding domain (RBD), which is critical 

for attaching to host cell receptors and thus influences the virus's cell tropism and its 

pathogenic nature. The S2 region, embedded in the membrane, features heptad 

repeated segments and a fusion peptide that facilitates the merging of viral and host 

cell membranes through significant structural changes 98. 
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Following the first severe human coronavirus outbreak, ACE2 was recognized as the 

crucial receptor for SARS-CoV infection, this has been confirmed also for SARS-

CoV-2. In fact, given the substantial genomic and structural resemblance between 

these two coronaviruses S proteins (with a 76% amino acid identity), ACE2 was once 

again identified as the entry receptor for SARS-CoV-2. Notably, critical contact 

residues of SARS-CoV that bind to ACE2 are well-preserved in SARS-CoV-2 and in 

other related coronaviruses that either engage ACE2 or share similar amino acid 

characteristics. This was further supported by detailed atomic resolution studies of 

the SARS-CoV-2 S protein's interaction with ACE2 99. However, the bat coronavirus 

RaTG13, despite being the closest known relative to SARS-CoV-2 based on overall 

genome sequence (96.2% similarity), retains only one of the six key ACE2-binding 

amino acids, suggesting that recombination events among SARS-CoVs coexisting 

in bats likely played a significant role in SARS-CoV-2's development, mirroring the 

evolutionary path of SARS-CoV 44. Further attention will be given to the S protein 

and its host receptors, in chapter 2, with particular reference to the entry process 

mediated by SARS-CoV-2. 

2.2.2 – TMPRSS2 

TMPRSS2, found in the human respiratory system it plays a pivotal role in the 

physiological activation of various proteins through specific amino acidic cleavage, 

as well as in the pathological dissemination and in the disease development of 

SARS-CoV and SARS-CoV-2. Importantly, SARS-CoV-2 primarily utilizes TMPRSS2 

for cell entry, limiting the roles of CatB and CatL, and it has been shown that blocking 

TMPRSS2 effectively stops SARS-CoV-2 from infecting lung cell lines and primary 

lung cells 100. This evidence underscores the potential of TMPRSS2 inhibitors like 

camostat mesylate and nafamostat mesylate which are under clinical trials, having 

already shown significant antiviral effectiveness against SARS-CoV-2 and other 

coronaviruses in in vitro studies 44. 
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2.2.3 – RdRP 

The RNA-dependent RNA polymerase (RdRP), housed within nsp12, serves as a 

critical component of the coronavirus replication and transcription complex, making 

it an attractive target for antiviral drug development 101. In fact, this enzyme plays an 

essential role in both the replication of the viral RNA genome and the transcription 

of sg-RNAs. The catalytic mechanism of RdRP involves the synthesis of a 

phosphodiester bond between nucleoside triphosphates (NTPs) in a process that 

requires a primer, where the involved NTP substrates are coordinated by two metal 

ions held in place by conserved aspartic acid residues. This process exhibits a high 

degree of conservation, also in the amino acidic regions crucial for nucleotide 

selection and catalysis 102. 

Cryo-electron microscopy has been carried out for SARS-CoV-2 RdRP, the complex 

structure that includes nsp12 along with its cofactors nsp7 and nsp8 has been 

captured, displaying the characteristic right-hand shape of viral RdRPs, organized 

into finger, palm, and thumb subdomains, with the active site featuring seven 

conserved motifs that create a central cavity for RNA synthesis 103. The structural 

design ensures precise coordination of the incoming NTP, RNA template, and primer 

strand, while the synthesis product's exit through a RNA exit path, highlighting the 

enzyme's sophisticated functionality 14. 

Comparative analysis shows that the RdRPs of SARS-CoV and SARS-CoV-2 share 

over 95% similarity, with most variations found in the nidovirus RdRP-associated 

nucleotidyltransferase domain, which has already been identified as a genetic 

marker, though its functionality still remains to be fully understood. Interesting to note 

is the possibility of repurposing existing antiviral drugs thanks to the RdRP's 

structural and functional resemblance to other positive-strand RNA viruses, also 

thanks to this its pivotal role in the virus life cycle and the lack of a corresponding 

host cell enzyme, that renders this complex an ideal target for antiviral therapy. For 

this reason viral polymerase inhibitors, including nucleoside and non-nucleoside 

inhibitors that interact with allosteric binding sites, form the basis of many antiviral 

treatments, such as those for HIV and HCV 14. Among the approved treatments, 
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remdesivir (RDV) can be identified 104. As a phosphoramidate, RDV competes with 

ATP for incorporation by viral RdRPs, leading to delayed chain termination. This 

mechanism of action has been confirmed for many viruses such as Ebola, Nipah 

virus, but also SARS-CoV and SARS-CoV-2. Unlike typical nucleoside analogues 

that immediately halt RNA synthesis upon incorporation, RDV allows for the addition 

of three more nucleotides before terminating the chain. However, the effectiveness 

of nucleotide analogues like RDV may be compromised by the exonuclease 

domain's proofreading activity, part of nsp14, which can remove incorrectly 

incorporated nucleotides. 

2.2.4 – PLpro 

PLpro, a cysteine protease in SARS-CoV-2, plays a dual role by cleaving specific 

sites within the viral polyprotein (at nsp1/2, nsp2/3, and nsp3/4) and hydrolyzing 

ubiquitin (Ub) and Ub-like protein ISG15 from the lysine ε-amino group of host 

proteins, a process essential for the innate antiviral response 105. This action 

effectively suppresses Ub-dependent immune defenses by inhibiting the production 

of IFNβ and interfering with IRF3 and NF-κB signaling pathways. Given its crucial 

functions in viral maturation and immune evasion, PLpro has emerged as a key target 

for antiviral strategies, allowing the inhibition of virus replication and enhancing the 

host's immune response. 

Sharing 83-86% of its sequence with its SARS-CoV counterpart and exhibiting 

significant divergence from MERS-CoV PLpro (33% identity), SARS-CoV-2 PLpro 

presents a characteristic catalytic triad (Cys111-His272-Asp286) that mirrors the 

active site in SARS-CoV PLpro (Cys112-His273-Asp287). This triad specifically 

targets the conserved GGXL motif across the cleavage sites of the viral polyprotein. 

As aforementioned, PLpro can cleave Ub and ISG15, recognizing a GGRL motif, from 

host proteins, showcasing a structural resemblance to human deubiquitinating 

enzymes. The enzyme's structure, resembling a right-handed form with the catalytic 

triad positioned between the thumb and palm subdomains, also features an Ub-

binding site at the N-terminus and a zinc-binding fingers region where the four 

cysteines allow the coordination of the structural zinc ion. Crucial to its activity is the 
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Trp106 residue in the oxyanion hole, which facilitates the hemi-thioacetal substrate 

stabilization through a hydrogen bond formed with the indole nitrogen. Another 

notable aspect of PLpro's structure is the BL2 loop within the Tyr side chain, that 

adopts different conformations depending on whether the enzyme is bound to a 

substrate or to an inhibitor. 

Comparative analyses of SARS-CoV-2 PLpro with SARS-CoV’s reveal specificity for 

glycine at the P1−P2 position, while the enzyme accommodates a variety of amino 

acids at the P3, ranging from basic to hydrophobic types, on the other hand, the S4 

subsite prefers hydrophobic residues, especially leucine, though a particular affinity 

for unnatural residues hTyr and hTyr(Me) over leucine was shown. This specificity 

underlines the potential for designing inhibitors that could selectively target the PLpro 

enzyme, offering insights into antiviral drug development 14,106,107. 

2.2.5 – ACE2 receptor 

ACE2, a type I transmembrane protein, is widely distributed in human tissues, 

including heart, lungs, kidneys, and intestines. It comprises an N-terminal peptidase 

domain and a C-terminal domain similar to Collectrin, characteristic of the full-length 

ACE2 structure. Similarly to SARS-CoV, SARS-CoV-2 exploits the ACE2 receptor 

for cellular binding and entry through interaction with the viral S protein (detailed 

mechanism is reported in Chapter 3 of this thesis). Notably, the S protein of SARS-

CoV-2 has a significantly higher binding affinity for the ACE2 receptor compared to 

that of SARS-CoV, potentially up to 20 times greater, which may be the reason for 

the more efficient human-to-human transmission observed with SARS-CoV-2 108,109. 

2.2.6 – Helicase 

SARS-CoV-2 helicase or NSP 13 is a 67 kDa protein that catalyzes the unwinding 

of the genome, even though the precise role has not been identified yet, it is 

considered a pivotal component of the viral replication thus affording a promising 

target. The activity of this enzyme is favored by the complex with NSP12 and works 

in tandem with the replication-transcription complex previously mentioned 110.  
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2.3 – Mpro as antiviral target 
Viral proteases have been successfully targeted to develop a range of approved 

medications, particularly for chronic infections such as human immunodeficiency 

virus (HIV) and hepatitis C virus (HCV), targeting the aspartyl protease and the 

serine protease, respectively 111,112. 

Mpro, a 33.8 kDa protease plays a crucial role in the life cycle of SARS-CoV and 

SARS-CoV-2 by cleaving the viral polyprotein to produce the 11 nsps, essential for 

virus replication. In addition to this it shares a high degree of sequence similarity with 

SARS-CoV's Mpro (96% identical) and exhibits considerable homology with Mpro from 

other coronaviruses (41–51% identity and 73–80% similarity)113. Importantly, 

humans lack an analogous enzyme, rendering it a highly specific target for antiviral 

intervention. These major reasons confer to Mpro a significant role and render this 

protein a valuable target for antiviral drug development, which has also been amply 

validated by the approval of Paxlovid in 2022 for COVID-19 treatment 114.  

Mpro showcases a total of 306 amino acids, and functions as a dimer, as shown in 

Figure 5. Each monomer of this protease comprises two distinct sections: the N-

terminal region, which includes the catalytic dyad, and the C-terminal region, as 

detailed in Figure 5. The catalytic dyad, crucial for the enzyme's function, is situated 

within a cleft formed by the juxtaposition of two chymotrypsin-like domains, Domain 

I (spanning amino acids 8 to 101) and Domain II (encompassing amino acids 102 to 

184).  

The C-terminal region of SARS-CoV-2 Mpro, also known as domain III (spanning 

amino acids 201–303), is structured into five alpha-helices. These helices create 

globular folds that are crucial for the stability and functional integrity of Mpro's active 

dimer form. Additionally, domain III is linked to domain II by a lengthy and flexible 

loop (covering residues 185–200), which introduces a degree of flexibility to the 

overall structure. Significantly, the arrangement of the two monomers within the C-

terminal domain III forms a near-perpendicular configuration relative to each other. 

Hence, any alteration in the position of domain III in the dimer can significantly impact 

its enzymatic function. For instance, in SARS-CoV Mpro, the R298A mutation leads 
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to a 33-degree rotation of domain III. This rotation interferes with dimer formation 

and diminishes the enzyme's catalytic efficiency. Therefore the destabilization of this 

dimeric structure makes an interesting strategy at the inhibition of this enzyme 115,116. 

The geometry and amino acid composition of the substrate-binding pocket are 

critical for understanding enzyme activity and guiding the structure-based rational 

design of small-molecules or peptide-based ligands. Within the substrate-binding 

pocket of Mpro, six sub-pockets are identifiable (S1, S2, S3, S4, S5 and S1’), aligning 

with the P5 to P1’ positions of the natural substrate. Among these, the subsites S1’, 

S1, S2, S3 and S4 are identified as the principal ones, playing a significant role in 

the enzyme's function and substrate recognition 117,118. The specificity of the amino 

acids recognized by the coronavirus Mpro at the S1’, S1, S2, S3 and S4 subsites is 

distinct. Notably, S1’ serves as a crucial site for the binding of the warhead of 

covalent inhibitors, in fact, in this position is housed the catalytic dyad composed by 

Cys145 and His41, where Cys145 acts as a nucleophile, and His41 functions as a 

proton donor/acceptor, both playing integral roles in the catalysis process, further 

detailed. 

The S1 and S2 subsites within the Mpro structure are characterized as deep cavities. 

At the S1 subsite, a crucial feature is the presence of an oxyanion hole, essential for 

the protease's function. This oxyanion hole, primarily formed by the backbone 

nitrogen of Gly143, Ser144, and Cys145, facilitates the formation of hydrogen bonds 

with peptidomimetic inhibitors. In terms of substrate specificity, the P1 position within 

the substrate is highly conserved, selectively accommodating a glutamine residue. 

This specificity is underscored by the consistent hydrogen bonding between the 

imidazole group of His163 and the side chain of Gln at the S1 subsite rendering it 

fundamental for a strong binding and biological activity. As a result of numerous 

studies, the (S)-γ-lactam ring has emerged as an optimal mimic of the Gln side chain, 

confirming its potential for inhibitor design.  

The S2 subsite is characterized as a buried hydrophobic cavity capable of 

accommodating large alkyl or aryl groups, similar to the Leu side chain in the 

substrate's S1 position. This pocket is encased by a "lid" formed by residues 46−51 



41 
 

of the 310 helix, in particular Met49, three sides delineated by the backbone of 

residues 186−188 and the side chains of His41, Asp187, and Gln189, while the 

bottom of this cavity is made up by Met165, completing the structural composition of 

the S2 pocket. 

Among the four main sub-pockets of Mpro, sub-pocket 2 has the highest resemblance 

and conservation when compared to that of MERS-CoV. This similarity is 

underscored by only two conservative substitutions: Met49 in SARS-CoVs is 

replaced by Leu49 in MERS-CoV, and Arg188 is swapped for Lys191. Even though 

a high amino acidic similarity is present, the internal volume of SARS-CoVs' of this 

sub-pocket, which is 252 Å3, is considerably larger than the corresponding sub-

pocket in α-genus coronavirus homologues, like HCoV-NL63 Mpro, which has a 

volume of just 45 Å3 14,111,115. Furthermore, the lack of electron density observed in 

the S2 pocket suggests that ordered water molecules are not present there, this may 

be caused by the flexible nature of Gln189's side chain that likely plays a role in 

excluding water from the S2 subsite when the Mpro is complexed with various 

inhibitors. This explains the preference for hydrophobic amino acids for this sub-

pocket, notably leucine, which is crucial in the design of peptide-based inhibitors, in 

addition to various hydrophobic functional groups, including benzene rings and 

cyclopropyl-methyl. 

The S4 subsite is characterized by its shallow hydrophobic nature, forming a slender 

cavity that typically accommodates smaller amino acids such as Ala, Val, Pro, and 

Thr.  

Having identified the four most important sub-pockets of the active site allows to 

rationally design inhibitors, small molecules or peptide-based. Focal residues which 

need to be taken into consideration during the structure-based drug design 

comprehend Leu27, His41, Met49, Ile51, Tyr54, Phe140, Leu141, Ser144, Cys145, 

Tyr161, His163, Met165, Glu166, Leu167, His172, Asp187, Thr190, and Ala191, 

marking them as focal points for enzymatic activity. Among these amino acids, 

important to note are His163 and Glu166, which play a key role in recognizing the 

substrate's Gln-P1 position through the engagement in hydrogen bonding. Glu166 
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from one monomer is thought to interact with the N-finger of both monomers, aiding 

in the formation of the S1 subsite within the substrate-binding pocket. In fact, as 

previously mentioned, several studies indicate that mutations in Glu166 can impact 

the aggregation of dimers. Beyond the catalytic dyad of Cys145 and His41, a 

catalytic water molecule also participates in the enzymatic activity by helping 

maintain His41 in its protonated state. This water molecule establishes hydrogen 

bonds with His41, His164, and Asp187, contributing to the stabilization of their spatial 

arrangement 55. 

 

Figure 5: A peptide-based inhibitor co-crystallized with dimeric Mpro (PDB 8dz2), the two dimers can be 

distinguished thanks to the two different colorings, one is represented in blue the other in shades of pink, in 

particular the three domains can be identified, Domain I light pink, Domain II hot pink and Domain III magenta, 

while the conjunction flexible loop is colored in purple. 

2.3.1 – Mpro catalytic cycle 

The catalytic mechanism of SARS-CoV-2 Mpro differs from the conventional 

chymotrypsin-like catalytic triad, by employing the Cys145-His41 dyad situated 

between the S1’ and S1 subsites as its active site. This process, which is illustrated 
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in Figure 6, starts when the imidazole ring of His41 becomes protonated, creating 

an ionized His41+-Cys145- dyad. This protonation facilitates the activation of 

Cys145's thiol group, rendering it highly nucleophilic. Consequently, Cys145 attacks 

the carbonyl carbon of the substrate’s scissile bond. Following this nucleophilic 

attack, the substrate's N-terminal fragment is released, leading to the formation of a 

thioester bond between the enzyme’s sulfhydryl group and the substrate’s carbonyl 

carbon at the cleavage site. The cycle concludes with the hydrolysis of the thioester 

bond by a water molecule's nucleophilic attack, which releases the substrate's C-

terminal fragment and regenerates the free enzyme 55. It's important to note that the 

efficiency and specificity of this catalytic process are finely tuned by the structural 

arrangement and chemical properties of the active site residues. The spatial 

configuration of His41 and Cys145 within the enzyme's active site is crucial for 

effective catalysis, ensuring that the nucleophilic attack is both precise and efficient. 

Additionally, the role of water molecules in the catalytic cycle, specifically their 

orientation and deprotonation for effective hydrolysis, underscores the importance 

of the enzyme's hydration shell and the dynamic interaction between the enzyme, 

substrate, and solvent 119. 

 

Figure 6: Mpro catalytic cycle  
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2.3.2 – Inhibitors of Mpro 

As previously highlighted, Mpro plays a crucial role in processing the viral polyproteins 

into mature viral proteins necessary for the virus's replication cycle, and survival. 

Thus, the design and development of Mpro inhibitors represents a strategic approach 

to interfere with viral replication, offering a promising pathway for the treatment of 

COVID-19. In terms of structures, Mpro inhibitors can be divided into peptide-based 

inhibitors and non-peptidic small molecules. The action of peptide inhibitors unfolds 

in a two-step process. Initially, the peptidomimetic compounds bind to Mpro, forming 

a noncovalent complex. Subsequently, the inhibitor's warhead, positioned near the 

enzyme's catalytic site, undergoes a nucleophilic attack involving the catalytic 

cysteine, facilitating the formation of a covalent bond ultimately blocking the catalytic 

activity. These reactive groups predominantly include Michael acceptors, aldehydes, 

nitriles and various activated ketones. This section aims to explore the diverse 

landscape of Mpro inhibitors, highlighting their mechanisms of action, efficacy, and 

potential as therapeutic agents against SARS-CoV-2 114,120. 

2.3.2.1 – Peptide-based inhibitors  
These inhibitors are characterized by different warheads, which are chemical 

moieties designed to interact directly with the catalytic cysteine 145 of the active site, 

thereby blocking its activity. Each type of warhead presents a unique mechanism of 

action and, consequently a different profile of efficacy, selectivity, and potential side 

effects. 

ALDEHYDES – this group allows the design of covalent inhibitors of the Mpro, 

however their reactivity can lead to chemical instability, off-target effects and 

toxicities, posing challenges for therapeutic use. 

KETONES – this warhead presents a less electrophilic nature, aiming to retain 

efficacy while minimizing off-target interactions. 

α,β-UNSATURATED ESTERS and related MICHAEL ACCEPTORS – this moiety 

binds through a Michael addition reaction and offers a promising balance of 

specificity and potency. 
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NITRILES – this functional group leverages the stability and selectivity of the nitrile 

group to offer a targeted approach to Mpro inhibition. 

 

Figure 7: Mpro peptide-based (compounds 1-10) and non-peptidic small molecule inhibitors (compounds 11-15) 

PF-00835231 and PF-073221332 or nirmatrelvir 
Nirmatrelvir or PF-07321332 (1, Figure 7 and X-ray co-crystal structure with Mpro, 

Figure 8, PDB 7z45) 121 has recently been approved by FDA and EMA in combination 

with ritonavir, for the treatment of COVID-19. An analogue of this inhibitor had been 

previously designed during the first coronavirus outbreak, and during the last 

pandemic an improvement of the pharmacokinetic and pharmacodynamic properties 

led to the design of 1, giving promising results; successively it has been tested in 

clinical trials until its final approval in 2022. 

In clinical trials, the antiviral combination demonstrated significant efficacy: when 

administered within five days after symptoms began it decreased the likelihood of 

COVID-19-related hospitalization or death by 88% when compared to a placebo. 
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The initial design started from compound PF-00835231 (2) 122, which is equipped 

with a hydroxylmethyl ketone warhead 56 and exhibited potent inhibition against 

SARS-CoV-2 Mpro, with an IC50 against the isolate enzyme of 6.9 nM and an EC50 in 

infected cell of 231 nM. It also possess favorable drug properties, and didn’t undergo 

significant metabolic degradation. However, its passive absorption and oral 

bioavailability were significantly low, consequently, to enhance the pharmacokinetic 

profiles of a potential antiviral medication, scientists from Pfizer have undertaken 

various modifications, among which the covalent warhead and further refinement of 

the compound's side chain architecture. 

During the optimization phase, the introduction of benzothiazole and nitrile as 

covalent warheads notably enhanced oral bioavailability by reducing the number of 

hydrogen bond donors (HBDs), which are known to diminish oral bioavailability. The 

strategic use of nitriles to lower the HBD count distinguishes 1 from 2. Furthermore, 

to optimize the molecular structure, researchers incorporated a 6,6-dimethyl-3-

azabicyclohexane element into the scaffold's side chain, mimicking the folded turn 

of Leu structure. This adjustment aimed to further minimize HBD presence around 

the P2/P3 amide linkage, taking inspiration from anti-HCV medication boceprevir. 

This refinement has enhanced the passive absorption of 1 in Madin-Darby Canine 

Kidney-Low Efflux (MECK-LE) cells in comparison to 2. Successively, the N-terminal 

indole fragment was modified into a methylsulfonamide group, which established 

hydrogen bonds with Gln189 and Glu166, and there was a notable improvement 

across all measures of drug efficacy, in fact, the methylsulfonamide's branched and 

acyclic structure allows peptidomimetic inhibitors to more effectively occupy the S3 

pockets of Mpro. However, leveraging the interaction pattern of methylsulfonamide, 

researchers modified the methylsulfonamide group incorporating a 

trifluoroacetamide. While this modification may have decreased the antiviral 

effectiveness of the inhibitor, it had significantly enhanced its oral bioavailability. 

Ultimately, substituting the benzothiazole moiety with a nitrile group resulted in the 

clinical candidate 1 reported in Figure 7 (compound 1). This modification allowed the 

improvement of  pharmacokinetic properties compared to 2. Specifically, in rat 
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models, 1's oral bioavailability and the fraction of the dose absorbed through the 

gastrointestinal tract were thirty times greater than those observed for 2. 

Regarding metabolism, both 1 and 2 showed comparable rates of plasma clearance 

in rat studies (27.2 mL/min/kg vs. 27.0 mL/min/kg, respectively). However, 1 

exhibited a rate of NADPH-dependent metabolic clearance in liver microsomes 

approximately threefold higher than that of 2, and it was attributed to enhanced first-

pass metabolism via CYP3A4 (24.5 μ/min/mg vs. 7.47 μ/min/mg). For this reason 1 

has been formulated to be administered alongside ritonavir, a substrate of CYP3A4, 

to mitigate this effect 55. 

Ritonavir lacks direct antiviral effects against SARS-CoV-2 but plays a crucial role 

by binding to metabolic enzymes. This interaction inhibits the breakdown of 1, 

ensuring its stability and effectiveness in targeting the Mpro 56. 

1 demonstrated a favorable safety profile, showing high specificity across a wide 

range of human proteins without adverse effects. It also tested negative in genetic 

toxicity evaluations and the rat micronucleus assay. Additionally, studies on embryo-

fetal development, fertility, and early embryonic development in animal models  have 

confirmed the safety profile of nirmatrelvir 113. 

 

Figure 8: Cristal structure of Mpro with nirmatrelvir (PDB7Z45) 
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N3 
The discovery of the SARS-CoV Mpro inhibitor N3 (Figure 7, compound 3) identified 

through structure-based drug design, demonstrated an inhibitory constant (Ki) of 9.0 

μM, demonstrating to possess a good inhibitory potency also against the Mpro of 

SARS-CoV-2 exhibiting an EC50 of 16.8 μM 113,123,124. The first X-ray structure of 

SARS-CoV-2 Mpro has been achieved complexed with N3 (PDB 6LU7 and 7BQY) 

125. This inhibitor has been recognized for its broad-spectrum activity across various 

coronaviruses, including inhibitory activities noted against SARS-CoV (Ki 9 μM) and 

MERS-CoV (IC50 0.3 μM). 

In particular, N3 effectively occupies the substrate binding sites of Mpro, closely 

mimicking the natural substrate of the enzyme. It engages in a Michael addition 

reaction with the -SH group of Cys145, forming a covalent bond through the acrylate 

moiety, thereby securing a strong attachment. The lactam group within N3, 

mimicking the Gln residue at the P1 position, accomodates into the S1 sub-pocket, 

interacting with several residues including Phe140, Leu141, Asn142, Glu166, 

His163, and His172 through multiple hydrogen bonds. 

The Leu side chain at the P2 position of N3 engages in hydrophobic interactions 

within the S2 sub-pocket, bordered by residues such as His41, Met49, Tyr54, 

Met165, and Asp187, and forms a hydrogen bond with Gln189, while the P3 Val side 

chain is exposed to solvent, whereas the P4 Ala residue resides within the S4 sub-

pocket, interacts with Met165, Leu167, Phe185, Gln192, and Gln189. The terminal 

oxazole group positioned at the pocket's edge, likely participates in hydrophobic 

interactions with Pro168, Thr190, and Ala191. Furthermore, the inhibitor's benzyl 

ester group targets the S1’ sub-pocket, engaging in hydrophobic interactions with 

Thr24 and Thr25, illustrating the compound's comprehensive engagement with the 

Mpro active site. 

Boceprevir 

Initially developed for the treatment of hepatitis C virus, boceprevir (4, Figure 7), has 

been identified by various research teams as an inhibitor of SARS-CoV-2 Mpro, 

exhibiting IC50 values between 0.95 μM and 8.0 μM. The replacement of the 
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traditionally utilized lactam ring at the P1 position with a cyclobutyl ring, which is 

incapable of forming hydrogen bonds at the S1 subsite, is believed to contribute to 

boceprevir's relatively moderate activity against Mpro. Moreover, boceprevir has 

shown a wide spectrum of anti-viral effects, which include SARS-CoV-2, with EC50 

values ranging from 1.3 to 19.6 μM. The crystal structure of boceprevir in complex 

with SARS-CoV-2 Mpro has been solved and provides additional information on the 

binding mode of this compound (PDBs 7BRP,59 6WNP, 7C6S, and 6ZRU) 14,113,126. 

GC373 and GC376 

GC373 and its prodrug form, GC376 (5 and 6, Figure 7), which transforms into its 

active aldehyde version by shedding the bisulfite group, target the Cys145 of Mpro 

through alkylation. Initially developed for the treatment of feline coronavirus, these 

compounds have been identified as effective Mpro inhibitors, demonstrating 

submicromolar IC50 values. They exhibit robust anti-SARS-CoV-2 capabilities in 

cellular assays, with EC50 values of 1.5 and 0.92 μM, respectively. GC376, in 

particular, displays a broad-spectrum antiviral activity against various coronaviruses, 

affecting multiple cysteine proteases from different virus strains with IC50 values 

ranging from 0.72 to 4.35 μM and showing high nanomolar potency against several 

coronaviruses (TGEV, FIPV, MHV, 229E, and BCV) in cellular models  14,127.  

Moreover, two closely related analogs of GC376, differing only in their electrophilic 

warhead (either an aldehyde or an α-ketoamide), have shown to be effective 

inhibitors of EV 3C and norovirus 3CL cysteine proteases, as well as replicative 

agents of various viruses, including human rhinoviruses (HRVs). Despite this, these 

compounds were found to have limited pharmacokinetics and demonstrated limited 

efficacy against SARS-CoV-2 in mouse models. Modifications to GC376 have led to 

derivatives with slightly enhanced enzymatic and cellular efficacy. Importantly, the 

crystal structure of GC376 in complex with SARS-CoV-2 Mpro has been successfully 

determined, providing valuable insights into its mechanism of action (PDBs 7BRR,59 

6WTJ,60 6WTT,56 7C8U, 7C6U, and 7CBT) 113,126,128. 
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Calpain inhibitor XII  

Calpain Inhibitor XII (7, Figure 7), characterized by its n-propyl P1 side chain, has 

demonstrated effective inhibition of SARS-CoV-2 Mpro, with an IC50 value of 0.45 μM 

against the enzyme and an EC50 value of 0.49 μM in VERO E6 cells. Moreover, this 

compound has shown a broad-spectrum activity against various coronaviruses, 

including SARS-CoV and SARS-CoV-2 113,126. 

Y180 
Compound Y180 (8, Figure 7), characterized by a methyl ketone warhead, has been 

identified as a highly effective inhibitor of SARS-CoV-2 Mpro, demonstrating an IC50 

value of 8.1 nM and advancing through preclinical studies. It showed potent antiviral 

effects against both the original and the variant strains of SARS-CoV-2, with EC50 

values ranging from 11.4 to 34.4 nM. Y180 also displayed good oral bioavailability 

(92.9% in mice), favorable pharmacokinetics (with half-life of 1.42 h), and exhibited 

no significant toxicity, making it a promising candidate against SARS-CoV-2 in 

various animal studies 113. 

Rupintrivir 
Rupintrivir (AG7088) (9, Figure 7), known for its strong inhibition of the rhinovirus 

Mpro, demonstrated minimal inhibitory effect on the Mpro enzymes of both SARS-CoV 

and SARS-CoV-2, with IC50 values exceeding 68 μM. Despite this, it was effective in 

suppressing SARS-CoV-2 replication, achieving an EC50 of 1.87 μM 113. 

Simnotrelvir 
The structure-based refinement of boceprevir, has resulted in the discovery of 

simnotrelvir (10, Figure 7). This compound targets SARS-CoV-2 Mpro through a 

covalent bond, characterized by an enthalpy-driven thermodynamic binding. 

Comprehensive enzymatic tests have established simnotrelvir as a highly effective 

and selective inhibitor across various coronaviruses with IC50 9 nM, and EC50 Mpro 

34 nM. It has demonstrated capability in inhibiting the replication of SARS-CoV-2 

variants in cellular assays. Moreover, simnotrelvir shows promising 
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pharmacokinetics and safety profiles in both male and female rats and monkeys. It 

proved to have significant oral efficacy in a male mouse model of SARS-CoV-2 Delta 

variant infection, notably reducing viral loads in the lungs and completely clearing 

the virus from the brain 129. 

2.3.2.2 – Small molecule inhibitors 

Ebselen 
Ebselen (11, Figure 7), a synthetic organoselenium compound designed to mimic 

glutathione peroxidase, is recognized for its ability to cross the blood-brain barrier, 

though it has also been labeled as a pan-assay interference compound (PAIN) due 

to its capability to bind to the reactive cysteines in a non-selective manner 130. It 

exhibits anti-inflammatory, anti-tumor, and antiviral properties, which has led to its 

approval by the FDA as a novel anti-inflammatory agent. Identified through a 

comprehensive screening of approximately 10,000 substances, including natural 

products, FDA-approved drugs, and clinical trial candidates, using fluorescence 

resonance energy transfer (FRET) analysis, ebselen emerged as one of the most 

potent inhibitors of Mpro, exhibiting an IC50 of 0.67 μM. Furthermore, ebselen is 

notable for its minimal cytotoxicity, with a median lethal dose in rats exceeding 4600 

mg/kg, underscoring its safety, which has been affirmed in numerous human clinical 

trials  131,132. 

X77 and its derivatives 

Inhibitor X77 (12, Figure 7), a non-covalent small molecule targeting SARS-CoV 

Mpro, has been modified to act as a covalent inhibitor against SARS-CoV-2 Mpro, 

thanks to crystallographic analyses, by replacing the imidazole ring with various 

covalent warheads. These modifications strategically place the warheads close to 

the catalytic cysteine residue, significantly enhancing the molecule's inhibitory 

effectiveness. As a result, the potency of the modified compounds, i.e. derivatives 

13 and 14, reported in Figure 7, improved remarkably, achieving IC50 values of 0.42 

μM and 0.41 μM, respectively 133. 
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S-217622 

On November 22, 2022, Japan sanctioned the use of S-217622 (15, Figure 7), a 

novel non-covalent inhibitor targeting the Mpro of SARS-CoV-2. This compound 

displayed potent inhibitory efficacy with an IC50 of 0.13 μM, alongside advantageous 

drug metabolism and pharmacokinetic properties. It exhibited broad-spectrum 

antiviral effectiveness against various SARS-CoV-2 mutations and members of the 

coronavirus family in vitro. The drug is characterized by optimal pharmacokinetic and 

drug metabolism profiles suitable for oral administration, including robust metabolic 

stability (with 96% stability in human and 88% in rat liver microsomes), high oral 

bioavailability (97%), and a low rate of clearance (1.70 mL/min/kg in rats), marking 

it as a promising therapeutic option 134,135. 

2.4 – Broad spectrum inhibitors 
The Mpro of coronaviruses share important structural similarities, as amply discussed 

in the previous paragraphs, with the main proteases found in enteroviruses (EVs), 

which are small, non-enveloped (+)-ss-RNA viruses. Specifically, in the genome of 

EVs, the Mpro, is produced from the 3C region, leading to the CoVs protease being 

referred to as 3C-like. Given the conservation of 3C proteases across various 

viruses, including enteroviruses, rhinoviruses, and coronaviruses, the pursuit of 

broad-spectrum antiviral agents is a logical step 136, also confirmed by the dual action 

of many protease inhibitors reported in literature as inhibitors of both enterovirus and 

SARS-CoV-2 proteases 137–139. This cross-viral conservation emphasizes the 

potential to target common enzymatic functions, presenting a unified approach in the 

development of antiviral therapies. Such an approach not only streamlines drug 

development but also expands the arsenal against emerging and existing viral 

threats, highlighting the strategic importance of identifying and targeting conserved 

viral components 139,140. 

The EVs 3Cprotease (3Cpro) features a chymotrypsin-like structure, possessing two 

catalytic domains that resemble domains I and II found in the Mpro of coronaviruses, 

though differently from the Mpro, the EV 3Cpro operates as a monomer, lacking such 

a domain. Furthermore, the EV 3Cpro incorporates an acidic residue (Asp/Glu) 
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alongside the catalytic Cys-His pair, creating a reactive triad, a feature that 

distinguishes it from the coronaviruses Mpro. A pivotal similarity between the Mpro of 

coronaviruses and enteroviruses is their unique and near-absolute preference for 

glutamine at the P1 position of their substrates. This specific requirement, not found 

in human proteases, enhances the potential of these viral proteins as targets for the 

development of inhibitors that are both safe and selective. In addition to this, a 

comparative analysis between the SARS-CoV Mpro and the Coxsackie B 3Cpro 

reveals that in EVs, the S2 site is characterized by an open hydrophobic channel 

bordered by Arg39, Asn69, and Glu71, which create the back wall, with residues 

127−132 and His40 forming the side walls, and Val162 making up the base. Despite 

these structural differences, covalent peptide-based inhibitors designed for these 

enzymes have shown effectiveness in broadly suppressing both EVs and CoVs 

replication in cellular models 14. 

Furthermore, overlaying the X-ray crystal structures of the main proteases from 

SARS-CoV-2, SARS-CoV, and MERS-CoV (Figure 9), reveals a significant structural 

resemblance and conservation of the active site. This similarity could be crucial in 

creating drugs effective against a broad range of coronaviruses. Indeed, it has 

facilitated the development of inhibitors targeting SARS-CoV-2's Mpro, utilizing the 

foundation laid by earlier compounds aimed at the main proteases of SARS-CoV or 

MERS-CoV as in the case of nirmatrelvir 111. 
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Figure 9: Superimposition of the main protease of SARS-CoV-2 (PDB 7P35, skyblue cartoon), MERS-CoV (PDB 

4YLU, purpleblue cartoon) and SARS-CoV (PDB 7ZQW, marineblue cartoon), highlights the high homology 

among these three proteases, and allows for the design of broad spectrum antiviral agents, the active site pocket 

has been highlighted and the amino acids involved in the binding have been labeled. 

To validate this approach, numerous studies have tested a range of peptide-based 

inhibitors, previously effective against other RNA viruses like EV71, on the Mpro 

enzymes of SARS-CoV and MERS-CoV, showing the potential for creating broad-

spectrum antiviral agents 141. 
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2.5 – AIM OF THIS STUDY – Design, synthesis and biological evaluation of 

peptide-based inhibitors of SARS-CoV-2 Mpro 
2.5.1 – Design of peptide-based inhibitors 

 

 
Figure 10: General structure and retrosynthetic approach for compounds (S,S,S)-27, (S,S,S)-28, (S,R,S)-27, 
(S,R,S)-28, 33a-k, 41, 46a,b, 47, 54, 58, 62a,b, 63, 66. Structures are reported in Table 2,. 

During this PhD a novel series of peptide-based inhibitors has been designed and 

synthesized (compounds (S,S,S)-27, (S,S,S)-28, (S,R,S)-27, (S,R,S)-28, 33a-k, 41, 

46a,b, 47, 54, 58, 62a,b, 63, 66 Table 2), the design of this family of compounds has 

been carried out taking inspiration from literature data, which has highlighted the 

most important amino acidic interactions which need to be maintained, and the 

important features which confer the highest potency to the inhibitors. In particular, 

as mentioned in the previous paragraph, research studies related to different CoVs 

clearly indicate that the P1 γ-lactam enhances the inhibitory potency up to 10-fold 

when compared to the Gln of the natural substrate, probably due to the higher rigidity 

that reduces the loss of entropy upon binding when compared to the flexible Gln. 

This feature is a common and well established moiety for this position, and is also 

present in various cysteine protease inhibitors against different viruses such as 

norovirus and enteroviruses, thus allowing its exploitation in the design and 

synthesis of pan-antiviral agents 142–144. For this reason the majority of the reported 

compounds of this project presents this important ring in position P1 synthesized 

(compounds (S,S,S)-27, (S,S,S)-28, (S,R,S)27, (S,R,S)-28, 33a-k, 41, 46a,b, 47, 54, 

58, 62a,b, 63, 66 Table 2). Even though, studies demonstrated that sub-pocket S1 
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can accommodate hydrophobic residues, widening the plethora of substituents that 

can fit in this position 145. For what concerns the P2 amino acids, previous studies 

showed that this position tolerates a wide variety of residues characterized by similar 

lipophilicity and size to Leu (compounds 1-6, 9, 10 Figure 7) 114,133,146, and indeed 

this residue has been maintained in the majority of the compounds synthesized in 

this library (compounds (S,S,S)-27, (S,S,S)-28, (S,R,S)-27, (S,R,S)-28, 33a-g,j,k, 

41, 46a,b, 47, 54, 58, 62a, 66 Table 2) though different protected and non-protected 

amino acids have been replaced in this position (compounds 33h,I, 62b, 63 Table 

2). The sub-pockets S3 and S4 of the main protease are less structured and indeed 

can rearrange upon the binding of distinct P3/P4 residues, thanks to the flexibility of 

the surface loops. These positions have been amply explored to modulate both 

potency and drug-like properties of the inhibitors as reported from varies studies 

(compounds 1-5 Figure 7). Following these properties, we chose to explore different 

quinoline-derived scaffolds as substituents to reach the S3/4 sub-pocket. These 

natural scaffolds are privileged structures widely found in natural alkaloids and 

commonly known for their antiviral and antibiotic properties 147,148. 

Furthermore, we explored different electrophilic warheads at position P1’. 

Specifically, we investigated the potency of the nitrile moiety, and to compare its 

efficacy, we examined two other distinct warheads: the well-known electrophilic 

aldehyde and the less explored cyanohydrin moiety, which is present in a number of 

natural products such as mandelonitrile, cyanohydrin phosphonate, and α-

ketoglutarate cyanohydrin (α-kgCN) in animals. More importantly, cyanohydrin 

derivatives have been used as prescription drugs for treating asthma and proved to 

possess high potential in cancer chemotherapy. In addition to this many papers 

report cyanohydrine moiety as an anchoring group for various cysteine protease, 

including EV71 protease 149. Comparative studies have been conducted between 

the reactivity of aldehydes and cyanohydrine moieties as warheads. In fact, despite 

the significant interests for aldehyde derivatives in modulating important drug 

targets, and their highly reactive nature, these inhibitors may lead to various issues, 

such as low selectivity, in further development, mainly due to their high reactivity. 

Therefore, alternative anchoring functional groups have been amply studied, such 
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as nitriles which are well-established cysteine protease inhibitors and cyanohydrines 

which similarly occupy the S1′ pocket and are in close proximity to the protease 

catalytic center. In fact studies reported that neither −CN nor −OH form a hydrogen 

bond with the thiol of Cys145. However, because of the electron-withdrawing profile 

of−OH and −CN, the α-carbon of cyanohydrin exhibits electrophilicity to a certain 

extent, which forms a noncovalent interaction (2.8 Å) with the thiol. This specific 

binding element is critical for the cyanohydrin function 149. 

 

2.5.2 – Synthesis of peptide-based inhibitors 

 
2.5.2.1 – Synthesis and optimization of the common intermediate  
19  

The initial phase of the synthesis of the peptide-based inhibitors (compounds 

(S,S,S)-27, (S,S,S)-28, (S,R,S)-27, (S,R,S)-28, 33a-k, 58, 62a,b, 63, 66) required 

the optimization of the synthetic protocol for the preparation of the common building 

block 19, inserted at the P1 position. At the beginning of our investigations, various 

literature sources reported protocols that either lacked reproducibility and feasibility, 

or were characterized by a high number of low yielding synthetic steps with overall 

yields ranging from 36% to 60%. Therefore, the primary focus has been the 

optimization of the overall yield, given the appreciable yields of the protection 

reaction and of the alkylation reaction our primary focus has been the optimization 

of the reduction reaction, which was identified as the most limiting step in terms of 

yields. 

For the synthesis of the common intermediate 19 as described in Scheme 1, an initial 

protection of the free amine and esterification of the acid moieties of L-glutamic acid 

16 has been carried out in a one pot reaction, using trimethylsilyl chloride and MeOH, 

and successively triethylamine and Boc anhydride allowing to obtain the 

intermediate 17. The next step has been a stereoselective alkylation, previously 

reported by Hanessian 150, of the α-carbon using bromoacetonitrile and lithium 

bis(trimethylsilyl)amide as a base affording the intermediate 18. For the reduction of 
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18, two different conditions have been analyzed, specifically a reduction reaction 

with NaBH4 in presence of catalytic amounts of CoCl2, allowing the selective 

reduction of the nitrile moiety to primary amine, while the second tested condition 

has been an hydrogenation reaction. The first attempt of the hydrogenation reaction 

has been carried out using Pd/C as catalyst with scarce results, so the second 

attempt has been carried out using Nickel Raney as catalyst. NiRa is an effective 

catalyst, used in various hydrogenation reactions; it can be found as ready-to-use 

slurry in water, though the handling of this catalyst can be tricky due to its pyrophoric 

nature, in fact, it must be kept in wet conditions at all times in order to prevent ignition 

151.  

The best option resulted to be the hydrogenation in presence of NiRa, so starting 

from literature data the next step has been the evaluation of the precise conditions 

for the hydrogenation, entry 2 in Table 1, allowing to obtain an overall yield of 68% 

in 3 steps. 

 
Table 1: Reaction conditions evaluated for the optimization of the hydrogenation reaction reported in scheme 1. 

 

 

Scheme 1: Synthesis of the common intermediate 19. Reagents and conditions: a) I: TMSCl, MeOH, 0 – 25 °C, 

12h; II: TEA, Boc2O 25 °C, 1 h; b) BrCH2CN, LiHMDS, THF, -78 °C, 6h; c) H2, NiRa, MeOH, 25 °C, 12h. 
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2.5.2.2 – Synthesis of target molecules (S,S,S)-27, (S,R,S)-27, 

(S,S,S)-28, and (S,R,S)-28 
The synthesis of the peptide-based compounds has been initially carried out through 

the synthetic protocol reported for compounds 27 and 28 in Scheme 2. For this 

synthetic protocol starting from the known intermediate 19 two consecutive 

deprotection reactions of the Boc-protected amine with trifluoroacetic acid (TFA) and 

coupling reactions with hexafluorophosphate azabenzotriazole tetramethyl uronium 

(HATU) in presence of triethylamine (TEA) were carried out. The first coupling 

reaction has been carried out using Boc-L-leucine allowing to obtain the common 

intermediate 20, the second coupling reaction counted two different carboxylates, 8-

quinolinecarboxylic acid and 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxylic acid, the latter has been prepared according to literature 152. The following 

reaction step required the hydrolysis of the ester group of 21 and 22 in order to install 

the nitrile moiety through a 2-steps synthetic protocol. Unfortunately, this step, 

conducted in the presence of lithium hydroxide 1 M at room temperature, resulted in 

the racemization of the chiral α-carbon, affording the mixture of diastereomers (S/R)-

23 and (S/R)-24. The following reaction were carried on using the mixture of 

diastereomers. Accordingly, the acid derivatives were subjected to coupling 

reactions with NH4Cl in presence of HATU and TEA to obtain the desired amide 

derivatives (S/R)-25 and (S/R)-26. Finally, the amide moiety was dehydrated using 

trifluoroacetic anhydride (TFAA) and TEA at 0 °C affording the final compounds 

(S,S,S)-27, (S,S,S)-28, (S,R,S)-27 and (S,R,S)-28. The diastereomers were 

separated by column chromatography and the isolated compounds (S,S,S)-27, 

(S,S,S)-28, (S,R,S)-27 and (S,R,S)-28 were submitted to biological assay as pure 

compounds. Stereochemical assignment was confirmed by the stereoselective 

synthesis of (S,S,S)-27 and (S,S,S)-28 as described in Scheme 3. 
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Scheme 2: Synthesis of compounds (S,S,S)-27, (S,R,S)-27, (S,S,S)-28 and (S,R,S)-28. Reagents and 

conditions: a) TFA, DCM, 0 °C, 1 h; b) (tert-butoxycarbonyl)-L-leucine, HATU, TEA, DCM, 0 °C, 4 h; c) TFA, 

DCM, 0 °C, 1 h; d) quinoline-8-carboxylic acid for derivative 21, 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-

3-carboxylic acid for derivative 22,  HATU, TEA, DCM, 0 °C, 4 h; e) LiOH 1 M,THF,  25 °C, 2 h; f) NH4Cl, HATU, 

DIPEA, DMF, 25 °C, 5 h; g) TFAA, TEA, THF, 0 °C, 3 h. 

2.5.2.3 – Stereoselective synthesis of compounds (S,S,S)-27, 

(S,S,S)-28 and 33a-k 
The stereoselective synthesis of final compounds (S,S,S)-27, (S,S,S)-28, and 33a-

k is depicted in Scheme 3. In particular, the intermediates 20, 29 and 30 were 

obtained by reacting 19 with the corresponding amino acids (Leu for 20; Thr for 29; 

Thr-Bn for 30). The subsequent deprotection of the amine and coupling reaction with 

the corresponding quinolone, quinoline, isoquinoline or tetrahydroisoquinoline 

carboxylic acid derivatives (S3: d-l) afforded ester intermediates 21, 22 and 31a-i. 

These latter were then converted into the amide intermediates (S,S,S)-25, (S,S,S)-

26 and 32a-i by treatment with ammonia solution (7N in MeOH). Finally, the target 

compounds (S,S,S)-27, (S,S,S)-28a and 33a-i were obtained by dehydration of the 

amides into the nitrile derivatives, which was carried out with TFAA and TEA at 0 °C 

153,154. Finally compounds 33j and 33k have been obtained by the formerly prepared 

target molecules 33f and 33g by reduction reaction in presence of Fe powder and 

deprotection reaction in presence of TFA, respectively. 
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Scheme 3: Synthesis of compounds (S,S,S)-27, (S,S,S)-28 and 33a-k. Reagents and conditions: a) TFA, DCM, 

0 °C, 1 h; b) (tert-butoxycarbonyl)-L-leucine for derivative 20, (tert-butoxycarbonyl)-L-threonine for derivative 29, 

O-benzyl-N-(tert-butoxycarbonyl)-L-threonine for derivative 30, HATU, TEA, DCM, 0 °C, 4 h; c) TFA, DCM, 0 °C, 

1 h; d) quinoline-8-carboxylic acid for derivative 21, isoquinoline-8-carboxylic acid for derivative 31a, 

isoquinoline-5-carboxylic acid for derivative 31b, 8-chloro-4-hydroxyquinoline-3-carboxylic acid for derivative 
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31c, 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxylic acid for derivative 22, 4-hydroxy-8-

(trifluoromethoxy)quinoline-3-carboxylic acid for derivative 31d, 1-methyl-4-oxo-8-(trifluoromethoxy)-1,4-

dihydroquinoline-3-carboxylic acid for derivative 31e, 4-hydroxy-6-nitroquinoline-3-carboxylic acid for derivative 

31f, 7-bromo-1,2,3,4-tetrahydroisoquinoline-1-carboxylic acid for derivative 31g,  HATU, TEA, DCM, 0 °C, 4 h; 

e) ammonia solution (7 N in MeOH), MeOH, rt, 12 h; f) TFAA, TEA, DCM or DMF, 0 °C, 3 h; g) Fe powder, NH4Cl, 

EtOH/H2O (5:1), 55 °C, 30 minutes; h) HCl in MeOH, 0 °C, 1 h. 

2.5.2.4 – Synthesis of compound (S,S,S)-41 
Synthesis of final compound 41, bearing a triazole moiety in place of the pyrrolidone 

ring of (S,S,S)-28, is reported in Scheme 4. This latter compound was prepared 

starting from the non-natural amino acid Fmoc-β-azido-Ala-OH (34) which was 

converted into the ester derivative 35 using chlorotrimethylsilane (TMSCl) in MeOH. 

Successively the triazole intermediate 36 was obtained by a click reaction using 

trimethylsilylacetylene. The Fmoc protecting group was removed in presence of 

diethylamine. The intermediate 37 thus obtained was coupled with Boc-L-leucine 

and successively with 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxylic 

acid allowing to obtain the ester intermediate 39. Ester 39 was then reacted with 

ammonia solution (7N in MeOH) affording the amide 40, which underwent 

dehydration in presence of TFAA and TEA at 0 °C furnishing final compound 41. 

 

Scheme 4: Synthesis of compound 41. Reagents and conditions. a) TMSCl, MeOH, 0-25 °C, 12 h; b-c) 

trimethylsylilacetylene, sodium ascorbate, CuSO4, t-BuOH/H2O; TBAF; d) diethylamine, DMF, rt, 1 h; e) (tert-

butoxycarbonyl)-L-leucine, HATU, TEA, DCM, 0 °C, 4 h; f) TFA, DCM, 0 °C, 1 h; g) 8-chloro-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carboxylic acid, HATU, TEA, DCM, 0 °C 4 h; h) ammonia solution (7 N in MeOH), rt, 12 h; i) 

TFAA, TEA, THF, 0 °C, 3 h. 
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2.5.2.5 – Synthesis of compounds (S,S,S)-46a,b and (S,S,S)-47 
The synthetic procedure to obtain compounds 46a,b and 47 is shown in Scheme 5. 

Intermediates 43a,b were obtained by coupling reaction of (tert-butoxycarbonyl)-L-

leucine (42) with methyl L-threoninate for the synthesis of intermediate 43a, and with 

methyl L-histidinate for the synthesis of intermediate 43b. Intermediates 43a,b, after 

Boc-cleavage, were subjected to coupling reaction with the 8-chloro-1-methyl-4-oxo-

1,4-dihydroquinoline-3-carboxylic acid to obtain the ester derivatives 44a,b. The 

primary amides 45a,b were prepared by reacting the ester intermediates 44a,b with 

ammonia solution (7N in MeOH), and successively the final compounds 46a,b were 

obtained by dehydration of amide intermediates using TFAA and TEA at 0 °C. Final 

compound 46a was then converted in the O-functionalized compound 47 using p-

toluenesulfonic acid (PTSA) and 2,3-dihydrofuran. 

 

Scheme 5: Synthesis of compounds 46a,b and 47. Reagents and conditions. a) methyl L-threoninate for 

derivative 43a, methyl L-histidinate for derivative 43b, HATU, TEA, DCM, 0 °C, 4 h; b) TFA, DCM, 0 °C, 1 h; c) 

8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxylic acid, HATU, TEA, DCM, 0 °C, 4 h; d) ammonia 

solution (7 N in MeOH), rt, 12 h; e) TFAA, TEA, DCM, 0 °C, 3 h; f) PTSA, DHF, THF, rt, 2 h. 

2.5.2.6 – Synthesis of compound (S,S,S)-54 
The synthesis of compound 54 has been accomplished as reported in Scheme 6. 

The natural amino acid L-threonine was initially protected with Boc anhydride to 

obtain intermediate 49, suitable for the successive coupling reaction with NH4Cl 

furnishing the primary amide 50. Intermediate 50 was then converted in the protected 

O-TBS derivative 51, which was subjected to a dehydration reaction of the primary 

amide using TFAA and TEA at 0 °C affording the nitrile intermediate 52, which 
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underwent two successive Boc cleavage and coupling reactions with Boc-L-leucine 

and the 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

respectively, furnishing the target molecule 54. 

 

Scheme 6: Synthesis of compound 54. Reagents and conditions. a) Boc2O, TEA, H2O/Acetone, rt, 3 h; b) NH4Cl, 

HATU, DIPEA, DMF, rt, 5 h; c) TBSCl, TEA, DMF, rt, 12 h; d) TFAA, TEA, THF, 0 °C, 3 h; e) TFA, DCM, 0 °C, 1 

h; f) (tert-butoxycarbonyl)-L-leucine, HATU, TEA, DCM, 0 °C, 4 h; g) TFA, DCM, 0 °C, 1 h; h) 8-chloro-1-methyl-

4-oxo-1,4-dihydroquinoline-3-carboxylic acid, HATU, TEA, DCM, 0 °C, 4 h. 

2.5.2.7 – Synthesis of compound (S,S,S)-58 
Compound 58 was synthesized as reported in Scheme 7. Intermediate 20 was 

converted into 55 by an initial Boc cleavage and subsequent coupling reaction with 

Boc-L-valine. A second deprotection and coupling reaction with 8-chloro-1-methyl-4-

oxo-1,4-dihydroquinoline-3-carboxylic acid furnished intermediate 56, which allowed 

to obtain the primary amide 57 in presence of ammonia solution (7 N in MeOH). The 

successive dehydration of the amide furnished the final compound 58. 
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Scheme 7: Synthesis of compound 58. Reagents and conditions. a) TFA, DCM, 0 °C, 1 h; b) (tert-

butoxycarbonyl)-L-valine, HATU, TEA, DCM, 0 °C, 4 h; c) TFA, DCM, 0 °C, 1 h; d) 8-chloro-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carboxylic acid, HATU, TEA, DMF, 0 °C, 6 h; e) ammonia solution (7N in MeOH), MeOH, rt, 

20 h; f) TFAA, TEA, DMF, 0 °C, 6 h. 

2.5.2.8 – Synthesis of compounds (S,S,S)-62a,b, (S,S,S)-63 and 

(S,S,S)-66 
The synthesis of compounds 62a,b, 63 and 66 is reported in Scheme 8. Starting 

from the common intermediate 19 two consecutive coupling reactions with the 

appropriate amino acid (Leu for 20, Ile for 59) and 8-quinoline carboxylic acid 

derivative have been carried out using the same conditions reported previously to 

obtain intermediates 20 and 59, and successively the corresponding ester 

derivatives 60a,b. The ester intermediates 60a,b were reduced in presence of 

NaBH4 in MeOH at rt affording the corresponding alcohol derivatives 61a,b, which 

were oxidized using Dess Martin Periodinane (DMP) at 0 °C furnishing the final 

compounds 62a,b. The warhead of 62b was then converted into the cyanohydrin 

warhead to obtain final compound 63. Compound 66 was obtained by first converting 

the ester derivative 20 into the alcohol derivative 64.  Then this latter compound was 

subjected to amine deprotection and coupling reaction with the 8-chloro-quinolone 

carboxylic acid to yield the derivative 65, that was oxidized to target compound 66. 
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Scheme 8: Synthesis of compounds 62a-b, 63 and 66. Reagents and conditions: a) (tert-butoxycarbonyl)-L-

leucine for derivative 20, (tert-butoxycarbonyl)-L-isoleucine for derivative 59, HATU, TEA, DCM, 0 °C, 4 h; b) 

TFA, DCM, 0 °C, 2 h; c) quinoline-8-carboxylic acid, HATU, TEA, DCM, 0 °C, 4 h; d) NaBH4, MeOH, 0-25 °C, 12 

h; e) DMP, DCM, 0 °C, 1 h; f) NaHSO3 aq s.s., KCN; g) NaBH4, MeOH, 0-25 °C, 12 h; h) TFA, DCM, 0 °C, 2 h; 

i) 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxylic acid, HATU, TEA, DCM, 0 °C, 4 h; j) DMP, DCM, 0 

°C, 30 min. 

2.5.3 – Biological evaluation of peptide-based inhibitors 

The potential Mpro inhibitors synthesized were subjected to biological evaluation 

thanks to the collaboration with the research group of Professor Maga from the 

University of Pavia which performed the screening of all the reported compounds 

against the Mpro isolated enzyme furnishing the ID50 values; and with the research 

group of Professor Zazzi from the University of Siena which tested the antiviral 

activity of the most interesting Mpro inhibitors in infected Vero E6 cell lines. 

As previously mentioned all the compounds were screened on SARS-CoV-2 Mpro, 

using GC376 (compound 6, figure 7) as reference inhibitor and positive control, and 

ID50 values have been determined. The compounds have been tested in a 

fluorescence resonance energy transfer (FRET) biochemical assay in order to 
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evaluate their inhibitory activity against the isolated SARS-CoV-2 Mpro processing a 

fluorescent substrate. The majority of compounds were able to inhibit the Mpro in the 

micromolar and sub-micromolar range as shown in Table 2. The investigation of 

portion P4 of the peptide-based inhibitors highlighted the higher inhibitory potency 

of the 8-chloro-1-methyl-quinolone derivative (S,S,S)-28 when compared to its 

corresponding 8-chloro-4-hydroxy-quinoline 33c and to compounds 33d,f and 33j 

bearing differently-substituted quinolines. We investigated two isoquinoline 

derivatives 33a,b and the 7-bromo-1,2,3,4-tetrahydroisoquinoline derivative 33g and 

33k which afforded ID50 values ranging from 1,28 to 10 μM confirming the higher 

inhibitory potency of the quinolone derivatives. Encouraged by the promising activity 

of compound (S,S,S)-28 we investigated positions P2 and P1 replacing the leucine 

and the pyrrolidine-2-one with different natural and non-natural amino acids affording 

compounds 33h, 33i, 41, 46a,b , 47, 54, highlighting the importance of leucine or 

leucine mimetics in position P2  ((S,S,S)-28 vs 33h and 33i) which interact with the 

hydrophobic amino acids of sub-pocket S2, and confirming the importance of the γ-

lactam in position P1 ((S,S,S)-28 vs 41, 46a,b, 47 and 54). Furthermore, the 

relevance of a precise stereochemistry of the amino acids of these peptidomimetic 

derivatives has been proved by biological assays of compounds (S,R,S)-27 and 

(S,R,S)-28 bearing an D-glutamine bioisostere instead of the natural L-glutamine 

bioisostere, which have resulted in totally inactive compounds. The evaluation of the 

effect of a longer peptide-based inhibitor has been carried out as well, inserting in 

position P3 in compound 58 a lipophilic valine causing a slight reduction of the 

inhibitory activity. Regarding the electrophilic warhead at position P1’, we have 

investigated the nitrile moiety in compounds (S,S,S)-27, (S,R,S)-27, (S,S,S)-28 

(S,R,S)-28, 33a-k, 41, 46a,b, 47, 54 and 58 proving the potency of this electrophilic 

moiety. In order to compare the efficacy of the nitrile moiety we investigated two other 

different warheads, such as the well-known electrophilic aldehyde in compounds 

62a,b and 66 yielding nanomolar active compounds, and the less explored 

cyanohydrin moiety in compound 63 which exerted micromolar activity. 

Antiviral in vitro activity in Vero E6 cells against SARS-CoV-2 has been carried out 

on Delta variant of the virus (column 3, Table 2), using GC376 (6 Table 7) and 



68 
 

nirmatrelvir (1, Table 7) as reference compounds and DMSO as negative control. 

The assays have been carried out in presence of the Pg-P inhibitor CP-100356 at 

the final concentration of 0.5 µM, which is a non-toxic efflux pump inhibitor. Hit 

compound (S,S,S)-28 confirmed to be the most active when confronting the IC50 

values of Table 2, as well as compounds 62a and 63.  

Further biological evaluation is ongoing, in particular in order to asses the broad 

spectrum potentiality of these compounds, the two most promising inhibitors will be 

evaluated in two different cell lines for their inhibitory activity against FCoV and 

CCov, in order to evaluate their potential as pan-antiviral agents against zoonotic 

coronaviruses. In addition to this the inhibitory potency against resistant strains of 

enteroviruses will be assessed.  

Table 2: Biological activities of target compounds (S,S,S)-27, (S,S,S)-28, (S,R,S)-27, (S,R,S)-28, 33a-k, 41, 
46a,b, 47, 54, 58, 62a,b, 63, 66 and reference inhibitors 1 and 6 

Entry Structure 
ID50 (µM)a 

or % inhibition at 100 

µMb 

IC50 (µM) 
Plus EIc 
vs Deltad 

CC50 

(μM)e 
SIf 

1 27a 

 

6.57 ± 1.31 1.1± 0.6 81.6 44.1 

2 27b 

 

31.2% n.a.g >200  

3 28a 

 

0.56 ± 0.07 1.6± 0.5 >200 187.5 

4 28b 

 

80.8% n.a. >200  

5 33c 

 

6.0 ±0.67 uM n.t.h n.t.  
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6 33f 

 

1.065 ±0.19 n.t. 219.2  

7 33j 

 

>10uM 

83.7% 
n.t. n.t.  

8 33a 

 

1.284 ±0.20 24.0± 6.5 293.4 12.2 

9 33b 

 

3.38 ± 1.04 n.t. n.t.  

10 33g 

 

>10 

90.12% 
n.t. n.t.  

11 33k 

 

>10 n.t. n.t.  

12 33d 

 

13.85 ±2.14 

87.7% 
n.t. n.t.  

13 33e 

 

>10 

95.2% 
n.t. n.t.  

14 33h 

 

>10 

71.0% 
n.t. n.t.  

15 33i 

 

>10 

81.5% 
n.t. n.t.  

16 62a 

 

0.435 ±45.08 8.0± 2.5 n.t. 6.6 
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17 62b 

 

0.51 ± 0.01 n.t. n.t.  

18 66 

 

0.65 ± 0,04 n.t. n.t.  

19 63 

 

1.81 ±0.53 6.8± 9.5 n.t. 91.6 

20 58 

 

4.246 ±0.28 n.t. 89.2  

21 41 

 

>10 

3.8 % 
n.t. n.t.  

22 46b 

 

>10 n.t. n.t.  

23 46a 

 

>10 

0% 
n.t. n.t.  

24 54 

 

>10 

15.2%  
n.t. n.t.  

25 47 

 

>10 n.t. n.t.  

26 GC376 (6) 

 

0.138 ± 0.04 0.16 ± 0.1 n.t.  

27 
Nirmatrelvir 

(1) 

 

 0.05 n.t. 874.8 

a Compound concentration required to reduce the Mpro activity by 50%. 
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b Percentage of enzyme inhibited using a concentration of 100 µM of compound. 
c P-gp inhibitor (CP-100356) used at the final concentration of 0.5 µM. 
d Live delta SARS-CoV-2 (EPI_ISL_2840619) virus. 
e Concentration of compound that causes a cytotoxic effect in 50% of the cells in given population. 
f SI is the selectivity index calculated as the CC50/EC50 ratio. 
g Not active. 
h Not tested. 
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2.7 – Further insights and future explorations 
2.7.1 – Design of small molecules inhibitors 

Taking inspiration from the experience gained in the design of the peptide-based 

inhibitors aforementioned and literature data, a limited set of small molecule 

inhibitors of Mpro has been designed. Specifically, these small molecule inhibitors 

have been designed as an effort towards the development of inhibitors with better 

drug-like properties and with synthetically accessible scaffolds that could allow a 

more thorough exploration of the SARs. In particular given the plethora of functional 

groups which can be accommodated in positions P2 and P3 of the peptide-

backbone, a restricted family of fragments has been designed, exploring 

heteroaromatic and aliphatic cyclic systems, allowing the evaluation of rigid and 

flexible moieties, nonetheless keeping hydrogen donor portions for specific 

interactions inside the active site, which can be evaluated through in silico studies. 

 

Figure 10: General structure of the small molecule inhibitors, 67-75 
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2.7.2 Synthesis of small molecules fragments 

The synthesis of the final compounds 67-69 is reported in Scheme 9. The ester 

intermediates were obtained through coupling reaction of the common intermediate 

19 and the appropriate carboxylic acid, 6-bromonicotinic acid (for derivative 76a) and 

(1S,4S)-4-((tert-butoxycarbonyl)amino)cyclohexane-1-carboxylic acid (for derivative 

76b). Afterwards the ester intermediates were reduced to the corresponding 

aldehydic final compounds using DIBAL at low temperatures. To obtain the final 

compound 69, compound 68 previously synthesized has been deprotected through 

an acidic cleavage.  

 

Scheme 9: Synthesis of compounds 67-69. Reagents and conditions: a) appropriate carboxylic acid: 6-

bromonicotinic acid for derivative 76a and (1s,4s)-4-((tert-butoxycarbonyl)amino)cyclohexane-1-carboxylic acid 

for derivative 76b, HATU, TEA, DCM, 0 °C 3 h; b) DIBAL, DCM, -78 °C, 4 h; c) TFA, DCM, 0 °C, 2h. 

2.7.3 – Biological evaluation 

The small library of compounds is under biological evaluation, in particular the 

compounds will be tested against the Mpro of SARS-CoV-2 with the same 

methodology reported for the previously mentioned peptide-based inhibitors, 

successively the compounds will be tested in VERO E6 cell line in order to evaluate 

their inhibitory potency against SARS-CoV-2. 
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CHAPTER 3 – Design and synthesis of  HDAC inhibitors for a preventive 

action against SARS-CoV-2 infection 

 

Table of content 

The knowledge of the entry mechanism of SARS-CoV-2 into the host cells, gained 

during the last pandemic has brought to light the complex interconnections between 

the viral Spike protein and various host targets, among these is note to mention 

ACE2. This host receptor is pivotal for viral entry, thus rendering its inhibition a 

promising target for the preventive treatment of this pathogen. In fact, the modulation 

of expression of ACE2, which can be achieved through HDACi, can allow a reduced 

viral load into the host cells and a prophylactic action during infection onset. The 

development of this project was aimed at the identification of HDAC isozymes 

involved in the modulation of the expression of ACE2 on the cell surface; for this 

reason two in house repurposed compounds, a selective HDAC1 inhibitor and a 

selective HDAC6 inhibitor, have been selected and synthesized for further biological 

evaluation in VERO E6 cells in order to evaluate their prophylactic role during the 

viral infection. 
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3.1 – SARS-CoV-2, role of Spike protein and ACE2 receptor in the viral cell 

entry 
The first step of infection onset is the entry of the viral particles into the host cell, this 

may occur thanks to the S glycoprotein that undergoes specific modifications and 

conformational changes. The S protein of SARS-CoV-2 exists as a trimer, and the 

viral genome encodes for many repeated copies which are positioned into the virion 

membrane giving the “crown-like” conformation, with each monomer composed of 

two subunits. The S1 subunit presents the RBD, necessary for the recognition and 

subsequent attachment to the host cell receptor, ACE2, while the S2 subunit 

facilitates membrane fusion. 

The entry process can be divided into 5 steps as depicted in Figure 11. The first step 

of viral entry, identified as RBD Attachment to ACE2, is mediated by the S1 subunit 

in which the RBD can adopt either an "up" conformation, that allows the binding to 

the receptor, or a "down" conformation that impedes the binding. In the "up" 

conformation, the RBD is exposed and can interact with the ACE2 receptor on the 

host cell. This binding is a critical determinant for the tropism and infectivity of the 

virus 42.  

 At this point, the second step involves the S1 Subunit Shedding which occurs after  

RBD-ACE2 binding, in which entry glycoproteins of many viruses, including MERS-

CoV, are cleaved into two subunits the extracellular unit and the transmembrane 

unit, this latter exposes the S2 subunit. In the case of SARS-CoV-2 the, proprotein 

convertase is furin, and it mediates the cleavage in the infected cells 42.  

During the third step, the S2 Subunit Activation, the exposed S2 subunit undergoes 

further conformational changes. In the specific case of SARS-CoV-2 the initial stimuli 

is the cleavage of an additional internal portion of the S2 subunit, identified as the 

‘S2′ site’, which starts with the engagement of ACE2 by the virus 42.  

In particular this cleavage can be performed by the TMPRSS2 at the cell surface, or 

by cathepsin L in the endosomal compartment with the subsequent endocytosis and 

with the further Release of the Fusion Peptide (step four) and the initiation of the 

fusion pore formation which inserts itself into the host cell membrane. This step is 
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crucial for bringing the viral and cellular membranes into close proximity. Following 

fusion peptide insertion, the last step identified with the Membrane Fusion allows 

additional conformational rearrangements in S2 which drive the fusion of the viral 

and cellular membranes. This process involves the formation of a six-helix bundle 

structure that brings the two membranes together, facilitating the entrance of viral 

RNA into the host infected cell. Once the viral and cellular membranes have fused, 

the viral genome is released into the host cell, initiating the viral replication cycle 155–

158. 

 

Figure 11: Viral entry into host cells 155 

3.1.1 – Immune response 

The interplay between the host immune response and the expression of ACE2 has 

been identified, and it is suggested ACE2 to be a virus responsive gene, in fact it can 

either be upregulated by the infection of various viruses or by stimulation of the 

interferon-mediated cytokine cascade 159.  
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The cellular response to infection begins when viral pathogen-associated molecular 

patterns (PAMPs) are detected by pattern recognition receptors (PRRs). This 

detection triggers a chain of events that comprehend the activation of downstream 

signaling molecules, such as the adapter proteins MAVS and MyD88, kinases like 

TBK1 and IKK, and transcription factors including IRF3, NF-κB, and activator protein 

1. This complex signaling pathway culminates in the robust production of type I and 

III interferons (IFN-I and IFN-III) and a general pro-inflammatory cellular stress 

response. The primary phase of IFN production, essential for countering viral 

infections like those caused by coronaviruses, involves a positive feedback loop 

initiated by the activation of PRRs by PAMPs. This loop enhances the interferon 

response through the production of type I and III interferons (IFN-I and IFN-III), 

activating signaling pathways via Tyk2 and Jak1 160. These pathways lead to the 

activation of interferon-stimulated genes (ISGs) crucial for antiviral defense, 

producing proteins that protect against viruses by degrading viral RNA and blocking 

virus entry. While IFN-I receptors are ubiquitously expressed, enabling a systemic 

response, IFN-III receptors are localized to epithelial and mucosal barriers, 

suggesting IFN-III's role in defending entry points like the respiratory and 

gastrointestinal tracts. In particular SARS-CoV-2, but also many other different 

viruses, has evolved many redundant mechanisms to evade this IFN-mediated 

defense by employing proteins that suppress IFN production and signaling, 

undermining the host's initial immune response, and allowing the virus to establish 

infection. Specifically, SARS-CoV-2 has developed sophisticated strategies to evade 

these defenses, notably through proteins like nsp1 and nsp6, which significantly 

impact IFN production and signaling. This viral evasion highlights the challenge of 

maintaining a balanced immune response, where as a countermeasure the 

overproduction of IFNs can contribute to severe COVID-19 outcomes, including 

cytokine storms and systemic inflammation, leading to tissue damage and potentially 

life-threatening conditions, like the acute respiratory distress syndrome. Conversely, 

an initial low level of IFN-I, leading to unchecked viral replication, followed by a later 

overproduction, contributes to severe inflammation. This paradoxical role of 

interferons, which can exacerbate disease progression by promoting virus entry into 
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cells via ACE2 receptors, highlights the intricate interconnection between INF 

production and ACE-mediated entry 161,162. 

3.1.2 –ACE-2 important host target 

ACE2 was initially identified in 2000 as a homolog of the ACE receptor, exhibiting 

40% identity and 60% similarity with it. The ACE2 protein, made up of 805 amino 

acids, can be encoded in 6 variant forms via alternative splicing. It features a single 

extracellular N-terminal domain that houses the active site for catalysis, a 

membrane-anchoring C-terminal segment, and a HEXXH zinc-binding motif that is 

highly conserved, and serves as a carboxypeptidase, cleaving single amino acids 

from the C-terminal ends of its substrates 163. 

Studies have shown that under conditions of cellular energy stress, sirtuin 1 (SIRT1) 

can initiate the transcriptional activation of ACE2 164. In a similar manner, apelin 

treatment was found to restore decreased ACE2 levels in apelin-deficient mice, 

indicating that apelin positively influences ACE2 expression 165. This suggests a 

potential broader impact of apelin on various pathways influenced by ACE2. 

Investigations into ACE2 expression, utilizing various experimental models and 

human transcriptome databases, have identified significant expression levels in the 

lower respiratory tract, notably in lung type II alveolar cells 166,167. Given the 

prevalence of respiratory issues among patients infected with SARS-CoV-2, these 

observations are understood in the context that SARS-CoV-2 triggers the release of 

inflammatory cytokines, such as interferons, which can in turn, elevate ACE2 

expression, thereby enhancing the virus's ability to infect 161. Furthermore recent 

studies have shown ACE2's prevalent expression in several tissues that clarifies why 

SARS-CoV-2 infection impacts not just the respiratory system but also affects the 

kidneys, liver, heart, and gastrointestinal tract 168. 

ACE2 is also subjected to post-translational modifications and is predominantly 

found on the cell surface with its N-terminal catalytic domain extending into the 

extracellular space to interact with various active peptides in the interstitial fluid. The 
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enzyme is susceptible to proteolytic cleavage by several proteases, including a 

disintegrin, ADAM10 and ADAM17, as well as the TMPRSS2. 

When the S1 subunit of the SARS-CoV-2 Spike protein attaches to the ACE2 

receptor, it initiates the cleavage of ACE2 by ADAM17, which results in the 

generation of a soluble form of ACE2 that maintains its catalytic function, and in fact, 

inhibitors of ADAM17 have been shown to impede viral entry both in vitro and in 

animal models, highlighting their critical influence on the infectivity of SARS-CoV-2 

and underscoring their potential as targets for developing antiviral treatments. 

There are contrasting opinions in whether higher levels of ACE2 offer protection or 

a higher susceptibility to SARS-CoV-2. In fact, some scientists hypothesize that 

higher levels of soluble ACE2 might prevent SARS-CoV-2 from attaching to the 

ACE2 receptors on cell membranes, potentially clarifying why women and children 

exhibit less susceptibility to the virus. On the opposite front, recent research 

suggests that elevated sACE2 levels could indicate either an increase in ACE2 

expression, or heightened activity of ADAM17, or even both, which might increase 

the risk of SARS-CoV-2 infection 169. 

3.1.3 – HDACi 

Epigenetic alterations involve inheritable modifications in the genome that do not 

affect the DNA sequence itself but can modify DNA accessibility and the structure of 

chromatin, thereby influencing patterns of gene expression. These type of alterations 

are exploited through three key mechanisms: DNA methylation, modifications of 

histone proteins, and positioning of nucleosomes 170–175. These changes are 

enzymatically reversible and have significant functions in both normal physiological 

processes and development of various diseases. 

Histone acetylation is characterized by the covalent attachment of an acetyl group 

to the ε-amino group of lysine residues located on the tails of histone proteins. This 

process is dynamically regulated by the opposing activities of two types of enzymes: 

histone acetyltransferases (HATs), which add acetyl groups, and histone 

deacetylases (HDACs), which remove them 176,177. 
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Initially recognized as a post-translational modification (PTM) in histones, acetylation 

has since been discovered as a prevalent PTM also among numerous non-histone 

proteins 178. From a biological standpoint, the acetylation of lysine residues leads to 

the neutralization of their ε-amino group's positive charge, and this modification plays 

a critical role in the regulation of various cellular processes, including gene 

transcription, protein folding, and organization of the cytoskeleton. 

HDAC enzymes, which are highly conserved across plants, animals, protozoa and 

fungi, play a crucial role in various biological processes, and most importantly the 

dysregulation of this mechanism is associated with a variety of diseases, such as 

cancer, neurological disorders, immune deficiencies, metabolic syndromes, and 

inflammatory conditions, underscoring its significance for therapeutic intervention 

179–183. In humans, there are 18 identified HDAC enzymes, categorized into four 

classes based on their similarity to the yeast homologues: Class I (Rpd3-like 

proteins), Class II (Hda1-like proteins), Class III (Sir2-like proteins, also known as 

sirtuins), and Class IV. Specifically, Class I includes HDACs 1, 2, 3, and 8; Class II 

is further divided into Class IIa, comprising HDACs 4, 5, 7, and 9, and Class IIb, 

including HDACs 6 and 10; Class III encompasses SIRT 1 through 7; and Class IV 

only consists of HDAC11. 

Class I HDAC members are distinguished by their widespread expression across 

various tissues and their presence in the nucleus (specifically HDACs 1, 2, and 3), 

while HDAC8 is unique to smooth muscle tissues and is found both in the nucleus 

and in the cytoplasm. In addition to this, while HDACs 1, 2, and 3 are components 

of large multiprotein complexes, HDAC8 operates independently of such complexes 

and exhibits a greater catalytic efficiency on acyl lysine substrates than on acetyl 

lysine 184. 

Enzymes belonging to Class II exhibit a pattern of expression that is highly specific 

to certain tissues. Specifically, the Class IIa isozymes, namely HDAC 4 and 5, are 

predominantly found in the brain, heart, and skeletal muscles. On the other hand, 

HDAC7 is expressed in a broader range of tissues including heart, lungs, placenta, 

pancreas, skeletal muscles, and thymus. Similarly, HDAC9's expression is mainly 
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limited to the brain and skeletal muscles. As for the Class IIb isozymes, HDAC6 is 

observed in the heart, skeletal muscles, and brain, while HDAC10's presence is 

noted in the liver, spleen, and kidney. Enzymes in Class II possess the unique ability 

to move between the nucleus and cytoplasm in reaction to specific cellular stimuli. 

This mobility is facilitated by the presence of signals that direct their nuclear 

localization and export, or through their co-localization with additional proteins or 

other HDACs. HDAC6 stands out among the Class IIb enzymes due to its primary 

cytoplasmic localization and its unique structure, which includes two independently 

functional catalytic domains and a zinc finger domain that binds to ubiquitin. 

Additionally to its function as a key histone deacetylase, HDAC6 has an important 

role also on a variety of cytoplasmic non-histone proteins, such as α-tubulin, 

cortactin, Ku70, and HSP90. Analyzing the other two important HDAC isozymes, 

HDAC10 is found both in the nucleus and the cytoplasm, serving as a transcriptional 

repressor. It is particularly effective as an acetyl polyamine hydrolase, while 

HDAC11, the only representative of Class IV, is present in various tissues including 

the brain, heart, kidneys, testis, and skeletal muscles, and is localized within the 

nucleus 185. 

The dysregulated expression of classical HDAC enzymes is closely associated with 

cancer, often correlating with the severity of the disease and unfavorable prognoses 

for patients 186–189. Nonetheless, studies indicate that Class I proteins such as 

HDAC1, HDAC2, and HDAC3 might play roles in suppressing tumors. In the context 

of neuropathology, HDAC2 has been implicated in regulating synaptic numbers, 

plasticity, and the density of dendritic spines. It is also considered a promising target 

for therapeutic interventions in Alzheimer's disease. Also HDACs 6 and 3 are 

implicate in a range of processes related to neurodegenerative diseases. In 

particular, HDAC3 is recognized as a potential target due to its connection with brain-

derived neurotrophic factor and elevated levels of hyperphosphorylated tau protein.  

In general, HDACs have been documented to play roles in various human 

pathologies, including the induction of viral silencing, particularly in the case of HIV 
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infection, as well as in diabetes and immune-related disorders, such as chronic 

obstructive pulmonary disease 190–192 

In fact, exploring the role of HDACs in viral pathogenic contexts, studies have 

evaluated the role of HDAC5 which is degraded during Vaccinia virus (VACV) 

infection and is a restriction factor for VACV and herpes simplex virus type 1 193. 

Further, TMP269 (HDAC IIa inhibitor) can significantly inhibit RABV replication and 

reduce the viral titers and protein levels of RABV at an early stage in the viral life 

cycle 194, not to mention the different roles of HDAC6 modulation in various viral 

infections and hosts immune response 195, and the role of HDACi in HIV latency 

repression 190,196. 

3.1.2.1 – HDAC’s ACE-2 MODULATION 
The insurgence of COVID-19 has prompted researchers to investigate the infectivity 

and pathogenicity of SARS-CoV-2. In particular HDACs have been studied for their 

roles in the described viral pathogenic processes, and their role in influencing the 

severity of COVID-19 has been established 197. Specifically, while ACE converts 

angiotensin I to angiotensin II, ACE2 modifies angiotensin II into the vasodilator 

angiotensin, acting as a balancing factor in the renin-angiotensin system. HDAC 

significantly enhances ACE2 surface expression through promoter binding 198, for 

this reason investigating the epigenetic regulation of these receptors is crucial for 

developing wide-ranging antiviral treatments against coronaviruses, 199 though 

ACE2 is not the sole receptor that needs to be investigated, for instance, HCoV-

OC43 interacts via aminopeptidase N for viral entry. . 

  



85 
 

3.2 – AIM OF THIS STUDY – Development of HDACi with a preventive action 

against SARS-CoV-2 infection 
Given the expertise of my research group in the development of HDAC inhibitors, it 

comes natural to repurpose this knowledge on the development of HDACi focusing 

on the modulation of expression of ACE2 and TMPRSS for the prevention and 

reduction of SARS-CoV-2 infection 200. The development of these inhibitors has 

focused on the creation of two sets of compounds, one more selective against 

HDAC6 isozyme and the other more selective towards HDAC1 isoform, in order to 

evaluate the different inhibition of these two isoforms in the prevention of the viral 

infection. 

3.2.1 – Design of HDACi 

The classical pharmacophoric model of the majority of HDACis consists of three 

essential portions, namely a cap group which interacts with the external surface of 

the active site, a linker necessary to connect the two contraposing portions and 

inserted in the hydrophobic substrate binding tunnel, and a zinc binding group (ZBG) 

which is crucial for the interaction with the metal ion coordinated buried inside the 

active site. In particular, for this study two compounds from the same library have 

been repurposed, a selective HDAC1 inhibitor and a selective HDAC6 inhibitor, in 

addition to a panHDAC inhibitor, SAHA. 

The structural features of these compounds comprehend a substituted 

quinazolinone core which has been selected as the cap group; this privileged 

scaffold is present in many natural sources and is incorporated in a variety of 

compounds with an array of biological functions, spanning from anticancer to 

antimicrobial activity. 

For the choice of the linker moiety, the para-substituted benzyl spacer has been 

selected, since it confers a certain degree of steric hinderance allowing to enhance 

the selectivity of these inhibitors towards the isoform 6.  
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Finally, two distinct ZBG have been proposed, an hydroxamic acid which exhibits a 

higher selectivity against HDAC6, and an o-amino benzamide which displays a more 

interesting inhibitory activity against HDAC1. 

3.2.2 – Synthesis 

The synthesis of the final compounds 72 and 73 is reported in Scheme 10. The final 

compounds have been synthesized starting from the 7-chloroquinazolin-4(3H)-one 

core 201, that was alkylated with methyl 4-(chloromethyl)benzoate in the presence of 

potassium carbonate and sodium iodide to obtain the common intermediate 71. This 

latter was used for the transformation of the ester moiety in hydroxamic acid using 

hydroxylamine hydrochloride under basic conditions (72). While the final compound 

73 was synthesized through an initial hydrolysis of the ester into carboxylic acid 

derivative, and successively the final benzamide derivative was obtained through 

coupling reaction in the presence of o-phenylendiamine.   

 

Scheme 10:Synthesis of compounds 72 and 73. Reagents and conditions: a) methyl 4-(chloromethyl)benzoate, 

K2CO3, NaI, acetone, 55 °C 12 h; b) NH2OH·HCl, methanolic KOH, MeOH, 25 °C, 12 h; c) NaOH, THF, H2O, 25 

°C, 2 h; d) o-phenylendiamine, HATU, TEA 25 °C, 12 h. 

3.2.3 – Biological evaluation 

The two repurposed compounds were evaluated for their ability to inhibit a selected 

panel of HDAC enzymes as reported in Table 2. For the choice of the isoforms to be 

tested, different considerations had to be taken into account. As previously described 
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HDAC1 and HDAC8 belong to class I and are primarily located in the nucleus, 

playing critical roles in modulating gene expression through the deacetylation of 

histones and transcriptional regulators, while HDAC8 is uniquely different in its 

functions and it is the only isoform encoded by a gene on the X chromosome. On 

the other hand, HDAC6 and HDAC10 are part of class IIB, indicating a different class 

within the HDAC family, with HDAC6 notably being involved in cytoplasmic activities. 

The challenge in distinguishing between HDAC6 and HDAC8 arises due to the 

similarities in their active sites, making it difficult to develop inhibitors that selectively 

target one over the other. This issue of selectivity among the various HDAC isoforms 

is a significant consideration in the development of HDAC inhibitors, which are used 

for therapeutic purposes, including cancer treatment as these were designed for. For 

this reason the screening process includes different isoforms allowing to identify 

inhibitors that are selective for class I HDACs to ensure targeted therapeutic effects 

with minimal off-target effects, though the screening of all the eleven isoforms has 

proven redundant and not necessary.   

The repurposed compounds have been initially evaluated for their inhibitory activity 

against various HDACs isoforms, namely 1, 6, 8 and 10, in vitro in leukemic cells, 

allowing to establish their selectivity towards HDAC1 and HDAC6 isoforms 202. In 

particular, compound 79 is characterized by a hydroxamic acid moiety in the para 

position exhibiting nanomolar inhibition against HDAC6 (IC50 = 9.60 nM) and also an 

interesting inhibitory activity against HDAC1 (IC50 = 890 nM) and HDAC8 (IC50 = 707 

nM), while compound 80, which only differs in the ZBG portion, marks an important 

shift in the selectivity profile. In fact, by modifying the hydroxamic acid to an o-amino 

benzamide, compound 80 achieved a highly selective inhibition profile with an IC50 

value of 67 nM against HDAC1. This progression highlights the strategic approach 

required in designing inhibitors that target specific HDAC isoforms, considering the 

similarities in their active sites and the therapeutic need for selectivity. 
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Table 3: Biological evaluation of the repurposed HDACis againsthHDAC1, hHDAC6, hHDAC8 and hHDAC10 202 

entry 

 
structure 

 

IC50 (nM)a 

 

 hHDAC1 hHDAC6 hHDAC8 hHDAC10 

1 72 

 

890 ± 61 9.60 ± 0.68 707 ± 44 1116 ± 76 

2 73 

 

67 ± 4 >10000 

(1%) 

>10000 

(1%) 
1149 ± 76 

a in vitro measurements of the HDAC isoforms inhibition profile expressed as IC50 value 

Further biological studies of these compounds are still ongoing, in particular the 

preventive action will be assessed by preventive administration of these HDACis to 

the cell cultures in order to evaluate their capability in preventing the infection.  
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CHAPTER 4 – Design and synthesis of  inhibitors of  the VP37 enzyme of  

monkeypox virus 

 

Table of content 

Among orthopoxviruses, monkeypox (MPXV) is the most significant pathogen 

affecting humans, after the global eradication of smallpox has occurred. The recent 

reported cases worldwide have alarmed researchers, as result of the last COVID-19 

pandemic, prompting the research for new anti-viral agents against monkeypox with 

optimized synthetic protocols and enhanced drug-like properties. Tecovirimat, which 

has been previously developed for the treatment of smallpox and has proven to be 

effective against various orthopoxviruses, is the only specifically approved drug for 

the treatment of MPXV. This drug targets the VP37 (also known as F13L) protein 

which is pivotal for virion maturation and exit from the host cells, thus allowing for 

the inhibition of the disease progression. In an effort to develop inhibitors with a more 

accessible synthetic protocol, and broaden the limited SAR studies, this project has 

focused on the design and synthesis of a library of tecovirimat analogues, aimed at 

a thorough exploration of the cap group. The resulting compounds will be tested in 

phenotypic assays in order to evaluate their inhibitory potency and allow a targeted 

follow-up SAR study. 
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4.1 Monkeypox emergence and re-emergence 
Before 2022’s outbreak, MPXV infections had been endemic to various African 

nations for decades. Between 1st January 2022 and 7th August 2022, a total of 89 

countries reported confirmed MPXV cases, including a small number of deaths, to 

the World Health Organization 203. 

The first reported cases of MPXV affecting humans were sporadically reported in the 

1970s across various African nations, though over the last two decades the virus has 

seen a significant spread throughout the continent. Beginning in May 2022, there 

was a notable surge in MPXV infections globally (Figures 12 and 13), prompting the 

WHO to classify the monkeypox epidemic as a worldwide health crisis. 

By May 2022, 92 confirmed cases had been reported across 13 countries (including 

the UK, Australia, Belgium, Canada, France, Germany, Italy, the Netherlands, 

Portugal, and the USA). These were all regions where the monkeypox virus had not 

been historically reported yet (Figure 12). On May 24, the United Arab Emirates 

reported its first case, marking the first occurrence of the infection also in an Arab 

country 203,204. 

In 2022 from January to June, the WHO was notified of 3,413 cases of monkeypox 

that were confirmed through laboratory testing and one death had been reported, 

across 50 countries and territories spanning five WHO regions. Of these, the 

European Region accounted for 2,033 cases, representing 86% of the total 

confirmed cases. The remaining cases were distributed as follows: the African 

Region with 73 cases (2%), the Region of the Americas with 381 cases (11%), the 

Eastern Mediterranean Region with 15 cases (1%), and the Western Pacific Region 

with 11 cases (1%). Notably, Nigeria reported a single fatality related to monkeypox 

in 2022 205,206. 

The majority of reported monkeypox cases affected males; these cases are primarily 

found in urban settings and within specific social and sexual networks. A study 

conducted by Queen Mary University of London revealed that 98% of the individuals 

diagnosed with the virus were gay or bisexual men, and 41% were living with HIV 

207. 
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Currently, it remains unclear whether monkeypox transmission occurs specifically 

through sexual contact or if it primarily spreads via closest physical contact. 

However, the observed transmission pattern, especially in countries where 

monkeypox is not endemic, has prompted speculation about whether MPXV has 

undergone mutations similar to SARS-CoV-2 to enhance human-to-human 

transmission 208,209. 

 

 

Figure 12: 2022-2023 Mpox Outbreak Global Map, Data as of 07 Feb 2024 5:30 PM EDT, confirmed cases 210. 

 

 

 

Total confirmed cases 
Confirmed cases in locations that have 

not historically reported MPXV 

Confirmed cases in locations that have 

historically reported MPXV 

93,497 91,373 2,124 
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Figure 13: 2022-2023 Mpox Outbreak Global Map, Data as of 07 Feb 2024 5:30 PM EDT, confirmed deaths 

210. 

 

4.1.1 Monkeypox 

Monkeypox is a zoonotic disease caused by the monkeypox virus, a member of the 

orthopoxvirus group within the Poxviridae virus family 211. Genomic analyses classify 

MPXV into the variola-vaccine complex subtype within the poxvirus family. The virus 

was named 'monkeypox' due to its initial identification in African monkeys, and its 

distinctive skin lesions that differ from those caused by the variola virus and other 

poxviruses 212. The properties of MPXV fall between those of variola and vaccinia 

viruses, to which genome homology is the highest, highlighting characteristics that 

align with other members of the poxvirus family. Morphologically, monkeypox viruses 

resemble other poxviruses with their brick-shaped structure, measuring 

approximately 200–250 nm in size. The clinical resemblance between MPXV and 

smallpox has prompted speculation that MPXV could be an evolutionary precursor 

Total confirmed deaths 
Confirmed deaths in locations that 

have not historically reported MPXV 

Confirmed cases in locations that have 

historically reported MPXV 

177 156 21 
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to the variola virus 213. However, analyses of their genomic sequences, either 

through restriction enzyme mapping or nucleic acid sequencing, indicate that 

monkeypox and variola viruses have evolved separately even though alternative 

studies speculate that the variola virus might be the progenitor of the monkeypox 

virus, even if they exhibit distinct differences in host specificity and pathogenicity 214. 

While the primary natural reservoir of MPXV remains unidentified, it has been shown 

that a wide range of small rodents, bats, and non-human primates are vulnerable to 

infection 215. Other susceptible species include humans, various rodents like 

squirrels and mice, rabbits, hamsters, porcupines, several non-human primates, 

black-tailed prairie dogs, African brush-tailed porcupines, rats, and shrews. 

Within the Poxviridae family, the orthopoxvirus genus stands out as the most 

important, comprising viruses that have complex DNA structures and continue to 

represent a significant biological hazard to human health. In this context, the 

Monkeypox virus, which is categorized under risk group 3 within the orthopoxvirus 

genus, boasts one of the larger genomes, spanning approximately 220 Kb. It 

features a linear double-stranded DNA genome capable of replicating in the 

cytoplasm, but not within the nucleus, and has a wide host range, typically resulting 

in only mild infections in humans. 

The genome of MPXV is characterized by its linear double-stranded DNA, which is 

responsible for encoding roughly 223 open reading frames 216. On the other hand, 

the variola virus, the causative agent of smallpox, possesses the smallest genome 

within the orthopoxvirus genus, about 186 Kb, with its transmission restricted 

exclusively to humans and a notably pathogenic nature. Following the global 

eradication of smallpox, MPXV has emerged as the most significant orthopoxvirus 

affecting human health 217. 

Infective poxviruses exist in two distinct forms: the intracellular mature virus and the 

extracellular enveloped virus, each characterized by unique surface glycoproteins 

and employing different entry methods into cells, with a replication process that is 

believed to mirror that of other members within the orthopoxvirus genus 218. 
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The specific receptors facilitating MPXV entry remain uncertain, though it has been 

proposed that the process varies with the viral strain and the type of host cell, 

potentially involving a range of surface receptors like chondroitin sulfate or heparan 

sulfate. For VACV cell entry the surface proteins H3, A27 and D8 are known to play 

a role in viral attachment, afterwards the penetration occurs via a mechanism 

involving eleven conserved proteins that assemble into the entry fusion complex 219. 

One frequently observed symptom of MPX includes skin lesions, particularly within 

the oral cavity, which can significantly hinder the ability to eat and drink. Additionally, 

patients often experience skin hardening, swollen, and pain, ultimately causing the 

formation of crusts 220. 

Right after the first epidermic symptoms, the onset of a febrile phase starts, and this 

is marked by the parallel progression of skin lesions to a pustular stage. Moreover, 

throughout the course of the disease, secondary pathogen infections may find their 

way, including infective bronchopneumonia, typically emerging in a secondary phase 

in which the primary infection drags-on. In specific cases, septicemia and 

encephalitis were reported, as well as ocular infections that can lead to complications 

such as blindness and corneal scarring 221,222. 

4.1.2.- Pathogenesis 

The clinical outcomes of orthopoxvirus infections, including those caused by variola 

virus and monkeypox virus (MPXV), are significantly influenced by the virus's entry 

route and source of infection. The respiratory and oral pathways, through inhalation 

of droplets or contact with infected fluids, are primary entry points. Initially targeting 

the mucosal linings of the oral and respiratory tracts, the virus initially infects without 

symptoms, affecting the epithelium of the airways and surrounding immune cells, 

including monocytes, macrophages, B cells, and dendritic cells. 

The migration of orthopoxviruses to draining lymph nodes, where extensive 

replication occurs, is a critical, yet unclear, step in the infection process, with 

lymphoid tissues in the neck and throat regions being primary replication regions 

223,224. This preference for lymphoid tissue is due to the virus targeting cells like 
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monocytes, macrophages and dendritic cells, leading to lymph node enlargement. 

Experimental studies in non-human primates have confirmed these findings, 

showing increased natural killer cell activity in lymph nodes post-MPXV infection. 

After initial replication, orthopoxviruses spread to distant organs via the 

lymphohaematogenous route, affecting the spleen and liver before causing a 

secondary viremia that spreads the virus to the lungs, kidneys, intestines, skin, and 

other organs. The mechanism of skin infection leading to the development of lesions 

remains partly unclear, with immune cells such as macrophages and CD3+ T cells 

surrounding the infectious sites, moreover viral shedding in saliva and feces 

indicates potential transmission routes. Between the two diverse MPXV clades, 

clinical symptoms reported are almost the same for the West African and Congo 

Basin clades, though a clear difference is  reported in mortality rates, ranging from 

1–3.6% in the West African clade, as opposed to a 10% mortality rate and evidence 

of human-to-human transmission in the Central African clade 217,225,226. 

4.1.3 Vaccines and antiviral compounds 

Vaccines 
 Smallpox vaccines are recognized for their ability to also offer protection against 

monkeypox through cross-immunity. The FDA has authorized two vaccines for pre-

exposure immunization against orthopoxviruses, including monkeypox: ACAM2000, 

a live, second-generation vaccinia virus vaccine, and JYNNEOS, a third-generation, 

less virulent vaccine derived from the modified vaccinia Ankara strain 227–229. 

Stockpiles of second-generation vaccines like ACAM2000 are widely maintained, 

however, these vaccines have been linked to rare adverse effects, such as 

myocarditis and pericarditis, posing increased risks for specific populations, 

including individuals with eczema or those who are pregnant. Despite these 

concerns, research has shown the effectiveness of the ACAM2000 smallpox vaccine 

in generating specific T cell responses to the vaccinia virus. This is evidenced by the 

detection of activated CD4+ and CD8+ T cell responses at intervals of 1, 3, 6, and 

12 months following vaccination. 
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A number of treatments originally designed for smallpox are also utilized for 

monkeypox, yet their efficacy against monkeypox largely relies on preclinical findings 

with minimal clinical validation in human subjects 219. Furthermore, various 

molecules approved by the FDA, along with other promising candidates, have been 

investigated for their potential to inhibit the VP37 protein of MPXV and other 

orthopoxviruses 230–232, and the computational fragment-based drug design 

approach has been extensively utilized to develop new potential inhibitors of VP37 

233. 

Tecovirimat 
Identified in 2002 as an agent against orthopoxviruses, tecovirimat (81, Figure 14) 

is derived from a tetracyclic acylhydrazide 234–236. 

Regarding its mechanism of action, it acts by targeting the VP37 membrane protein 

of MPXV, inhibiting the assembly of virions capable of exiting the cell and thus 

hindering the virus's ability to spread. In non-human primate models, tecovirimat has 

shown to ameliorate the symptomatology of monkeypox, although its efficacy 

diminishes when administered more than five days after the first exposure. 

Nonetheless, in a small-scale study involving a single monkeypox-infected patient 

treated with tecovirimat, a reduction in both the duration of viral shedding and the 

period of illness was observed in comparison to six untreated individuals. 

Tecovirimat has received approval from the EMA, FDA, and Health Canada for use 

against various orthopoxviruses infections. Specifically, FDA has granted approval 

for its use in treating confirmed cases of smallpox under the Animal Efficacy Rule, 

which allows for the approval of novel treatments for pathologies for which efficient 

clinical trials in humans is impractical. Given that smallpox has been globally 

eradicated, it's impossible to test the effectiveness of antiviral medications against it 

in human subjects. This special animal regulamentation has been introduced by FDA 

in 2002, and it has established guidelines for the development of pharmaceutical 

drugs and biologics, facilitating the approval of products in cases where conducting 

efficacy trials on humans is either unethical or not feasible 237. 
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Furthermore, research documented in the literature supports tecovirimat's wide-

ranging antiviral effectiveness against OPXV, also validating VP37 as the specific 

viral target of this inhibitor 238. 

NIOCH-14 
NIOCH-14 (82, Figure 14), a water-insoluble tricyclo-dicarboxylic acid derivative, 

serves as a precursor to tecovirimat. Once inside the human body, NIOCH-14 

undergoes cyclization to yield tecovirimat as its active form. 

A study comparing NIOCH-14 and tecovirimat in mouse models infected with MpoxV 

(V79-1-005) revealed that both drugs exhibited comparable effectiveness after a 

seven-day treatment period at oral dosages of 30 µg/g and 60 µg/g of mouse body 

weight, with NIOCH-14 showing slightly superior performance. Furthermore, when 

NIOCH-14 and tecovirimat were compared in mice infected with the variola virus, 

both medications significantly reduced the virus levels in the lungs to similar degrees 

following four days of treatment at an oral dose of 50 µg/g. 

In a mice model, NIOCH-14 has demonstrated improved bioavailability at 22.8%, 

when compared to tecovirimat which stood at 12.1%, with both drugs administered 

as a single 50 µg/g dose. Additionally, recent research has highlighted NIOCH-14's 

effectiveness and safety against various orthopoxviruses, with the exception of 

variola virus, showing a good bioavailability at a dosage of 5 g/kg in experimental 

animals.  

For what concerns its metabolism, NIOCH-14 is rapidly converted in the bloodstream 

into its primary metabolite, tecovirimat. So in a reported study, the pharmacokinetic 

properties of NIOCH-14, following a single oral administration of 600 mg, have been 

evaluated through the measurement of tecovirimat levels in the blood, and after an 

evaluation it has been noted that a dose of 600 mg of NIOCH-14 corresponds to a 

250 mg dose of tecovirimat. 

Finally the study of NIOCH-14 mechanism of action has been elucidated, confirming 

the same previously reported for tecovirimat targeting VP37.  
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While the clinical studies of this compound are still ongoing with a successfully 

completed Phase I clinical trial in Russia, and an expected phase II/III clinical trial to 

be carried out between 2023 and 2024, the expectations that NIOCH-14 could be 

granted marketing authorization within the same timeframe grow higher. 

Tecovirimat and NIOCH-14 share similarities in both their chemical structures and 

modes of action, in addition to this, recent literature has highlighted the potential of 

adamantane derivatives in the search for VP37 inhibitors, and the creation of new 

molecules based on the adamantane structure. Additionally, the exploration has 

extended to other bicyclic capping groups, including derivatives of camphor and 

fenchone, alongside an analysis of the tail structure common to inhibitors 239–242. 

IMCBH 
In 1969, IMCBH (83, Figure 14) was identified for its ability to specifically obstruct 

the replication and release of vaccinia virus it is derived from isonicotinohydrazide, 

and acts as an inhibitor of the F13L gene/VP37P in orthopoxviruses, blocking their 

secondary envelopment and the formation of extracellular enveloped virions in a 

manner akin to tecovirimat 243. 

Unfortunately while IMCBH showed activity in in vitro experiments, it failed to offer 

protective effects in mouse and rabbit models. 

Cidofovir 
Cidofovir (84, Figure 14), which is the pharmacologically active component of 

brincidofovir is an antiviral medication primarily used to treat cytomegalovirus 

infections in immunocompromised patients, showcasing its broad antiviral 

properties. The drug functions by inhibiting viral DNA polymerase, a key enzyme 

necessary for viral replication. Despite its efficacy, the clinical use of cidofovir is 

significantly hampered by its nephrotoxic effects, necessitating careful monitoring of 

kidney function during treatment. Additionally, cidofovir requires dosing adjustments 

in patients with renal impairment to mitigate the risk of further kidney damage 243,244. 
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Brincidofovir 
Brincidofovir (85, Figure 14) which is the prodrug of cidofovir, approved by FDA but 

not by EMA, acts as an inhibitor of the DNA polymerase utilized by orthopoxviruses 

for DNA replication. It has demonstrated effectiveness in models using prairie dogs 

and mice for monkeypox studies. Despite its potential benefits, the clinical 

application of brincidofovir is closely monitored due to concerns about its side 

effects, particularly those affecting liver function. Ongoing research aims to balance 

its antiviral efficacy with its safety profile, highlighting the need for careful patient 

selection and monitoring during treatment 244. 

 

 

Figure 14: Known MPXV inhibitors 

4.2 – VP37 as viral target 
VP37, coded in the F13L ORF, is the dominant protein in the vaccinia virus 

extracellular envelope, and it plays a pivotal role in envelope acquisition, viral egress, 

and transmission 245. This protein shows a high degree of conservation across the 

orthopoxvirus genus, and its SPV homologue, known as P42, shares 54% identity 

with VP37 and among poxviruses it shows the closest resemblance (73% identity) 

to the analogous protein in myxoma virus. It consists of 372 amino acids, and is 

synthesized during the later stages of infection. It is directed to membranes derived 
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from the Golgi apparatus, where it becomes part of the virion through a process of 

wrapping. Therefore, VP37 is found in the enveloped variants of the virus but not 

within the intracellular mature virus acting as a peripheral membrane protein,  

coating the inner side of the viral envelope. The absence of the VP37 gene disrupts 

the virus's envelopment, effectively halting the formation of extracellular virus and 

preventing the transmission of the virus from cell to cell. 

Moreover, the absence of virus envelopment also inhibits virus-induced actions such 

as the formation of actin tails and the fusion of cells at acidic pH levels. Recent 

studies also indicate enzymatic functions associated with lipid metabolism of VP37 

and analysis of the amino acidic sequence has revealed patterns characteristic of 

the phospholipase D superfamily, confirmed by the phospholipase activities which 

are important for function 246. In fact, without it, the virus's ability to form the envelop 

is compromised, leading to a significant decrease in viral particle production and 

resulting in a substantially weakened virus in mouse models. The effective 

localization within the cell and the functionality this enzyme relies on the 

palmitoylation of Cys185 and Cys186. Additionally, the presence of a functional 

phospholipase D motif, HKD, is crucial for its activity. VP37 also features a YW motif, 

which is known to bind with the cellular factor TIP47, involved in the generation of 

late endosome transport vesicles. Altering this motif interferes with the VP37-TIP47 

interaction. In addition, also B5R protein plays a crucial role in the formation of 

enveloped virions; it is a type I glycoprotein of 42 kDa with transmembrane 

properties, that includes a significant extracellular domain and a short cytoplasmic 

tail and undergoes palmitoylation. Without B5R, the virus's ability to wrap is 

diminished, leading to the production of fewer EEV particles and resulting in a less 

virulent virus. Studies have shown that B5R and VP37 not only localize together 

within the cell but also interact with each other.  

Notably, the E353K mutation within the VP37 protein is present in all MPXV genomes 

from 2022. This specific mutation was not found in the most recent common ancestor 

within a previous clade, although it was detected in a single genome from the 2018 

outbreak. 



103 
 

4.3 AIM OF THIS STUDY – Development of simplified analogues of tecovirimat 
The aim of this project has been the design of derivatives of tecovirimat with a more 

chemically tractable chemical structure with respect to the parent drug in order to 

extend the structure-activity relationships and find more potent antiviral agents 

against monkeypox and related viruses. 

4.3.1 Design of new inhibitors 

 

Figure 15: Inhibitors general structure and cap exploration 

Tecovirimat can be structurally divided into three different sections, a cap group, a 

linker unit and a tail moiety, in particular this project has been focused on the 

exploration of different cyclic portions in order to expand the limited known SARs for 

the design of new VP37 inhibitors. The compounds here reported fall into a bigger 

library in which various heteroaromatic and bicyclic groups have been explored in 

substitution of the hexahydro-4,6-ethenocyclopropa-isoindole-dione which presents 

synthetic issues. In particular, compounds 89a-d, 98, 113 and 115 were prepared to 

evaluate different bicyclic rings such as the symmetric 3-azabicyclo[3.1.0]hexane-

2,4-dione, the 6,6-dimethyl-3-azabicyclo[3.1.0]hexane-2,4-dione, a more hindered 

trycyclic system, and a more rigid bicyclic indazole-derivative. Compound 93 was in 

turn prepared in order to evaluate the importance of the presence of the carbonyl 

functionalities of the imide group, substituting it with a hindered and lipophilic 

tetramethylpiperidine system. Finally spiro-hydantoins 105a,b and spiro derivative 
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101 have been designed in order to evaluate hindered aliphatic systems replacing 

the tecovirimat classical bicyclic ring. As a further exploration of the SAR during this 

project the linker moiety has been exploited through compounds 98 and 106. 

4.3.2 Synthetic protocols of tecovirimat analogues 

The synthesis of compounds 89a-d are reported in Scheme 11. The commercially 

available 4-(trifluoromethyl)benzoic acid 86, was subjected to esterification reaction 

with ethanol in acidic conditions allowing the preparation of the ester intermediate 

87. Successively the ester intermediate underwent to amminolysis reaction with 

hydrazine in ethanol in order to obtain the benzohydrazide derivative 88. This 

intermediate was once again subjected to aminolysis with the appropriate cyclic 

anhydride allowing the preparation the final compounds 89a-d. 

 

 

Scheme 11: Synthesis of compounds 89a-d. Reagents and conditions: a) H2SO4, EtOH, 70 °C, 18h; b) NH2NH2, 

EtOH, 70 °C, 12 h; c) (3aR,4R,7S,7aS)-3a,4,7,7a-tetrahydro-4,7-methanoisobenzofuran-1,3-dione for derivative 

89a, 3-oxabicyclo[3.1.0]hexane-2,4-dione for derivative 89b, 6,6-dimethyl-3-oxabicyclo[3.1.0]hexane-2,4-dione 

for derivative 89c, dihydrofuran-2,5-dione for derivative 89d,  pTSA, toluene, 90 °C, 12h. 

The final compound 93 has been synthesized according to the synthetic protocol 

reported in Scheme 12. The tetramethylpiperidine (90) was converted into the nitroso 

derivative 91 by the slow addition of sodium nitrite in a cold, acetic acid and acetic 

anhydride, solution of the starting piperidine. Then the nitroso derivative was 
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reduced by reaction with Zn powder to the corresponding hydrazine 92 which was 

alkylated with the commercially available p-trifluoromethyl benzoyl chloride 

furnishing the final compound 93. 

 

Scheme 12: Synthesis of compound 93. Reagents and conditions: .a) AcOH/Ac2O, NaNO2, 0 °C, 72 h; b) 

AcOH,/H2O, Zn powder, 0 °C, 4 h; c) TEA, 4-(trifluoromethyl)benzoyl chloride, DCM, 0 °C, 12 h. 

The synthesis of compound 96 is reported in Scheme 13. The ethyl 4-

(trifluoromethyl)benzoate 94 was converted into the corresponding hydrazido-

derivative with hydrazine hydrate at high temperature. Afterwards the hydrazido-

intermediate 95 was reacted with phtalic anhydride in xylene at high temperature 

furnishing the desired compound 96. 

 

Scheme 13: Synthesis of compound 96. Reagents and conditions: a) NH2NH2.H2O, EtOH, 80 °C, 12 h; b) phtalic 
anhydride, xylene, 110 °C, 12h. 

The preparation of the desired compound 98 is reported in Scheme 14. The 

reaction was carried out in the presence of 4-(trifluoromethyl)benzoic acid,  EDC 

and TEA, allowing the formation of target molecule 98. 



106 
 

 

Scheme 14: Synthesis of compound 98. Reagents and conditions: a) 4-(trifluoromethyl)benzoic acid, EDC.HCl, 
TEA, DMF, 25 °C, 5h. 

For the preparation for target molecule 101, reported in Scheme 15, compound 99 

was initially alkylated with hydroxylamine-O-sulfonic acid (HOSA) in the presence of 

NaH in anhydrous DMF furnishing the amino-intermediate 100. This latter was 

subjected to coupling reaction with 4-(trifluoromethyl)benzoic acid allowing the 

preparation of the target molecule 101. 

 

Scheme 15: Synthesis of compound 101. Reagents and conditions: a) HOSA, NaH, 25 °C-100°C, 4 h; b) 4-
(trifluoromethyl)benzoic acid, HATU, NMM, 25 °C, 5 h. 

For the synthesis of compounds 105 and 106, which is reported in Scheme16, the 

initial step has been the formation of the hydantoin, starting from the commercially 

available cyclohexanone (102) this was subjected to MW irradiation in the presence 

of (NH4)2CO3 and KCN affording the cyclic intermediates 103. Then, intermediate 

103 was reacted with hydrazine hydrate to generate the amino-hydantoine derivative 

104, which allowed the formation of the target molecule (105) through coupling 

reaction with 4-(trifluoromethyl)benzoic acid. On the contrary, compound 106 was 

prepared through direct coupling reaction between 4-(trifluoromethyl)benzoic acid 

and the intermediate 103 in the presence of HATU as coupling reagent and NMM as 

a base. 
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Scheme 16: Synthesis of compounds 105 and 106. Reagents and conditions: a) (NH4)2CO3, KCN, MeOH/H2O, 
MW ir, 10 min; b) NH2NH2.H2O, 100 °C, 1 h; c) 4-(trifluoromethyl)benzoic acid, HATU, NMM, DMF, 25 °C, 6 h. 

The synthesis of the final compounds 113 and 115 is reported in Scheme 17. The 

initial step is a Diels-Alder cycloaddition reaction between the (1Z,3Z)-cycloocta-1,3-

diene and 2-chloroacrylonitrile at high temperature allowing to obtain intermediate 

108 which has been directly reacted with KOH to furnish compound 109. This latter 

was then alkylated in the presence of ethylformate furnishing the aldehydic derivative 

110, which was cyclized in the presence of hydrazine hydrate, to obtain the pyrazole 

derivative 111. The alkylation of 111, in presence of monochloramine and NaH, 

furnished two regioisomers (112 and 114), which have been separated through SiO2 

chromatography. Finally the pure pyrazole derivatives 112 and 114 have been 

reacted in coupling reaction conditions in the presence of 4-(trifluoromethyl)benzoic 

acid furnishing the target compounds 113 and 115. 
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Scheme 17: Synthesis of compounds 113 and 115. Reagents and conditions: a) 2-chloroacrylonitrile, HQ, 
toluene, 80 °C, 12 h; b) KOH, DMSO, 25 °C, 48 h; c) NaH, EtOH, ethylformate, THF, 25 °C, 12 h; d) NH2NH2.H2O, 
MeOH, 25 °C, 12 h; e) NaH, freshly prepared NH2Cl, DMF, 25 °C, 12 h; f) 4-(trifluoromethyl)benzoic acid, HATU, 
NMM, DMF, 25 °C, 12 h. 

4.3.3 Biological evaluation 

The biological evaluation of the synthesized compounds is still undergoing, though 

interesting results have been already assessed. In particular the compounds have 

been tested in a phenotypic assay, allowing to evaluate the percentage of viability of 

the infected cells and thus allowing to calculate the IC50 values which have been 

reported in Table 4. Different bicyclic systems 89a-d, 96, 98, 113 and 115 have been 

taken into consideration as valuable replacements for the cap group of tecovirimat. 

In particular, compounds 113 and 115 have shown promise, thus confirming the 

necessity for hindered cap portions of the inhibitor, though a more complete view will 

be achieved after the final results of the bicyclic systems of compounds 89a-c. In 

addition to this three differently hampered spiro-derivatives 101, 105 have been 

developed, affording optimal results, conversely to compound 93 which has 

confirmed the necessity of the carbonyl functionalities of the imide group. Finally, the 

linker moiety has been explored in compounds 98 and 106, which have resulted in 

inactive compounds, thus confirming the necessity of an amidic linker moiety 

connected to the cap group. 
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Table 4: Biological evaluation of novel MPXV VP37 inhibitors 89a-d, 93, 96, 98, 101, 105, 106, 113 and 115 and 
reference compound 81 

Entry structure IC50  (µM) a 

1 89a 

 

n.t.b 

2 89b 

 

n.t. 

3 89c 

 

n.t. 

4 89d 

 

n.a. c 

5 93 

 

n.a. 

6 96 

 

n.a. 

7 98 

 

n.a. 

8 101 

 

0,31 

9 105 

 

0,31 
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10 106 

 

n.a. 

11 113 

 

0,31 

12 115 

 

0,31 

13 tecovirimat 

 

0,35  

a concentration of compound necessary for the inhibition of the cytopathic effect caused by the 
virus. 
b not tested. 
c not active.   
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CHAPTER 5 – Synthesis of  modulators of  virulence factors necessary for 

the formation and maintenance of  the biofilm structure of  Pseudomonas 

aeruginosa 

 

Table of Content 

ESKAPE pathogens pose a growing threat for the present and future population, 

being difficult to manage and eradicate in fragile and immunocompromised patients, 

in hospital-related settings as well as retirement homes. Among the ESCAPE 

pathogens, Pseudomonas aeuruginosa (PA), is notoriously resistant to multiple 

drugs, making it one of the most demanding to treat. PA can cause challenging 

infections in patients affected by cancer, cystic fibrosis or immunocompromised, due 

to its high mutability and capability to form biofilms which render the eradication even 

more arduous. In this context, virulence factors modulators emerge as promising 

strategies avoiding the insurgence of resistance mutations, which commonly occur 

with the continuous use of antibiotics, thus allowing to reduce the pathogenicity. 

Pyocyanin (PCN) and pyoverdine (PVD) are two virulence factors important for the 

pathogenicity of PA, whose production is modulated by the Pqs system, which also 

controls biofilm production. New quinazolin-4(3H)-one-based modulators have been 

designed and synthesized, and their biological evaluation has been carried out in 

two different PA strains responsible for the acute and chronic infection in cystic 

fibrosis-affected patients proving to reduce biofilm and virulence factors production, 

confirming to be a valuable resource in fighting PA nosocomial infections.   
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5.1 ESKAPE pathogens 
Pathogens classified under the acronym ESKAPE, include Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Enterobacter species, that have developed 

resistance to antimicrobial treatments and pose a significant threat to global health 

247. 

The acquisition of antimicrobial resistance genes by ESKAPE pathogens has limited 

the available treatment options for severe infections, leading to heightened disease 

burdens and increased mortality rates due to unsuccessful treatments; this situation 

underscores the need for a unified worldwide effort to monitor antimicrobial 

resistance. In 2018, WHO has identified pathogens with antimicrobial resistance 

(AMR) as an emerging threat to global health 248,249. As of now, there's a lack of a 

comprehensive global system for AMR monitoring, however, existing data suggest 

that in the United States alone, over 2 million infections attributable to AMR occur 

annually, resulting in approximately 29,000 deaths and incurring health care costs 

exceeding $4.7 billion. Annually in Europe, AMR contributes to more than 33,000 

fatalities and 874,000 disability-adjusted life years, stemming from both hospital-

acquired and community-acquired infections. These AMR infections lead to direct 

and indirect expenses amounting to $1.5 billion 250,251. In developing countries, 

where estimates of economic losses are lacking, infectious diseases continue to be 

the primary cause of mortality, and the situation is exacerbated by the rise of new 

infectious diseases and the resurgence of known ones. 

AMR genes are naturally present in the environment, since antibiotic usage has 

favored the selection of these AMR genes, and the absence of quick diagnostic tools 

for detecting bacterial pathogens in healthcare settings frequently leads to the 

unwarranted prescription of broad-spectrum antibiotics. 

In particular, in an effort to prioritize and steer the research and development of new 

antibiotics, the WHO released a list in February 2017 identifying pathogens that 

critically require new antimicrobial treatments, with the ESKAPE pathogens being 

tagged with a 'priority status' for new drug development. 
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These pathogens are notably responsible for severe infections, especially in 

children, as well as in those with weakened immune systems, and other critically ill 

patients 252. ESKAPE pathogens have evolved resistance to a wide array of 

antibiotics, including oxazolidinones, lipopeptides, macrolides, fluoroquinolones, 

tetracyclines, β-lactams, combinations of β-lactam and β-lactamase inhibitors, as 

well as last-resort antibiotics such as carbapenems, glycopeptides, and the less 

preferred polymyxins. This resistance has emerged through genetic mutations and 

the acquisition of mobile genetic elements. 

5.1.1 – ESKAPE pathogens mechanisms of resistance 

The common occurrence of ESKAPE pathogens in healthcare environments 

explains the diversity of AMR mechanisms identified in these bacteria that have led 

to a higher prevalence of these resistant species in nosocomial infections 249,253. The 

most relevant resistance alterations can be grouped into four categories:  

(i) inactivation or modification of the antimicrobial agent,  

(ii) alterations in the bacterial target sites,  

(iii) decreased antibiotic penetration or accumulation within bacterial cells, 

and  

(iv) biofilm formation by the bacteria.  

This section will delve into the key AMR factors that have enabled the persistence 

and proliferation of ESKAPE pathogens in contemporary healthcare settings 254. 

5.1.1.1 - Antibiotic Inactivation/Alteration 
A prevalent AMR strategy among ESKAPE pathogens is the synthesis of enzymes 

capable of permanently inactivating or modifying antibiotics. This tactic is especially 

common in Gram-negative bacteria and includes enzymes that either (i) dismantle 

the antibiotic's active site, such as the hydrolysis of the β-lactam ring by β-

lactamases, or (ii) chemically alter the drug's critical structural components, 

preventing it from binding to bacterial targets, for instance, aminoglycoside-

modifying enzymes that alter hydroxyl or amino groups. 
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β-Lactamase enzymes were discovered shortly after penicillin was isolated and 

purified, and to date, over 2,600 distinct β-lactamases have been identified, 

conferring resistance to various β-lactam antibiotics such as penicillins, 

cephalosporins, monobactams, and carbapenems. Among Gram-negative ESKAPE 

pathogens, β-lactamases represent a critical resistance mechanism. In fact, these 

enzymes are localized in the periplasm, where they deactivate β-lactam antibiotics 

before they can interact with the penicillin-binding proteins (PBPs) in the cell wall. 

A typical categorization of β-lactamases follows the Ambler classification, 255–257 

which is divided in four classes depending on their amino acidic sequence, and on 

the catalytic residues in the active site; in particular classes A, C, and D present a 

serine residue that mediates the hydrolysis of the lactam rings, meanwhile class B 

is a metalloenzyme which requires a zinc ion for the catalytic activity. 

5.1.1.2 - Target Site Modifications 
ESKAPE pathogens also commonly exhibit AMR by altering the target sites of 

antibiotics, which diminishes their binding affinity or outright prevents their 

attachment. These adaptations involve: 

(i) modifications to target enzymes, for example in methicillin-resistant 

Staphylococcus aures 

(ii) changes to ribosomal binding sites, typical of S. aureus and Enterococcus 

species 

(iii) alterations in cell wall precursor components, particularly critical among 

Gram-positive ESKAPE pathogens 

 

5.1.1.3 - Reduced Antibiotic Penetration and Accumulation 

Mutations  
These type of alterations result in the reduction, modulation, activity, or complete 

elimination of outer membrane protein channels (porins) and are also key factors in 

antimicrobial resistance among Gram-negative ESKAPE pathogens. Additionally, 

the role of bacterial efflux pumps, which actively eject antibiotics from the cell, is 

significantly implicated in contributing to AMR 258. 
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5.1.1.4 – A critical Survival Strategy: Biofilms 
Beyond the traditional mechanisms of AMR, the role of biofilm formation in reducing 

the efficacy of antimicrobial treatments has gained recognition.  

Biofilms, which are complex communities of microbes adhering to surfaces and 

enveloped in an extracellular matrix, exhibit significantly greater resistance to 

antimicrobial agents compared to their free-floating, planktonic counterparts 259,260. 

Biofilms are particularly significant in persistent infections, including those caused by 

P. aeruginosa in cystic fibrosis patients' airways and device-related infections by S. 

aureus and A. baumannii. The diminished effectiveness of antibiotics against cells 

within biofilms is believed to result from a combination of factors. These include the 

specific species and genetic characteristics of the bacteria, the type of antimicrobial 

agent involved, the biofilm's stage of growth, and the surrounding environmental 

conditions. 

5.1.2 Pseudomonas aeruginosa 

P. aeruginosa, an opportunistic bacterium that is rod-shaped and Gram-negative, 

thrives in various environments 261,262. Although it can cause opportunistic infections 

such as pneumonia, wound infections, and urinary tract infections in humans without 

cystic fibrosis (CF), infections of healthy lungs by this pathogen are not common. 

The bacterium is prevalent in water bodies and is often linked to severe respiratory 

conditions in individuals with compromised immune systems, and it accounts for 

around 10% of hospital-acquired infections. Moreover, there's a growing recognition 

of its role in infections acquired outside hospital settings. 

The genetic versatility and adaptability of P. aeruginosa, can be attributed to an 

extensive set of regulatory genes that make up more than 8% of its 6-Mb genome, 

and that is crucial for its chronic persistence in hosts and resistance to antibiotics 

263. Additionally this pathogen naturally exhibits resistance to a broad spectrum of 

antimicrobial agents and has developed resistance to various antibiotic classes. As 

previously described, P. aeruginosa presents natural resistance to numerous 

antibiotics, stemming from a combination of inherent resistance mechanisms and 
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those acquired from other microorganisms. Numerous studies have analyzed the 

antibiotic resistance of P. aeruginosa, revealing alarming findings, reported in Figure 

16 264. Specifically, collected data have indicated that the cephems class exhibit the 

highest levels of resistance, posing significant treatment challenges in CF patients. 

On the other hand, colistin, a member of the polymyxins class, has shown the lowest 

resistance rates among the antibiotic classes examined, suggesting that colistin may 

be a viable treatment option, while within the penicillin category, piperacillin and 

ticarcillin each exhibited resistance rates of 35%. However, from 1979 to 2021, 

resistance to both piperacillin and ticarcillin significantly declined, possibly reflecting 

their reduced usage in recent times. In contrast, within the cephems category, 

cefotaxime showed the highest resistance, highlighting the importance of cautious 

application of this antibiotic. Furthermore, resistance to cefotaxime has sharply 

increased over time, suggesting a need for restricting its use. Carbapenems, which 

include imipenem, meropenem, and doripenem, represent another class of 

antibiotics, among which doripenem exhibited the highest resistance rate of 39%, 

while meropenem showed the lowest at 29%. However, a detailed analysis over time 

revealed an increasing trend in meropenem resistance, potentially due to its more 

frequent use in recent years; thus, its application needs careful management. Within 

the aminoglycoside category, gentamicin faced the highest resistance (52%), 

whereas tobramycin had the lowest (24%). Additionally, a subgroup analysis by year 

highlighted a rising resistance trend in tobramycin, distinct from other 

aminoglycosides, suggesting a need to restrict its use in treating P. aeruginosa 

infections in CF, particularly in Italy where it has the highest resistance rate of 55%. 

Among the fluoroquinolones, ofloxacin exhibited the greatest resistance of 51%. In 

recent years, there has been a rise in the use of intravenous colistin for treating P. 

aeruginosa infections in CF patients, and although P. aeruginosa shows a high 

susceptibility to colistin, hesitancy exists regarding its use due to the associated risks 

of neurotoxicity and nephrotoxicity in treating respiratory infections caused by it in 

CF patients 265–267. The most relevant mechanisms of resistance of P. aeruginosa, 

include: heightened activity of efflux pumps, reduced permeability of the outer 

membrane, and acquisition or mutation of resistance genes. These genes produce 
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proteins that regulate the passive movement of antibiotics through the outer 

membrane. Similar to A. baumannii, P. aeruginosa has been found to possess all 

four major classes of β-lactamases (Classes A, B, C, and D). Additionally, P. 

aeruginosa can develop resistance through mutations that result in the 

overproduction of AmpC β-lactamases. Even so ceftazidime and cefepime, which 

are part of the third and fourth generations of cephalosporins respectively, are broad-

spectrum antibiotics still effective against P. aeruginosa. When talking about 

aminoglycosides, also in this case resistance is facilitated by the presence of 

plasmid-mediated aminoglycoside-modifying enzymes, which reduce the drugs' 

ability to bind effectively to bacterial cells. For treating MDR P. aeruginosa, a regimen 

often includes colistin paired with another active agent, such as imipenem, 

piperacillin, aztreonam, ceftazidime, or ciprofloxacin. Moreover, combinations of 

fosfomycin with aminoglycosides, cephalosporins, or penicillins have been effective 

in addressing drug resistance in P. aeruginosa 8,268. 

 

Figure 16: Annual Percentage of antibiotic resistance of Pseudomonas aeruginosa 269 

5.1.3 Cystic fibrosis 

Cystic fibrosis (CF) represents the predominant autosomal recessive genetic 

condition among Caucasian populations, with P. aeruginosa being the leading cause 
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of chronic infections in individuals with CF 270–272. The disease stems from mutations 

in the CF transmembrane conductance regulator (CFTR) gene, which plays a critical 

role in the transport of chloride ions across the apical surfaces of epithelial cells. 

Thus, a deficiency in CFTR disrupts normal chloride ion transport and enhances 

sodium absorption through the epithelial sodium channel, causing the airway surface 

liquid to become dehydrated. This results in thick, sticky mucopurulent secretions 

that are challenging to expel. The consequent dehydration of the airway surface 

liquid (ASL) triggers several detrimental changes in the airways, such as reduced 

effectiveness of mucociliary clearance, decreased pH, and weakened antimicrobial 

defense and immune responses. The impaired movement of cilia leads to an inability 

to expel mucus from the lungs effectively. Concurrently, the excessive production of 

alginate promotes the development of dense biofilms, marking the transition of P. 

aeruginosa from a non-mucoid to a mucoid, biofilm-forming state. This 

transformation plays a crucial role in enabling P. aeruginosa to establish chronic 

infections. The acidic conditions prevalent in the airways of CF patients causes 

incorrect folding of the mucins' carbohydrate side chains and as a consequence their 

capacity to adhere to foreign particles is undermined, instead their affinity for the cell-

bound mucins MUC1 and MUC4 increases. Such binding effectively anchors the 

mucus layer to the epithelial surface, thereby obstructing the process of mucociliary 

clearance 273,274. 

The reduced pH levels are linked to changes in O-glycosylation and sulfation of 

airway mucins, a consequence of alkalized cellular compartments in CF. This 

alteration in sputum O-glycosylation enhances the capacity of bacterial pathogens 

to adhere to and colonize the respiratory tract of the host. P. aeruginosa, in particular, 

has a tendency to bind to a sialoglycoprotein, suggesting that CFTR dysfunction may 

lead to an increased colonization of the CF airways by this pathogen. The acidic 

conditions also cause a delay in the apoptosis of neutrophils and suppress the 

production of IFN-γ by T helper 1 (Th1) cells. The recruitment of neutrophils 

decreases the oxygen levels in airway mucus due to their high consumption of O2. 

This consumption is part of the process for generating superoxide and nitric oxide 

by polymorphonuclear leukocytes. 
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5.2 Biofilm 
The process of pathogenesis is intricate and operates on multiple levels, 

incorporating diverse factors that culminate in a successful infection of the host. 

Despite variations in the strategies and components utilized by pathogens, a 

consistent pattern emerges. In fact, bacterial entities collaborate to establish their 

presence within the host by forming robust adhesion bonds both among themselves 

and with the host tissues 275. 

The process of biofilm development can be broken down into four key phases 

(Figure 17) undertaken by the bacterial community: 1) initial attachment, 2) 

microcolony establishment, 3) biofilm expansion and maturation, and 4) detachment 

and dispersal 276. 

5.2.1 – Adehesion 

The initial and critical stage in establishing a durable biofilm is the adherence to a 

surface. Targeting this early phase, which is influenced by a range of factors such as 

surface charge, roughness, hydrophobicity, stiffness, topography, and bacterial 

movement, with a variety of physical and chemical strategies, has been 

demonstrated to be effective 276. 

5.2.2 – Microcolony formation 

After adhering to the surface, bacterial cells multiply and organize into structured 

micro-colonies, enveloped in an extracellular matrix composed of polysaccharides, 

proteins, lipids, and nucleic acids. This matrix plays a crucial role in shaping the 

biofilm's architecture and the microenvironment surrounding the bacterial cells, 

influencing factors like hydrophobicity, mechanical strength, electrical charge, 

porosity, moisture levels, and the availability of vital nutrients. Notably, this stage also 

sees the formation of gradients of oxygen, hydrogen, and nutrients, which establish 

varied microenvironmental conditions within the biofilm 276. 
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5.2.3 – Biofilm maturation and dispersal 

The maturation of a biofilm is initiated by the build-up of extracellular polymeric 

substances and extracellular DNA, alongside the development of channels for 

nutrient exchange and waste removal, changes in ionic concentrations, and, 

critically, the activation of quorum-sensing signals. During this phase, it's observed 

that genes linked to the development of flagella are suppressed, which aligns with 

the necessity for creating a stable biofilm structure. Specific components of the 

extracellular polymeric substances (EPS), such as Psl, Pel (which are 

polysaccharides involved in the formation and stability, but also structural integrity of 

the biofilm matrix), alginate, eDNA, and various protein elements, are known to fulfill 

distinct functions in the formation and maturation of Pseudomonas biofilms 276. 

5.2.4 – Colonization and invasion 

To successfully colonize, pathogens need to navigate the constantly changing 

physiological conditions of the host environment, including temperature, pH, and the 

presence of various substances. ESKAPE pathogens are known to infect the gut 

and lead to conditions such as bacteremia, oral infections, wound infections, and 

urinary tract infections. As pathogens begin to proliferate at the host site, they initiate 

the production of virulence factors, particularly toxins and enzymes, aimed at 

neutralizing the host's immune defenses and causing damage to the host. The 

release of extracellular enzymes and toxins to harm host tissue is a common strategy 

to facilitate this invasion process. Subsequently, evading the host's immune 

response becomes a critical phase in sustaining the infection 276. 

Various mechanisms, such as different capsular serotypes, peptidoglycan, teichoic 

acid, and protein A, enable bacteria to evade the host's humoral and cellular innate 

defenses by deceiving and suppressing them. Alkaline protease, as encoded by the 

aprA gene, and elastase, encoded by the lasB gene, contribute to immune evasion 

by cleaving immunoglobulins, inactivating components of the complement system, 

and neutralizing several cytokines, including TNF, IFN, IL-1, and IL-6. Additionally, 

bacteria enhance their survival and virulence capabilities by engaging in horizontal 
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gene transfer. This ability has strengthened bacteria that were not initially endowed 

with certain virulence factors, presenting a formidable challenge to the opposing 

forces. In addition to this, bacterial colonies perpetually seek necessary resources, 

among which free iron is crucial. Iron is a vital mineral required by bacterial 

pathogens for various functions, including respiration and metabolism 277,278. The 

demand for iron by bacteria is significant, making its acquisition a critical step for 

their survival within the host, but it also serves as a cofactor for numerous enzymatic 

activities in the human body, being integral to metalloprotein heme complexes like 

hemoglobin, myoglobin, catalases, cytochromes, and in the formation of Fe-S 

clusters in aconitase. During periods of iron scarcity, immune cells, including 

macrophages, act as iron transporters, helping to maintain iron homeostasis. 

Consequently, there exists a vigorous competition for iron between pathogens and 

their host, with bacteria evolving a variety of strategies to extract iron from their 

surroundings. 

Key elements such as the bacterial capsule, aggregation substances, pili, and 

fimbriae have been identified as contributing factors to biofilm formation. Specifically, 

the capsule plays a crucial role in protecting bacteria from adverse conditions such 

as varying pH levels, temperature fluctuations, ultraviolet radiation, antibiotics, and 

nutrient scarcity. It serves as a physical barrier and creates a cohesive 

microenvironment, thus supporting the bacteria's survival and metabolic activity. It's 

important to highlight that the successful initiation of an infection usually involves the 

synergistic action of multiple virulence factors. 
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Figure 17: Biofilm formation: Planktonic cells (stage 1). Attachment onto a solid surface (stage 2). Microcolonies 

formation under QS-controlled rhamnolipid production (stage 3). Developing of flat uniform biofilm (stage 4). 

Cells detachment and disperse from the biofilm resuming the planktonic mode of growth (stage 5) 279 

5.2.5 Biofilm modulation and the quorum sensing system 

The regulation and preservation of the established biofilm are governed by the 

quorum sensing system, a sophisticated mechanism that allows bacterial 

communities to communicate and coordinate their actions for an effective 

colonization of the host. In P. aeruginosa, various quorum-sensing systems have 

been identified, such as the LasI–LasR system, RhlI–RhlR system, Pseudomonas 

Quinolone System, and the IQS system.  

Specifically, the LasI–LasR system operates through the activation of LasR–OdDHL 

and RhlR–BHL complexes, which enhance their own expression by binding directly 

to the promoter regions of the las/rhl genes, and play a crucial role in regulating 

biofilm formation, exotoxins production, and the hydrogen cyanide synthesis 280. This 

system is also known to affect the expression of degradative enzymes, including 

elastase, LasA protease, and alkaline protease.  

In contrast, the RhlI–RhlR system as well as the IQS system are linked to the 

production of enzymes and compounds such as rhamnolipids, PCN, and elastase, 

playing roles also in the creation of hydrogen cyanide and biofilm development.  
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Lastly, the Pseudomonas Quinolone System specifically influences the expression 

of PCN and rhamnolipids, showcasing the diverse regulatory functions of different 

quorum-sensing systems in P. aeruginosa 280,281.  

Beyond its role in promoting bacterial virulence and biofilm development, the action 

of quorum-sensing molecules extends also to interactions between the host and the 

pathogen as well. 

A recent study highlighted the significant role of 2-aminoacetophenone in disrupting 

the host's autophagic and lipid biosynthesis pathways in P. aeruginosa infections. 

The increased survival and persistence of P. aeruginosa have been linked to the 

downregulation of genes involved in autophagy (such as Unc-51-like autophagy 

activating kinase 1 (ULK1) and Beclin1) and a key gene in lipid synthesis [stearoyl-

CoA desaturase 1 (Scd1)]. This finding underscores the complex strategies 

employed by P. aeruginosa to manipulate host cellular processes to its advantage 

282. 

Another study demonstrated that inhibiting the LasR system in P. aeruginosa 

significantly reduces the bacterium's capacity to form biofilms and produce PCN, 

rhamnolipids, and elastin. Further investigations through gene knockout experiments 

showed that LasI mutants exhibited a marked decrease in biofilm formation, 

adhesion to surfaces, and swarming motility. These findings highlight the critical role 

of the LasR quorum-sensing system in regulating the pathogenic behaviors of P. 

aeruginosa  283 also in CF affected patients 284. 

Quorum sensing plays a pivotal role in the regulation of virulence factors, making it 

a crucial target in combating the virulent characteristics of ESKAPE pathogens. 

Quorum Sensing inhibitors have been effective in disrupting the bacterial 

communication network, effectively blocking their ability to communicate. This 

interference with bacterial communication has been beneficial in weakening the 

collective strength of bacterial communities, impairing their capacity to form biofilms, 

and to express virulence factors associated with infection. This strategy has 

enhanced the effectiveness of antibiotics and immune cells in dealing with individual 

bacterial agents. It's noteworthy that while most interventions apply selective 
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pressure on the bacterial population, potentially leading to resistance, Quorum 

Sensing Inhibitors do not exert this kind of selective pressure. A competition study 

by Gerdt et al. highlighted that the disruption of quorum-sensing signals in QSI-

sensitive bacteria, coupled with their mechanisms for outcompeting the rare QSI-

resistant strains, naturally limits the proliferation of resistance against QSIs, 

particularly those targeting the quorum sensing receptor functions. This indicates a 

promising avenue for controlling bacterial virulence without accelerating the 

development of antibiotic resistance 276. In fact, transitioning into a biofilm growth 

mode prompts significant phenotypic transformations in the sessile bacteria, 

including enhanced gene expression related to efflux pumps, cell wall components, 

and peptidoglycan production 285.  

Among the virulence factors which promote and modulate the formation of biofilm 

noteworthy is PCN, this is a redox-active phenazine compound secreted by P. 

aeruginosa through the Type II secretion system is recognized for imparting a blue-

greenish hue to the colonies of this bacterium in culture. This secondary metabolite 

is closely linked to the severity of disease and the deterioration of lung function, 

attributed to its capacity to generate free radicals and incite pro-inflammatory 

responses. By increasing the levels of intracellular ROS and hydrogen peroxide, 

PCN induces oxidative stress, which can damage key cellular components, including 

those involved in the cell cycle, various enzymes, and DNA, ultimately leading to cell 

lysis. Moreover, it impedes ciiary motion, disrupts epithelial integrity, and amplifies 

mucus secretion within the respiratory tract, all of which are factors that facilitate lung 

colonization. Furthermore, this phenazine enhances the production of IL-8 by 

alveolar macrophages, resulting in an increased influx of neutrophils, thereby 

contributing to the inflammatory response in the lungs. 

Other important virulence factors comprehend pyoverdine and pyochelin which are 

produced to satisfy the bacterial iron needs. These are siderophores, which are 

specialized molecules designed to sequester iron from the environment. In addition 

to producing its own siderophores, the bacterium is capable of taking up 

xenosiderophores (siderophores produced by other organisms), and absorbing 
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heme molecules directly from the host's hemoproteins through two distinct systems, 

Has and Phu. Iron (Fe3+) which is crucial for the growth and virulence of bacteria, 

becomes scarce in the host environment due to its low solubility and sequestration 

by host iron-binding proteins like transferrin and lactoferrin. Pyochelin (PCH) a 

siderophore with a salicylate base, exhibits a lower affinity for iron compared to 

pyoverdine (PVD), which has a peptide-based structure and is recognized as the 

primary siderophore. Given that producing PVD requires significant energy, 

Pseudomonas aeruginosa typically opts to synthesize PCH first. Only when the iron 

availability drops significantly does the bacterium switch to producing PVD, reflecting 

a strategic adaptation to efficiently manage its energy resources while ensuring 

access to essential iron nutrients. 278. 

P. aeruginosa synthesizes a variety of alkyl-4(1H)-quinolones, among which 2-

heptyl-hydroxy-1H-quinolin-4-one (PQS) (117, Figure 18) and its precursor, 2-heptyl-

4(1H)-quinolone (HHQ) (116, Figure 18), are the most prominently associated with 

QS, which have been the starting point for the design of the modulators for this 

project. The synthesis of these compounds is carried out by enzymes encoded by 

the pqsABCDE, phnAB, and pqsH gene clusters. Both PQS and HHQ interact with 

their specific regulator protein, PqsR, playing crucial roles in the bacterial 

communication and virulence regulatory network. The Pqs system is also crucial for 

the release of extracellular DNA important for the formation of stable and mature 

biofilms, highlighting its significance in the pathogenicity and persistence of P. 

aeruginosa. 

It has been demonstrated that the Minimum Inhibitory Concentrations of various 

antibiotics can increase by 10 to 1000 times when bacteria are organized within 

biofilms, and this resistance enhancement is of significant concern, particularly in the 

context of MDR P. aeruginosa. In fact as previously reported research findings 

indicate that strains of P. aeruginosa producing biofilms have a notably lower 

susceptibility to antibiotics, in contrast, non-biofilm-producing strains exhibited 

higher sensitivity rates. This correlation between biofilm production and increased 

antimicrobial resistance is not exclusive to P. aeruginosa but has also been observed 
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in other bacterial species, highlighting the broad challenge biofilms pose to treating 

bacterial infections effectively 285. 
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5.3 AIM OF THIS STUDY – Design and synthesis of modulators of virulence 

factors within the biofilm of PA 
The focus of this project was to counteract the pathogenicity and resistance of P. 

aeruginosa by modulating key proteins involved in its quorum sensing system, thus 

allowing the modulation of its virulence factors. In particular, as previously mentioned 

by targeting the QS system, we can disrupt the bacterial community's ability to 

regulate the expression of genes involved in pathogenicity and biofilm formation. 

This disruption reduces the bacteria's virulence and its ability to form biofilms, 

thereby making it more susceptible to antibiotic treatment and clearance by the 

host's immune system. Given that P. aeruginosa infections, particularly in the lungs 

of CF patients, can be extremely difficult to treat due to biofilm formation and 

antibiotic resistance, targeting QS represents a novel and potentially effective 

approach to control these infections. As aforementioned, the QS system is regulated 

by various proteins, among which we can find the PqsR protein that is auto-regulated 

by internal alkyl quinolone signals as HHQ and PQS (116, 117 Figure 18). Previous 

studies have shown the bioisosteric potential of the quinazolin-4(3H)-one-core 286–

288 for the development of Pqs system modulators (118-120 Figure 18), which has 

been further exploited in this project. In particular, the quinazolinone core has been 

decorated in positions R1,2 with different halogen atoms (-Cl, -Br, -F), the linker unit 

has been exploited with rigid or flexible moieties through the design of aromatic 

hydrazones or N-benzyl substituted quinazolinones. Finally, various aromatic and 

heteroaromatic residues have been explored (general scaffolds of the novel 

quinazolinone derivatives I, II Figure 18). 

 

Figure 18: HHQ and PQS quinolone signals 116, 117, known PQS system modulators 118-120, design of new 
modulators 121, 122, 123. 



130 
 

5.3.1 Synthesis of biofilm modulators 

The synthesis of quinazolin-4(3H)-one compounds 121, 122 and 123 was realized 

starting from the corresponding halo-anthranilic acids 124a,b as reported in Scheme 

18. For the synthesis of the final compounds 121 and 122, the anthranilic acids were 

first converted into the lactams 125a,b, which were alkylated in presence of 4-

nitrobenzyl chloride to obtain 126a,b; which in turn were reduced to anilines 127a,b. 

Finally, through reductive amination conditions, anilines 128a,b were converted into 

the final compounds 121 and 122 by reaction with the corresponding aldehydes 

furfural and ferrocene-2-carboxaldehyde, respectively. For the synthesis of lactone 

130, the anthranilic acid derivative were heated under reflux in acetic anhydride, 

afterward the quinazolin-4(3H)-one intermediate 130 was converted into the 

corresponding lactam 131 after heating in the presence of ammonium hydroxide in 

ethanol. The intermediate 131 was then treated with propargyl chloride to obtain the 

(prop-2-yn-1-yl)quinazolin-4(3H)-one 132, which was finally reacted with freshly 

prepared methyl 5-(azidomethyl)furan-2-carboxylate to obtain the title compound 

123.  

  

Scheme 18: Synthesis of compounds 121,122 and 123. Reagents and conditions: a) formamide, 150 °C, 20 h; 

b) 4-nitrobenzyl chloride, K2CO3, NaI, acetone, 50 °C, 24 h; c) Fe powder, NH4Cl s.s., EtOH, 70 °C, 2 h; d) i- 

furfural for derivative 121, ferrocene-2-carboxaldehyde for derivative 122, CH3COOH, MeOH, 50 °C, 12 h, ii- 

NaBH3CN, 25 °C, 2 h, e) (CH3CO)2O, 140 °C, 2 h; f) NH4OH (33% water solution), EtOH, 80 °C, 15 h; g) propargyl 

chloride, KtBuO, dry DMF, 25 °C, 24 h; h) methyl 5-(azidomethyl)furan-2-carboxylate, sodium ascorbate, CuSO4, 

t-BuOH/H2O (1:1), 25 °C, 72 h. 



131 
 

5.3.2 Biological evaluation 

Among the three synthesized compounds two have already been evaluated from a 

biological point of view and results have been recently published in collaboration with 

the research group of Professor Bonaventura 201. The evaluation has been 

conducted in two different strains of cystic fibroses, the acute strain BJ3525 and the 

chronic strain RP73 which mimics the chronic form of CF. For clarity the results 

reported in Figures 20-23 show the results achieved as a whole, in order to better 

elucidate the meaningfulness of the data. Compounds 121 and 122 have been 

highlighted, and are reported in the charts as 11b and 11d, respectively. The assays 

revealed that, while biofilm reduction was not significantly achieved (Figure 20) with 

the two tested compounds that have been reported in this thesis, though there was 

a notable impact on the production of PCN and PVD for both of the herein 

synthesized compounds, among the others (Figures 21 and 22). The production of 

these pigments were markedly suppressed by compound 11b (121) displaying an 

almost complete inhibition of PCN formation in the RP73 strain. Additionally, 

compound 11b (121) significantly reduced PVD production in the same strain, 

showcasing its potential as an effective anti-virulence agent. Finally, in Figure 23 the 

cytotoxic potential of each compounds has been reported, in particular, MTS 

tetrazolium-based colorimetric assay has reported a non-toxic effect for all the 

compounds of the series, rather than compounds 4 and 11d which resulted toxic 

reducing viability of 92.3% and 16.1% respectively, when compare to the untreated 

control cells. 
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Figure 19: In vitro activity compounds 3, 4, 7a-d, 8a-b, 9, 10, 11a-f (11b as 121 and 11e as 122 of this thesis), 

22a-b against biofilm formation by RP73 and BJ3525 PA strains. All molecules were tested at 50 µM under «CF-

like» conditions (ASM, 5% CO2, pH 6.8). Results are shown as box and whisker: the ends of the whiskers 

represent the minima and the maxima of all the data; the box always extends from the 5th to 95th percentiles, 

while the line in the middle of the box is plotted at the median. Statistical significance at ordinary one-way ANOVA 

+ Holm-Sidak’s multiple comparisons test: * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001 compared to 

unexposed sample (control, CTRL). 
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Figure 20: In vitro effect of compounds  3, 4, 7a-d, 8a-b, 9, 10, 11a-f (11b as 121 and 11e as 122 of this thesis), 

22a-b against PCN production by BJ3525 and RP73 PA strains. All compounds were tested at 50 µM in LB 

medium under an aerobic atmosphere. Results are shown as box and whisker: the ends of the whiskers 

represent the minima and the maxima of all the data; the box always extends from the 5th to 95th percentiles, 

while the line in the middle of the box is plotted at the median. Statistical significance at ordinary one-way ANOVA 

+ Tukey’s multiple comparisons test: * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001 compared to unexposed 

sample (control, CTRL). 
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Figure 21: In vitro effect of compounds 3, 4, 7a-d, 8a-b, 9, 10, 11a-f (11b as 121 and 11e as 122 of this thesis), 

22a-b against PVD production by BJ3525 and RP73 PA strains. All compounds were tested at 50 µM in LB 

medium under an aerobic atmosphere. Results are shown as box and whisker: the ends of the whiskers 

represent the minima and the maxima of all the data; the box always extends from the 5th to 95th percentiles, 

while the line in the middle of the box is plotted at the median. Statistical significance at ordinary one-way ANOVA 

+ Tukey’s multiple comparisons test: ** p<0.01, and **** p<0.0001 compared to unexposed sample (control, 

CTRL) 
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Figure 22: In vitro cytotoxicity of 3, 4, 7a-d, 8a-b, 9, 10, 11a-f (11b as 121 and 11e as 122 of this thesis), 22a-b 
compounds against IB3-1 cells. IB3-1 monolayers were exposed for 24 h to each compound at 50 µM. The cell 
viability was then measured by an MTS tetrazolium-based colorimetric assay and expressed as mean + SD 
absorbance at 492 nm. Statistical significance at one-way ANOVA + Holm–Sidak’s multiple comparisons post-
test: ** p<0.01, and **** p<0.0001 vs. untreated cells (control, CTRL).  
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CHAPTER 6 – CONCLUSIONS 

Infective agents are considered the culprits of most of the pathologies affecting 

patients worldwide, with a high morbidity and mortality, and a global burden that 

affects many aspects of the economic and social sphere 250,251,289. This reality has 

emerged with even more strength in the last years due to the last SARS-CoV-2 

pandemic, but also the outburst of MPXV and the high bacterial resistance that has 

emerged in hospital settings have highlighted the urgency for the development of 

new anti-microbials.  

The aim of this thesis has been the investigation of different ways to fight infective 

agents. 

In particular the PhD project that has been accomplished, during three years, has 

mainly focused on the development of inhibitors against the main protease of SARS-

CoV-2, in this context a library of peptide based inhibitors has been designed and 

synthesized. This library of compounds has the aim to accomplish a SAR study that 

could allow the further development of new antiviral agents with the potential to 

inhibit the replication not only of SARS-CoV-2 but also of other coronaviruses that 

have the potential to spillover, or similar viral entities such as enteroviruses. In this 

sense 25 new Mpro inhibitors have been designed, synthesized and their biological 

potential has been assessed. In particular, these compounds have been initially 

evaluated for their inhibitory activity against the main protease of SARS-CoV-2 giving 

promising outputs. Successively the most active compounds have been tested in 

infected VERO E6 cell line, some of which have confirmed the positive results 

achieved on isolate enzymes, highlighting the potential of these pharmacological 

tools, which could pave the way for new pan-antiviral agents.  

Future studies include the synthetic exploration of a difluorostatone warhead in place 

of those reported in this thesis. As demonstrated in our recent compoutational study, 

compounds incorporating this bifunctional electrophilic moiety could engage with 

residues at both the prime and nonprime subsites of the enzyme 290. Synthetic 

studies are currently ongoing in our laboratories. 



139 
 

Given the natural evolution in drug discovery, in obtaining compounds synthetically 

accessible with simplified scaffolds and improved drug-like properties, the next step 

has been the study of a small library of fragments, in order to further expand the 

knowledge of the active site pocket and explore new accessible scaffolds for the 

design of small molecule inhibitors against the main protease of SARS-CoV-2. The 

development of this limited library of compounds is still in progress as well as the 

biological evaluation of the first compounds that have been synthesized. Hopefully 

this study could allow the development of new small molecules with improved 

pharmacokinetic and pharmacodynamic properties addressing the need for new 

cores and small molecules achievable in the context of pharmaceutical companies.  

In line with the expertise of the research group in the development of HDAC inhibitors 

to fight rare diseases and infective agents, the second focus that has been pursued 

during this PhD project has been the repurposing of in house HDACi with a 

preventive effect against SARS-CoV-2 infection. In particular, this project is based 

on the knowledge, that has been gained after the emergence of the last coronavirus 

outbreaks, of the entry mechanism of SARS-CoV-2 into the host cells, which is 

achieved through the binding of the viral particles to the host receptor ACE2. Studies, 

in fact, have demonstrated the mechanism and interplay between the spike protein 

of coronaviruses and ACE2 receptor. In addition to this, many papers have proved 

the epigenetic modulation in the expression of ACE2 receptor, thus pinpointing the 

opportunity of modulating the entry of SARS-CoV-2 inside the host cells by HDACis, 

hence preventing the infection onset. In this context two selective HDACi developed 

by my research group, a selective HDAC1 inhibitor and a selective HDAC6 inhibitor 

have been identified for their biological evaluation in terms of prophylactic activity of 

these compounds towards ACE2-mediated entry coronaviruses. The compounds 

have thus been synthesized and the biological evaluation is ongoing. This project 

could open new prospects for the treatment of coronaviruses infections, allowing a 

preventive treatment in case of close contacts in the context of future epidemics or 

spillovers. 
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Still in terms of antiviral agents a further study that has been carried out during this 

PhD project has been the development of monkeypox VP37 inhibitors, given the 

urgency that has aroused in the last years of new cases worldwide that have 

assumed the notion of epidemic with potential to evolve in pandemic as declared by 

the authorities. In particular, taking inspiration from the approved anti-viral agent 

tecovirimat, which is an inhibitor of the VP37 protein of monkeypox, a SAR study has 

been carried out, exploring different moieties for the cap group that interacts with the 

external surface of the active site and of the linker unit of these compounds. This 

library of compounds has thus been designed and synthesized, though further 

exploration of these portions is still ongoing. The compounds that have been 

synthesized so far have been evaluated from a biological point of view, for their 

inhibitory potency in infected cells, affording promising results, and thus suggesting 

a path towards the design of more potent anti-viral agents against different 

orthopoxviruses.  

Finally, among the infective agents with high morbidity and mortality note to mention 

surely are the Pseudomonas aeruginosa acute and chronic infections in patients 

affected by cystic fibrosis. This genetic disorder is the ideal condition for the biofilm 

formation and colonization of sensitive and resistant strains of Pa, which pose life-

threatening risks in immunocompromised and hospitalized patients. In addition to 

this, it is important to mention the high rate of resistance and mutations that we 

commonly encounter in these patients, rendering even more difficult the eradication 

of this pathogen, not to mention the abuse of antibiotics that has been carried out in 

the last years, vanishing their inhibitory potency. New therapeutic treatments have 

been explored to face the insurgence of resistant strains and gain back the efficacy 

of antibiotics, noteworthy are the biofilm modulators. In this context many biofilm 

modulators have been designed taking inspiration from the structures of the quorum 

sensing signals (HHQ and PQS), allowing to design potent modulators of the quorum 

sensing system, thus allowing the modulation of biofilm formation but also of 

important virulence factors such as PCN and PVD. This project, which has been 

recently published 201, has involved the synthesis of a new family of modulators of 

the virulence factors within the biofilm of Pa have been developed and their biological 
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evaluation has been carried out, highlighting the potential of this strategy. In 

particular, the evaluation of the inhibition of the biofilm, and the modulation of PVD 

and PCN has been assessed with promising results, confirming the efficacy of these 

compounds, and opening the door for further exploration of this interesting strategy. 
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CHAPTER 7 – EXPERIMENTAL SECTION 

7.1- EXPERIMENTAL MPRO SARS-CoV-2 Inhibitors 
7.1.1 General 

All the reagents used were commercially available and purchased from Merck 

(Milan, Italy). Reaction progress was monitored by TLC using silica gel 60 F254 

(0.040−0.063 mm) with detection by UV (254 nm). 1H NMR and 13C NMR spectra 

were recorded on a Varian 300 MHz spectrometer or Bruker 400 MHz spectrometer 

using the residual signal of the deuterated solvent as the internal standard. Splitting 

patterns are described as singlet (s), doublet (d), triplet (t), quartet (q); the value of 

chemical shifts (δ) is given in ppm, and coupling constants (J) are given in hertz (Hz). 

Electrospray ionization mass spectrometry (ESI-MS) spectra were performed by an 

Agilent 1100 series LC/MSD spectrometer. Yields refer to purified products and are 

not optimized. All the target compounds that have been analyzed for purity 

requirements and all compounds present purity higher than 95%. 

7.1.2 – Optimized synthesis of common intermediate (19)  

Dimethyl (tert-butoxycarbonyl)-L-glutamate (17) 

To a suspension of L-glutamic acid 16 (2000 mg, 1 eq) in MeOH (54 mL) cooled at 

0 °C, trimethylsilyl chloride (6501 mg, 4,4 eq) has been added dropwise. The 

reaction mixture was allowed to reach room temperature and stirred for 12 h, then 

TEA (8938 mg, 6,5 eq) and di-tert-butyl dicarbonate (3263 mg, 1,1 eq) in MeOH (4 

mL) were slowly added. After 1 h, the mixture was concentrated and the solid was 

filtered on paper filter and washed with Et2O (3 x 10 mL), the filtrate was 

concentrated under reduced pressure and purified by column cromatography 

(petroleum ether/ethyl acetate (PetEt/EtOAc) 3:1) to furnish dimethyl (tert-

butoxycarbonyl)-L-glutamate as a pale yellow oil (3635 mg, 98% yield). 

Spectroscopic data are in agreement with those reported in literature 143. 

Dimethyl (2S,4R)-2-((tert-butoxycarbonyl)amino)-4-

(cyanomethyl)pentanedioate (18) 
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In a two-necked flask and under N2 atmosphere lithium bis(trimethylsilyl)amide (1M 

in THF) (7,98 mmol, 2,2 eq) was added in dry THF (4 mL), the solution was cooled 

at -78 °C, then a solution of 17 in THF (4 mL) was slowly added and the mixture was 

stirred for 1 h at -78 °C. Afterwards, BrCH2CN (435,7 mg, 1 eq) was slowly dropped 

and the mixture was stirred for additional 2 h at the same temperature. A solution of 

pre-cooled MeOH (8 mL) was then slowly added and the mixture was stirred for 30 

minutes, then a mixture of AcOH/THF (1:6, 7 mL) precooled a -78 °C was added to 

the reaction and the mixture was additionally stirred for 30 minutes. After this time 

the reaction was allowed to reach 20 °C and poured in brine (20 mL). The organic 

phase was separated and the aqueous phase was additionally extracted with Et2O 

(3 x 10 mL), then the combined organic phase was dried over anhydrous Na2SO4, 

filtered and concentrated under vacuum. The crude product was purified by column 

chromatography (PetEt/EtOAc 5:1) affording the target compound as a colorless oil 

(1014 mg, 89%). 

Spectroscopic data are in agreement with those reported in literature 143. 

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-((S)-2-oxopyrrolidin-3-

yl)propanoate (19) 

Particular attention needs to be given to this procedure, since Raney-Ni is a 

pyrophoric reagent, and needs to be handled carefully. 

Raney-Ni (50 wt% in H2O) was washed with MeOH (3 x 5 mL) prior to use. A 

suspension of Ra-Ni in MeOH (10 mL) was saturated with H2 for 30 minutes. Then 

a solution of 18 (300 mg, 1 eq) in MeOH under N2 atmosphere was slowly added to 

the reaction mixture. The mixture was stirred under H2 atmosphere until completion 

of the reaction (17 h), monitored by TLC. The solid residue was filtered off on paper 

filter, and washed with MeOH (3 x 5 mL). The organic phase was concentrated under 

reduced pressure, then ethyl acetate was added (5 mL) and the organic phase was 

washed with NaHCO3 s.s., dried over anhydrous Na2SO4, filtered and concentrated 

under vacuum. The crude compound was purified by column chromatography (ethyl 

acetate) affording a colorless oil (260 mg, 96%). 

Spectroscopic data are in agreement with those reported in literature 143. 
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7.1.3 – Synthetic protocol for the synthesis of target molecules 27a-b 

and 28a-b 

General procedure (I) for Boc-cleavage exemplified with compound methyl 

(S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoate 

The protected compound 19 (360 mg, 1 eq) was dissolved in DCM (12 mL, 0,1 M) 

and cooled at 0 °C, then TFA (3,7 mL, 40 eq) was slowly added. The mixture was 

stirred at 0 °C until completion of the reaction monitored by TLC (30 min), then the 

solvent and TFA were removed under high vacuum, with the help of the azeotropic 

mixture Et2O/DCM (1:1, 2x10 mL).  

The crude product was directly used in the next step with no further purification. 

ESI-MS m/z 187 [M+H]+, 209 [M+Na]+ 

General procedure (II) for the coupling reaction exemplified with compound 

methyl (S)-2-((S)-2-((tert-butoxycarbonyl)amino)-4-methylpentanamido)-3-

((S)-2-oxopyrrolidin-3-yl)propanoate (20) 

In a two-necked oven dried round bottom flask, under N2 atmosphere, (tert-

butoxycarbonyl)-L-leucine (118 mg, 1 eq) was solubilized in anhydrous DCM (2 mL, 

0,15 M), the mixture was cooled at 0 °C, then HATU (293 mg, 1,5 eq) and TEA (0,20 

mL, 3 eq) were added. The mixture was stirred for 30 min, then a solution of the 

amine 19 (100 mg, 1,05 eq) in DCM (1,5 mL, 0,15 M) and TEA (0,15mL, 2 eq) was 

slowly added. The reaction mixture was stirred a 0 °C for 4 h, then after completion 

of the reaction, checked by TLC, a saturated aqueous solution of NH4Cl (4mL) was 

added to the reaction mixture, and the resulting aqueous phase was extracted with 

DCM (3 x 3 mL). The organic phases were combined, dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure. The crude mixture was purified 

by column chromatography with DCM/MeOH (20:1) yielding a pale yellow oil 187 mg 

(87% yield).  

Spectroscopic data are in agreement with those previously reported 143. 
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Methyl (S)-2-((S)-4-methyl-2-(quinolin-8-ylamino)pentanamido)-3-((S)-2-

oxopyrrolidin-3-yl)propanoate (21) 

Compound 21 has been prepared following general procedures (I-II) for Boc-

cleavage and coupling reaction, using quinoline-8-carboxylic acid as the appropriate 

carboxylic acid. The mixture has been purified by SiO2 column chromatography 

using as elution mixture CHCl3/MeOH (40:1), yielding a colorless oil (36% yield). 

ESI-MS m/z 455 [M+H]+, 477 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 11.66 (dd, J = 42.4, 7.7 Hz, 1H), 8.98 – 8.88 (m, 1H), 

8.73 (ddd, J = 7.3, 3.9, 1.4 Hz, 1H), 8.29 – 8.20 (m, 1H), 8.02 (d, J = 7.3 Hz, 1H), 

7.97 – 7.88 (m, 1H), 7.62 (td, J = 7.7, 4.3 Hz, 1H), 7.47 (ddd, J = 8.3, 4.2, 2.0 Hz, 

1H), 6.89 (s, 1H), 5.01 – 4.70 (m, 1H), 4.52 (ddd, J = 11.1, 7.3, 3.6 Hz, 1H), 4.19 – 

4.03 (m, 1H), 3.67 (d, J = 5.5 Hz, 3H), 3.38 – 3.09 (m, 2H), 2.50 – 2.16 (m, 2H), 1.98 

– 1.47 (m, 4H), 1.32 – 1.17 (m, 1H), 1.05 – 0.89 (m, 6H). 

Methyl 2-((S)-2-(8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamido)-4-methylpentanamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate 

(22) 

Compound 22 has been prepared following general procedures (I-II) for Boc-

cleavage and coupling reaction, using 8-chloro-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carboxylic acid as the appropriate carboxylic acid. The mixture 

has been purified by SiO2 column chromatography using as elution mixture 

CHCl3/MeOH (40:1), yielding a colorless oil (42% yield). 

ESI-MS m/z 520 [M+H]+, 542 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 10.01 (dd, J = 15.9, 7.4 Hz, 1H), 8.58 – 8.51 (m, 1H), 

8.36 – 8.19 (m, 1H), 7.92 (s, 1H), 7.82 (t, J = 8.6 Hz, 1H), 7.56 (dtd, J = 9.2, 7.5, 1.4 

Hz, 1H), 7.28 – 7.16 (m, 1H), 4.62 (dt, J = 11.2, 7.6 Hz, 1H), 4.51 (ddd, J = 11.1, 7.6, 

3.9 Hz, 1H), 4.25 (s, 3H), 3.63 (s, 3H), 3.23 (dd, J = 15.6, 6.1 Hz, 2H), 2.45 – 2.09 

(m, 3H), 1.84 – 1.59 (m, 5H), 0.93 – 0.78 (m, 6H). 
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2-((S)-4-Methyl-2-(quinoline-8-carboxamido)pentanamido)-3-((S)-2-

oxopyrrolidin-3-yl)propanoic acid ((S,S,S) and (S,R,S)-23) 

In a round bottom flask the ester intermediate 21 (190 mg, 1 eq) was solubilized in 

THF (5,2 mL, 0,08M), then an aqueous solution of LiOH 1M (4,2 mL) was slowly 

added and the resulting reaction mixture was stirred at 25 °C for 6 h. After this time 

the pH of the reaction mixture was adjusted to pH=3 by adding 1M HCl. The mixture 

was then extracted with EtOAc (3 x 5 mL), dried over anhydrous Na2SO4, filtered 

and concentrated under reduced pressure to afford the crude product as a white 

solid, (155 mg 84% yield).  

The crude product was used directly for the next step with no further purification. 

ESI-MS m/z 441 [M+H]+, 439 [M-H]- 

2-((S)-2-(8-Chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxamido)-4-

methylpentanamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoic acid ((S,S,S) and 

(S,R,S)-24) 

For the synthesis of the acid intermediates (S,S,S) and (S,R,S)-24 the synthetic 

protocol adopted has been the same as compounds (S,S,S) and (S,R,S)-23, 

affording S,S,S) and (S,R,S-24 as white solid (95% yield). 

The mixture was used directly for the next synthetic step without any further 

purification. 

ESI-MS m/z 506 [M+H]+, 504 [M-H]- 

N-((2S)-1-((1-Amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)quinoline-8-carboxamide ((S,S,S) and (S,R,S)-25) 

To a solution of the crude diastereomeric mixture (S,S,S) and (S,R,S)-23 (150 mg, 1 

eq) in THF (8,5 mL, 0,04 M), 1,1’-carbonyldiimidazole (CDI) (65 mg, 1,2 eq) was 

added. After 15 min ammonium hydroxide solution (28.0-30.0% NH3) (0,17 mL, 3,65 

eq) was slowly dropped and the resulting reaction mixture was stirred for 3 h. Then 

H2O (5 mL) was added and the aqueous phase was extracted with EtOAc (3 x 3 mL); 
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the combined organic phases were washed with brine (2 x 5 mL), dried over 

anhydrous Na2SO4, filtered and concentrated under high vacuum.  

The crude mixture, a pale yellow oil, was used with no further purification (67 mg, 

45% yield). 

ESI-MS m/z 440 [M+H]+, 462 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 11.75 (dd, J = 30.1, 6.3 Hz, 1H), 10.41 (s, 2H), 8.93 – 

8.83 (m, 1H), 8.66 (t, J = 7.6 Hz, 1H), 8.30 (dd, J = 42.2, 7.1 Hz, 1H), 7.90 (dd, J = 

13.8, 7.1 Hz, 1H), 7.73 (s, 1H), 7.62 – 7.52 (m, 1H), 7.51 – 7.37 (m, 1H), 6.70 (s, 

1H), 4.80 – 4.44 (m, 1H), 4.16 – 3.57 (m, 1H), 3.37 – 3.01 (m, 2H), 2.61 – 2.12 (m, 

1H), 2.06 – 1.48 (m, 5H), 0.96 (dd, J = 17.7, 5.9 Hz, 6H). 

N-((2S)-1-((1-Amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)-8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamide ((S,S,S/S,R,S)-26) 

The mixture of intermediates (S,S,S) and (S,R,S)-26 has been synthesized following 

the same synthetic reaction as the one used for compounds (S,S,S/S,R,S)-25.  

The mixture of crude products has been used with no further purification (87 mg, 

65% yield). 

ESI-MS m/z 505 [M+H]+, 527 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 10.46 (d, J = 4.9 Hz, 1H), 10.16 (d, J = 7.1 Hz, 1H), 

9.74 (s, 2H), 8.90 (s, 1H), 8.58 (t, J = 9.4 Hz, 1H), 8.48 – 8.34 (m, 1H), 7.41 – 7.28 

(m, 1H), 6.71 (s, 1H), 4.67 – 4.37 (m, 2H), 4.29 (s, 3H), 3.21 (s, 2H), 2.48 – 2.05 (m, 

3H), 1.76 (t, J = 11.0 Hz, 5H), 1.03 – 0.90 (m, 6H). 

General procedure (III) for the primary amide conversion in nitrile moiety 

exemplified with compound N-((2S)-1-((1-cyano-2-((S)-2-oxopyrrolidin-3-

yl)ethyl)amino)-4-methyl-1-oxopentan-2-yl)quinoline-8-carboxamide ((S,S,S)-

27 and (S,R,S)-27) 
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In an oven dried round bottom flask under N2 atmosphere, the amide intermediate 

(S,S,S) and (S,R,S)-25 (35 mg, 1 eq) has been solubilized in anhydrous DCM (2 mL, 

0,04 M), the reaction mixture has been cooled at 0 °C, then anhydrous TEA (0,022 

mL, 2 eq) has been slowly added followed by TFAA (0,033 mL, 3 eq). The reaction 

mixture has been stirred at 0 °C for 2 h, then brine solution (2 mL) has been added, 

and the reaction mixture was allowed to reach room temperature and extracted with 

DCM (3 x 2 mL). The collected organic phases were combined, dried over anhydrous 

Na2SO4, filtered and concentrated under reduced pressure. The crude diastereomer 

mixture was purified by column chromatography, allowing to separate the two 

diastereomers as colorless amorphous solids. Elution solvent DCM/MeOH (20:1).  

N-((S)-1-(((S)-1-Cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-methyl-1-

oxopentan-2-yl)quinoline-8-carboxamide ((S,S,S)-27), 7 mg, 21% yield;  

ESI-MS m/z 421 [M+H]+, 444 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 11.75 (d, J = 7.6 Hz, 1H), 8.97 (dd, J = 4.2, 1.6 Hz, 

1H), 8.76 (d, J = 7.4 Hz, 1H), 8.41 (d, J = 7.1 Hz, 1H), 8.29 (dd, J = 8.3, 1.5 Hz, 1H), 

7.97 (d, J = 8.1 Hz, 1H), 7.66 (t, J = 7.7 Hz, 1H), 7.51 (dd, J = 8.3, 4.3 Hz, 1H), 6.45 

(s, 1H), 4.98 – 4.81 (m, 2H), 3.38 – 3.15 (m, 2H), 2.53 – 2.26 (m, 3H), 1.99 – 1.64 

(m, 5H), 1.00 (dd, J = 8.2, 6.3 Hz, 6H). 

13C NMR (75 MHz, CDCl3) δ 178.6, 172.9, 166.3, 149.6, 145.5, 137.8, 133.8, 132.4, 

128.5, 127.9, 126.4, 121.1, 118.5, 52.3, 40.8, 40.3, 39.1, 37.7, 33.9, 29.7, 28.1, 25.1, 

23.1, 22.1. 

N-((S)-1-(((R)-1-Cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-methyl-1-

oxopentan-2-yl)quinoline-8-carboxamide ((S,R,S)-27), 6 mg, 18% yield. 

ESI-MS m/z 421 [M+H]+, 444 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 11.69 (d, J = 7.5 Hz, 1H), 8.96 (dd, J = 4.2, 1.7 Hz, 

1H), 8.79 (dd, J = 7.4, 1.5 Hz, 1H), 8.29 (dd, J = 8.3, 1.7 Hz, 1H), 7.99 (dd, J = 8.1, 

1.3 Hz, 1H), 7.69 (t, J = 7.8 Hz, 1H), 7.51 (dd, J = 8.3, 4.3 Hz, 1H), 7.33 (t, J = 5.7 

Hz, 1H), 6.96 (s, 1H), 4.80 (dd, J = 13.8, 8.2 Hz, 1H), 4.37 (t, J = 7.5 Hz, 1H), 3.40 
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(dtt, J = 32.4, 13.1, 6.4 Hz, 2H), 2.65 (ddt, J = 101.6, 14.2, 8.5 Hz, 1H), 2.20 – 1.96 

(m, 2H), 1.96 – 1.56 (m, 5H), 0.99 (dd, J = 9.8, 6.2 Hz, 6H). 

8-Chloro-N-((2S)-1-((1-cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-

methyl-1-oxopentan-2-yl)-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamide ((S,S,S) and (S,R,S)-28) 

The target molecules (S,S,S) and (S,R,S)-28 were obtained from the amide 

intermediates mixture (S,S,S) and (S,R,S)-26 following the general procedure (III) 

for the primary amide conversion in nitrile moiety. The crude mixture was purified by 

SiO2 column chromatography using CHCl3/MeOH (30:1) as elution mixture. 

8-Chloro-N-((S)-1-(((S)-1-cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-methyl-

1-oxopentan-2-yl)-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxamide (S,S,S)-28), 

4 mg, 9% yield. 

ESI-MS m/z 487 [M+H]+, 509 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 10.14 (d, J = 7.1 Hz, 1H), 8.64 (s, 1H), 8.45 (d, J = 8.0 

Hz, 1H), 7.74 (d, J = 7.6 Hz, 1H), 7.37 (t, J = 7.8 Hz, 1H), 6.57 (s, 1H), 5.55 (s, 1H), 

4.68 – 4.54 (m, 1H), 4.35 (s, 3H), 3.83 – 3.23 (m, 2H), 2.88 – 2.28 (m, 2H), 1.99 – 

1.56 (m, 6H), 0.95 (dd, J = 15.0, 5.2 Hz, 6H). 

13C NMR (75 MHz, CD3OD) δ 179.5, 175.7, 173.3, 164.9, 152.3, 152.3, 137.7, 136.7, 

130.5, 125.9, 125.6, 122.5, 118.4, 110.5, 109.9, 40.9, 40.0, 38.4, 37.7, 33.8, 27.2, 

24.8, 22.0, 20.7.  

8-Chloro-N-((S)-1-(((R)-1-cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-methyl-

1-oxopentan-2-yl)-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxamide (S,R,S)-28), 

9 mg, 16% yield. 

ESI-MS m/z 487 [M+H]+, 509 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 10.09 (d, J = 7.2 Hz, 1H), 8.56 (s, 1H), 8.31 (d, J = 7.1 

Hz, 1H), 7.64 (d, J = 7.5 Hz, 1H), 7.24 (t, J = 7.8 Hz, 1H), 5.76 (s, 1H), 5.05 – 4.88 

(m, 1H), 4.61 (dt, J = 9.9, 5.0 Hz, 1H), 4.37 (s, 3H), 3.39 – 3.24 (m, 2H), 2.61 – 2.36 

(m, 3H), 2.01 – 1.70 (m, 5H), 0.95 (dd, J = 17.9, 5.7 Hz, 6H). 
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7.1.4 – Synthesis of molecules 27a, 28a and 33a-k 

Methyl (S)-2-((2S,3R)-2-((tert-butoxycarbonyl)amino)-3-hydroxybutanamido)-

3-((S)-2-oxopyrrolidin-3-yl)propanoate (29) 

Compound 29 has been prepared following the general procedures (I-II) for Boc-

cleavage and coupling reaction, using methyl (tert-butoxycarbonyl)-L-threoninate as 

the appropriate carboxylic acid. The mixture has been purified by SiO2 column 

chromatography using as elution mixture DCM/MeOH (30:1), yielding a colorless oil 

(43% yield). 

Spectroscopic data are in agreement with those reported in literature. 

ESI-MS m/z 388 [M+H]+, 410 [M+Na]+ 

Methyl (S)-2-((2S,3R)-3-(benzyloxy)-2-((tert-

butoxycarbonyl)amino)butanamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate 

(30) 

Compound 30 has been prepared following general procedures (I-II) for Boc-

cleavage and coupling reaction, methyl O-benzyl-N-(tert-butoxycarbonyl)-L-

threoninate as the appropriate carboxylic acid. The mixture has been purified by SiO2 

column chromatography using as elution mixture DCM/MeOH (30:1), yielding a 

colorless oil (89% yield). 

ESI-MS m/z 600 [M+H]+, 622 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 8.55 (dd, J = 30.0, 7.8 Hz, 1H), 7.75 (d, J = 7.5 Hz, 

2H), 7.71 – 7.54 (m, 2H), 7.43 – 7.14 (m, 9H), 4.67 – 3.99 (m, 6H), 3.64 (s, 3H), 3.20 

– 2.92 (m, 2H), 2.46 – 2.02 (m, 3H), 1.85 – 1.53 (m, 2H), 1.21 (dt, J = 7.1, 3.6 Hz, 

3H). 

Methyl (S)-2-((S)-2-(isoquinoline-8-carboxamido)-4-methylpentanamido)-3-

((S)-2-oxopyrrolidin-3-yl)propanoate (31a) 

Compound 31a was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction, using isoquinoline-8-carboxylic acid as the 
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appropriate carboxylic acid. The compound was purified by SiO2 column 

chromatography DCM/MeOH (30:1), yielding a colorless oil (57%). 

ESI-MS m/z 455 [M+H]+, 477 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 9.76 – 9.62 (m, 1H), 8.75 (d, J = 7.0 Hz, 1H), 8.50 (dd, 

J = 16.2, 6.0 Hz, 1H), 8.42 (d, J = 6.6 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.73 (t, J = 

5.6 Hz, 1H), 7.62 (dd, J = 10.1, 4.9 Hz, 2H), 7.13 (dd, J = 18.6, 8.6 Hz, 1H), 6.94 (d, 

J = 12.1 Hz, 1H), 4.95 (ddd, J = 14.4, 11.2, 7.0 Hz, 1H), 4.63 – 4.37 (m, 1H), 3.72 (s, 

3H), 3.37 – 3.22 (m, 2H), 2.52 – 2.15 (m, 3H), 1.94 – 1.62 (m, 5H), 1.07 – 0.93 (m, 

6H). 

Methyl (S)-2-((S)-2-(isoquinoline-5-carboxamido)-4-methylpentanamido)-3-

((S)-2-oxopyrrolidin-3-yl)propanoate (31b) 

Compound 31b was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction, using isoquinoline-5-carboxylic acid as the 

appropriate carboxylic acid. The compound was purified by SiO2 column 

chromatography DCM/MeOH (30:1), yielding a colorless oil (55% yield). 

ESI-MS m/z 455 [M+H]+, 477 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 9.27 (s, 1H), 8.48 (dd, J = 7.3, 3.1 Hz, 1H), 8.27 – 

8.13 (m, 2H), 7.99 (dd, J = 7.2, 1.0 Hz, 1H), 7.72 (t, 1H), 4.80 – 4.57 (m, 2H), 3.74 

(d, J = 4.7 Hz, 3H), 3.38 – 3.22 (m, 2H), 2.77 – 2.11 (m, 3H), 1.92 – 1.65 (m, 5H), 

1.03 (dd, J = 6.4, 2.6 Hz, 6H). 

Methyl (S)-2-((S)-2-(8-chloro-4-hydroxyquinoline-3-carboxamido)-4-

methylpentanamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate (31c) 

Compound 31c was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction, using 8-chloro-4-hydroxyquinoline-3-carboxylic acid 

as the appropriate carboxylic acid. The mixture was purified through SiO2 column 

chromatography, yielding a colorless oil (65% yield). 

1H NMR (300 MHz, CDCl3) δ 9.34 (dd, J = 19.2, 7.9 Hz, 1H), 9.22 (dd, J = 17.0, 6.0 

Hz, 1H), 8.15 – 8.02 (m, 1H), 7.67 – 7.52 (m, 1H), 7.41 (d, J = 8.3 Hz, 1H), 4.75 – 
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4.46 (m, 2H), 3.66 (d, J = 4.2 Hz, 3H), 3.35 – 3.16 (m, 2H), 2.47 – 2.02 (m, 4H), 2.00 

– 1.58 (m, 5H), 0.96 – 0.87 (m, 6H). 

Methyl (S)-2-((S)-2-(4-hydroxy-8-(trifluoromethoxy)quinoline-3-carboxamido)-

4-methylpentanamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate (31d) 

Compound 31d was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-

3-carboxylic acid as the appropriate carboxylic acid. The target molecule was 

purified by column chromatography eluting with a mixture of CHCl3/MeOH (40:1), 

yielding a colorless oil (67% yield).  

ESI-MS m/z 555 [M+H]+, 577 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 12.58 (s, 1H), 10.24 (s, 1H), 8.76 (d, J = 28.1 Hz, 1H), 

8.41 – 8.15 (m,  2H), 7.66 – 7.41 (m, 2H), 4.76 – 4.52 (m, 2H), 3.72 (s, 3H), 3.55 – 

3.07 (m, 3H), 2.70 – 2.25 (m,  3H), 2.09 – 1.63 (m, 4H), 1.10 – 0.78 (m, 6H). 

Methyl (S)-2-((S)-4-methyl-2-(1-methyl-4-oxo-8-(trifluoromethoxy)-1,4-

dihydroquinoline-3-carboxamido)pentanamido)-3-((S)-2-oxopyrrolidin-3-

yl)propanoate (31e) 

Compound 31e was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-

3-carboxylic acid as the appropriate carboxylic acid. The target molecule was 

purified by column chromatography eluting with a mixture of CHCl3/MeOH (40:1), 

yielding a colorless oil (78% yield).  

ESI-MS m/z 569 [M+H]+, 591 [M+Na]+ 

1H NMR (300 MHz, DMSO-d6) δ 10.00 (d, J = 7.7 Hz, 1H), 8.74 (s, 1H), 8.68 (d, J 

= 7.3 Hz, 1H), 8.39 (d, J = 8.1 Hz, 1H), 7.88 (d, J = 7.6 Hz, 1H), 7.66 – 7.53 (m, 

2H), 4.73 – 4.58 (m, 1H), 4.38 – 4.26 (m, 1H), 4.12 (s, 3H), 3.61 (s, 3H), 3.19 – 

2.99 (m,, 4H), 2.37 – 1.97 (m, 4H), 1.72 – 1.44 (m, 4H), 0.96 – 0.84 (m, 6H). 

Methyl (S)-2-((S)-2-(4-hydroxy-6-nitroquinoline-3-carboxamido)-4-

methylpentanamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate (31f) 
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Compound 31f was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using 4-hydroxy-6-nitroquinoline-3-carboxylic acid 

as the appropriate carboxylic acid. The crude mixture was purified by SiO2 column 

chromatography with CHCl3/MeOH (20:1), yielding a bright yellow oil (61%). 

ESI-MS m/z 516 [M+H]+, 538 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 10.23 (dd, J = 18.5, 6.9 Hz, 1H), 9.72 (d, J = 7.1 Hz, 

1H), 9.00 – 8.56 (m, 3H), 8.42 (dd, J = 9.1, 2.4 Hz, 1H), 7.78 – 7.65 (m, 1H), 4.69 – 

4.42 (m, 2H), 3.73 (s, 3H), 3.26 – 3.02 (m, 2H), 2.70 – 2.09 (m, 3H), 1.94 – 1.67 (m, 

5H), 1.02 (dd, J = 12.5, 6.1 Hz, 6H). 

tert-Butyl 8-bromo-1-(((S)-1-(((S)-1-methoxy-1-oxo-3-((S)-2-oxopyrrolidin-3-

yl)propan-2-yl)amino)-4-methyl-1-oxopentan-2-yl)carbamoyl)-3,4-

dihydroisoquinoline-2(1H)-carboxylate (31g) 

Compound 31g was synthesized according to the general procedures (I-II) for Boc-

cleavage and coupling reaction using 8-bromo-2-(tert-butoxycarbonyl)-1,2,3,4-

tetrahydroisoquinoline-1-carboxylic acid as the appropriate carboxylic acid. The 

colorless crude product was purified by column chromatography with DCM/MeOH 

(30:1) as eluent (71%). 

ESI-MS m/z 638 [M+H]+ 

1H NMR (300 MHz, CD3OD) δ 7.66 (d, J = 17.6 Hz, 1H), 7.41 – 7.29 (m, 1H), 7.10 

(t, J = 7.3 Hz, 1H), 5.35 (s, 1H), 4.64 – 4.33 (m, 3H), 4.04 – 3.84 (m, 1H), 3.69 (s, 

3H), 3.60 – 3.42 (m, 1H), 3.23 – 3.10 (m, 1H), 3.01 – 2.88 (m, 2H), 2.55 – 2.02 (m, 

3H), 1.90 – 1.56 (m, 5H), 1.49 (d, J = 2.0 Hz, 9H), 0.92 (dd, J = 31.6, 25.8 Hz, 6H). 

Methyl (S)-2-((2S,3S)-2-(8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamido)-3-hydroxybutanamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate 

(31h) 

Compound 31h was synthesized according to the general procedures (I-II) for Boc-

cleavage and coupling reaction using 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-

3-carboxylic acid as the appropriate carboxylic acid. The crude mixture was purified 
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by SiO2 column chromatography using DCM/MeOH (30:1) as eluent, yielding a 

colorless oil (70%). 

ESI-MS m/z 638 [M+H]+ 

1H NMR (300 MHz, CD3OD) δ 8.55 (s, 1H), 8.28 – 8.19 (m, 1H), 7.70 (ddd, J = 15.5, 

7.7, 1.4 Hz, 1H), 7.32 (q, J = 8.0 Hz, 1H), 4.78 – 4.52 (m, 3H), 4.30 (s, 3H), 3.74 (s, 

3H), 2.80 – 2.22 (m, 3H), 1.94 – 1.72 (m, 2H), 1.25 (d, J = 6.4 Hz, 3H). 

Methyl (S)-2-((2S,3S)-3-(benzyloxy)-2-(8-chloro-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carboxamido)butanamido)-3-((S)-2-oxopyrrolidin-3-

yl)propanoate (31i) 

Compound 31i was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction 8-chloro-using 1-methyl-4-oxo-1,4-dihydroquinoline-

3-carboxylic acid as the appropriate carboxylic acid. The mixture has been purified 

by SiO2 column chromatography, affording the target molecule as a colorless oil 

(83%). 

ESI-MS m/z 598 [M+H]+, 621 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 10.60 (d, J = 8.0 Hz, 1H), 8.63 (s, 1H), 8.40 – 8.26 

(m, 1H), 7.82 – 7.70 (m, 1H), 7.32 (ddt, J = 22.2, 14.2, 6.9 Hz, 6H), 4.75 – 4.51 (m, 

5H), 4.33 (s, 3H), 3.68 (d, J = 1.9 Hz, 3H), 3.11 – 2.91 (m, 1H), 2.56 – 2.10 (m, 4H), 

1.87 – 1.62 (m, 3H), 1.28 (d, J = 4.6 Hz, 3H). 

General procedure (IV) for the conversion of the ester intermediates into 

primary amides exemplified with compound N-((S)-1-(((S)-1-amino-1-oxo-3-

((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-4-methyl-1-oxopentan-2-

yl)quinoline-8-carboxamide ((S,S,S)-25) 

In an oven dried round bottom flask, the ester intermediate 21 (25 mg, 0,051 mmol) 

was solubilized in the smallest quantity of MeOH (0,2 mL), then NH37N in MeOH 

(0,86 mL) was slowly added and the resulting reaction mixture was stirred at 20 °C 

for 12 h. The solvent was evaporated under reduced pressure and the crude product, 

a white amorphous solid, was used directly without any further purification (76%) 
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ESI-MS m/z 440 [M+H]+, 462 [M+Na]+ 

 N-((S)-1-(((S)-1-amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)isoquinoline-8-carboxamide (32a) 

For the synthesis of compound 32a, the general procedure (IV) for the primary amide 

conversion has been followed using 31a as starting material. The crude product, a 

white amorphous solid, has been used for the following reaction without any further 

purification (72% yield) 

ESI-MS m/z 440 [M+H]+, 462 [M+Na]+ 

N-((S)-1-(((S)-1-Amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)isoquinoline-5-carboxamide (32b) 

For the synthesis of compound 32b, the general procedure (IV) for the primary amide 

conversion has been followed using 31b as starting material. The crude product, a 

white amorphous solid, has been used for the following reaction without any further 

purification (69% yield) 

ESI-MS m/z 440 [M+H]+, 462 [M+Na]+ 

N-((S)-1-(((S)-1-Amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)-8-chloro-4-hydroxyquinoline-3-carboxamide (32c) 

For the synthesis of compound 32c, the general procedure (IV) for the primary amide 

conversion has been followed using 31c as starting material. The crude product has 

been used for the following reaction without any further purification, furnishing a 

white amorphous solid (68% yield). 

ESI-MS m/z 490 [M+H]+ 

N-((S)-1-(((S)-1-Amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)-8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamide ((S,S,S)-26) 

For the synthesis of compound (S)-26, the general procedure (IV) for the primary 

amide conversion has been followed using 22 as starting material. The crude 



158 
 

product, a white amorphous solid (79% yield), has been used for the following 

reaction without any further purification.  

ESI-MS m/z 504 [M+H]+ 

N-((S)-1-(((S)-1-amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)-4-hydroxy-8-(trifluoromethoxy)quinoline-3-

carboxamide (32d) 

For the synthesis of compound 32d, the general procedure (IV) for the primary amide 

conversion has been followed using 31d as starting material. The crude product, a 

white amorphous solid (66% yield), has been used for the following reaction without 

any further purification.  

ESI-MS m/z 540 [M+H]+ 

N-((S)-1-(((S)-1-amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)-1-methyl-4-oxo-8-(trifluoromethoxy)-1,4-

dihydroquinoline-3-carboxamide (32e) 

For the synthesis of compound 32e, the general procedure (IV) for the primary amide 

conversion has been followed using 31e as starting material. The crude product, a 

white amorphous solid (76% yield), has been used for the following reaction without 

any further purification.  

ESI-MS m/z 553 [M+H]+ 

N-((S)-1-(((S)-1-Amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)-4-hydroxy-6-nitroquinoline-3-carboxamide (32f) 

For the synthesis of compound 32f, the general procedure (IV) for the primary amide 

conversion has been followed using 31f as starting material. The crude product, a 

bright yellow amorphous solid, has been used for the following reaction without any 

further purification (64% yield). 

ESI-MS m/z 501 [M+H]+, 523 [M+Na]+ 
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tert-Butyl 1-(((S)-1-(((S)-1-amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)amino)-4-methyl-1-oxopentan-2-yl)carbamoyl)-8-bromo-3,4-

dihydroisoquinoline-2(1H)-carboxylate (32g) 

For the synthesis of compound 32g, the general procedure (IV) for the primary amide 

conversion has been followed using 31g as starting material. The crude product has 

been used for the following reaction without any further purification, furnishing a 

white amorphous solid (83% yield). 

ESI-MS m/z 623 [M+H]+, 646 [M+Na]+ 

N-((2S,3S)-1-(((S)-1-Amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)amino)-3-hydroxy-1-oxobutan-2-yl)-8-chloro-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carboxamide (32h) 

For the synthesis of compound 32h, the general procedure (IV) for the primary amide 

conversion has been followed using 31h as starting material. The crude product, a 

white amorphous solid, has been used for the following reaction without any further 

purification (84% yield). 

ESI-MS m/z 492 [M+H]+, 515 [M+Na]+ 

N-((2S,3S)-1-(((S)-1-Amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)amino)-3-(benzyloxy)-1-oxobutan-2-yl)-8-chloro-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carboxamide  (32i) 

For the synthesis of compound 32i, the general procedure (IV) for the primary amide 

conversion has been followed using 31i as starting material. The crude product, a 

white amorphous solid, has been used for the following reaction without any further 

purification (83% yield). 

ESI-MS m/z 583 [M+H]+, 605 [M+Na]+ 

General procedure (V) for the primary amide conversion in nitrile moiety 

exemplified with compound N-((S)-1-(((S)-1-cyano-2-((S)-2-oxopyrrolidin-3-

yl)ethyl)amino)-4-methyl-1-oxopentan-2-yl)quinoline-8-carboxamide ((S)-27) 
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In an oven dried round bottom flask under N2 atmosphere, the amide intermediate 

(S)-25 (35 mg, 1 eq) has been solubilized in anhydrous DCM (2 mL, 0,04 M), the 

reaction mixture has been cooled at 0 °C, then anhydrous TEA (0,022 mL, 2 eq) has 

been slowly added followed by TFAA (0,033 mL, 3 eq). The reaction mixture has 

been stirred at 0 °C for 2 h, then brine solution (2 mL) has been added to the mixture, 

that was allowed to reach room temperature and extracted with DCM (3 x 2 mL). The 

collected organic phases were combined, dried over anhydrous Na2SO4, filtered and 

concentrated under reduced pressure to afford the crude mixture. The crude mixture 

was purified by column chromatography, furnishing a colorless amorphous solid. 

Elution solvent DCM/MeOH (20:1), 7 mg (21% yield) 

ESI-MS m/z 421 [M+H]+, 444 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 11.75 (d, J = 7.6 Hz, 1H), 8.97 (dd, J = 4.2, 1.6 Hz, 

1H), 8.76 (d, J = 7.4 Hz, 1H), 8.41 (d, J = 7.1 Hz, 1H), 8.29 (dd, J = 8.3, 1.5 Hz, 1H), 

7.97 (d, J = 8.1 Hz, 1H), 7.66 (t, J = 7.7 Hz, 1H), 7.51 (dd, J = 8.3, 4.3 Hz, 1H), 6.45 

(s, 1H), 4.98 – 4.81 (m, 2H), 3.38 – 3.15 (m, 2H), 2.53 – 2.26 (m, 3H), 1.99 – 1.64 

(m, 5H), 1.00 (dd, J = 8.2, 6.3 Hz, 6H). 

13C NMR (75 MHz, CDCl3) δ 178.6, 172.9, 166.3, 149.6, 145.5, 137.8, 133.8, 132.4, 

128.5, 127.9, 126.4, 121.1, 118.5, 52.3, 40.8, 40.3, 39.1, 37.7, 33.9, 29.7, 28.1, 25.1, 

23.1, 22.1. 

N-((S)-1-(((R)-1-Cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-methyl-1-

oxopentan-2-yl)isoquinoline-8-carboxamide (33a) 

The conversion of the primary amide 32a to the corresponding nitrile derivative 33a 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The crude mixture has been purified through SiO2 column 

chromatography DCM/MeOH (20:1) yielding a colorless oil (23% yield). 

ESI-MS m/z 422 [M+H]+, 445 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 9.59 (s, 1H), 8.49 (d, J = 5.7 Hz, 1H), 8.07 (d, J = 8.2 

Hz, 1H), 7.95 – 7.76 (m, 3H), 5.09 (dd, J = 13.9, 7.1 Hz, 1H), 4.76 – 4.63 (m, 1H), 

3.19 – 2.86 (m, 2H), 2.78 – 2.20 (m, 3H), 2.07 – 1.48 (m, 5H), 1.12 – 0.98 (m, 6H). 
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13C NMR (75 MHz, CDCl3) δ 180.4, 172.6, 169.2, 145.4, 134.3, 134.2, 129.9, 129.8, 

129.2, 128.9, 121.9, 120.2, 54.2, 42.6, 40.5, 39.8, 34.8, 33.5, 25.3, 23.1. 

N-((S)-1-(((R)-1-Cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-methyl-1-

oxopentan-2-yl)isoquinoline-5-carboxamide (33b) 

The conversion of the primary amide 32b to the corresponding nitrile derivative 33b 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The crude mixture has been purified through SiO2 column 

chromatography DCM/MeOH (20:1) yielding a colorless oil (37% yield). 

ESI-MS m/z 422 [M+H]+, 445 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 9.30 (s, 1H), 8.50 (s, 1H), 8.21 (dd, J = 18.2, 7.0 Hz, 

1H), 8.02 (dd, J = 9.6, 4.8 Hz, 1H), 7.75 (t, J = 7.6 Hz, 1H), 5.13 (dd, J = 10.3, 5.5 

Hz, 1H), 4.60 (dd, J = 9.2, 5.5 Hz, 1H), 3.80 – 3.58 (m, 2H), 2.74 – 2.19 (m, 3H), 

2.05 – 1.53 (m, 5H), 1.07 – 0.87 (m, 6H). 

13C NMR (75 MHz, CD3OD) δ 179.6, 173.4, 169.5, 142.3, 133.2, 132.5, 131.8, 130.3, 

130.2, 128.7, 126.7, 126.7, 118.4, 52.7, 40.0, 39.9, 37.7, 31.6, 27.2, 24.8, 22.3, 21.9, 

20.6. 

8-Chloro-N-((S)-1-(((S)-1-cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-

methyl-1-oxopentan-2-yl)-4-hydroxyquinoline-3-carboxamide (33c) 

The conversion of the primary amide 32c to the corresponding nitrile derivative 33c 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The target molecule has been purified through SiO2 column 

chromatography DCM/MeOH (20:1) furnishing a colorless oil (11% yield). 

ESI-MS m/z 473 [M+H]+, 495 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 8.77 (s, 1H), 8.34 (d, J = 8.1 Hz, 1H), 7.89 (d, J = 7.8 

Hz, 1H), 7.48 (t, J = 8.0 Hz, 1H), 5.01 (dd, J = 9.4, 4.3 Hz, 1H), 4.65 – 4.48 (m, 1H), 

3.70 – 3.47 (m, 2H), 2.79 – 2.11 (m, 3H), 2.00 – 1.69 (m, 5H), 1.00 (dd, J = 12.4, 6.3 

Hz, 6H). 
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13C NMR (75 MHz, CD3OD) δ 179.5, 173.6, 165.4, 144.1, 132.7, 125.2, 124.7, 111.1, 

52.0, 40.9, 40.0, 39.4, 38.4, 37.7, 33.7, 33.2, 29.4, 29.3, 27.5, 27.2, 24.8, 22.0, 20.6. 

N-((S)-1-(((S)-1-Cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-methyl-1-

oxopentan-2-yl)-4-hydroxy-8-(trifluoromethoxy)quinoline-3-carboxamide 

(33d) 

The conversion of the primary amide 32d to the corresponding nitrile derivative 33d 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The target molecule has been purified through SiO2 column 

chromatography DCM/MeOH (20:1) furnishing a colorless oil (33% yield) 

ESI-MS m/z 522 [M+H]+, 544 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 8.72 (s, 1H), 8.33 (d, J = 4.9 Hz, 1H), 7.79 (d, J = 7.8 

Hz, 1H), 7.54 (t, J = 8.1 Hz, 1H), 5.17 – 4.88 (m, 1H), 4.65 – 4.45 (m, 1H), 2.72 – 

2.19 (m, 4H), 2.01 – 1.61 (m, 6H), 1.01 (dd, J = 12.7, 5.0 Hz, 6H). 

13C NMR (75 MHz, CD3OD) δ 192.1, 179.5, 179.3, 176.5, 176.4, 173.5, 173.2, 143.9, 

138.6, 132.3, 128.2, 124.6, 124.4, 123.7, 111.3, 40.9, 40.1, 40.0, 39.4, 38.2, 37.7, 

33.2, 27.5, 24.8, 22.0, 20.6. 

N-((S)-1-(((S)-1-Cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-methyl-1-

oxopentan-2-yl)-1-methyl-4-oxo-8-(trifluoromethoxy)-1,4-dihydroquinoline-3-

carboxamide (33e) 

The conversion of the primary amide 32e to the corresponding nitrile derivative 33e 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The target molecule has been purified through SiO2 column 

chromatography DCM/MeOH (20:1) furnishing a pale yellow oil (24% yield) 

ESI-MS m/z 536 [M+H]+, 558 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 8.75 – 8.68 (m, 1H), 8.55 – 8.44 (m, 1H), 7.83 (d, J = 

8.0 Hz, 1H), 7.58 (dd, J = 11.7, 4.4 Hz, 1H), 5.08 – 4.88 (m,  1H), 4.72 – 4.42 (m, 

1H), 4.20 (s, 3H), 2.68 – 2.17 (m, 4H), 1.99 – 1.64 (m, 6H), 1.10 – 0.92 (m, 6H). 
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13C NMR (75 MHz, CD3OD) δ 175.3, 173.3, 152.0, 133.6, 130.2, 126.5, 125.8, 125.3, 

118.9, 118.3, 117.8, 110.8, 40.9, 40.0, 39.3, 38.2, 37.7, 33.2, 27.4, 27.1, 24.8, 22.0, 

20.5. 

N-((S)-1-(((S)-1-Cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-methyl-1-

oxopentan-2-yl)-4-hydroxy-6-nitroquinoline-2-carboxamide (33f) 

The conversion of the primary amide 32f to the corresponding nitrile derivative 33f 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The target molecule has been purified through SiO2 column 

chromatography DCM/MeOH (20:1) furnishing a bright yellow oil (43% yield) 

ESI-MS m/z 483 [M+H]+, 505 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 10.34 (s, 1H), 8.77 (d, J = 3.9 Hz, 1H), 8.53 (ddd, J = 

9.1, 2.4, 1.5 Hz, 1H), 7.78 (dd, J = 9.1, 1.6 Hz, 1H), 5.14 – 4.97 (m, 1H), 4.68 – 4.50 

(m, 1H), 3.59 (dt, J = 113.9, 4.0 Hz, 2H), 2.71 – 2.18 (m, 3H), 1.85 (ddt, J = 24.4, 

14.9, 7.6 Hz, 5H), 1.02 (ddd, J = 9.9, 6.0, 3.0 Hz, 6H). 

13C NMR (75 MHz, CD3OD) δ 179.5, 179.3, 176.6, 173.3, 145.1, 144.6, 142.8, 126.6, 

125.9, 125.9, 121.9, 120.4, 111.8, 40.8, 40.1, 37.7, 33.2, 27.5, 27.2, 24.8, 22.1, 20.7, 

20.6. 

tert-Butyl 8-bromo-1-(((S)-1-(((S)-1-cyano-2-((S)-2-oxopyrrolidin-3-

yl)ethyl)amino)-4-methyl-1-oxopentan-2-yl)carbamoyl)-3,4-

dihydroisoquinoline-2(1H)-carboxylate (33g) 

The conversion of the primary amide 32g to the corresponding nitrile derivative 33g 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The crude mixture has been purified through SiO2 column 

chromatography DCM/MeOH (20:1) yielding a colorless oil (26% yield). 

ESI-MS m/z 453 [M+H]+, 476 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 7.65 (d, J = 24.4 Hz, 1H), 7.37 (t, J = 8.9 Hz, 1H), 

7.11 (dd, J = 12.5, 8.9 Hz, 1H), 5.39 – 5.25 (m, 1H), 5.11 – 4.93 (m, 1H), 4.48 – 4.28 
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(m, 2H), 3.72 (dt, J = 28.3, 11.7 Hz, 2H), 3.08 – 2.86 (m, 2H), 2.62 – 2.18 (m,   4H), 

2.10 – 1.96 (m, 1H), 1.87 – 1.62 (m, 5H), 1.49 (s, 9H), 1.01 – 0.83 (m, 6H). 

13C NMR (75 MHz, CD3OD) δ 179.5, 172.9, 172.7, 171.9, 135.1, 134.2, 130.3, 130.2, 

129.9, 129.9, 119.4, 118.3, 115.4, 51.9, 51.4, 40.2, 39.9, 37.4, 33.6, 29.3, 27.4, 27.2, 

27.2, 26.9, 24.7, 24.4, 22.3. 

8-Chloro-N-((2S,3S)-1-(((S)-1-cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-3-

hydroxy-1-oxobutan-2-yl)-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamide (33h)  

The conversion of the primary amide 32h to the corresponding nitrile derivative 33h 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The crude mixture was purified through SiO2 column chromatography 

DCM/MeOH (30:1) furnishing a colorless oil (27% yield). 

ESI-MS m/z 474 [M+H]+, 496 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 10.57 (d, J = 7.3 Hz, 1H), 8.68 (s, 1H), 8.41 (dd, J = 

8.1, 1.5 Hz, 1H), 7.88 – 7.79 (m, 1H), 7.54 – 7.31 (m, 1H), 5.11 (dd, J = 10.1, 6.0 Hz, 

1H), 4.47 (dd, J = 7.3, 3.7 Hz, 1H), 4.38 (s, 3H), 4.34 (dd, J = 6.4, 3.6 Hz, 1H), 3.20 

(dd, J = 14.8, 7.5 Hz, 1H), 2.68 – 2.22 (m, 4H), 2.01 – 1.65 (m, 2H), 1.25 (d, J = 6.4 

Hz, 3H). 

13C NMR (75 MHz, CD3OD) δ 179.6, 171.6, 165.6, 152.4, 137.7, 136.6, 130.5, 125.9, 

125.9, 125.5, 122.5, 118.4, 110.7, 66.8, 64.6, 59.2, 53.4, 40.0, 37.6, 33.8, 27.2, 19.1. 

N-((2S,3S)-3-(Benzyloxy)-1-(((S)-1-cyano-2-((S)-2-oxopyrrolidin-3-

yl)ethyl)amino)-1-oxobutan-2-yl)-8-chloro-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carboxamide (33i) 

The conversion of the primary amide 32i to the corresponding nitrile derivative 33i 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The crude mixture was purified through SiO2 column chromatography 

DCM/MeOH (30:1) furnishing a colorless oil (36% yield). 

ESI-MS m/z 464 [M+H]+, 486 [M+Na]+ 
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1H NMR (300 MHz, CD3OD) δ 8.73 (s, 1H), 8.46 (dd, J = 8.1, 1.6 Hz, 1H), 7.92 – 

7.85 (m, 1H), 7.52 – 7.14 (m, 6H), 5.06 (dd, J = 10.1, 5.9 Hz, 1H), 4.77 – 4.47 (m,  

3H), 4.39 (d, J = 3.7 Hz, 3H), 4.30 (dd, J = 6.3, 2.9 Hz, 1H), 3.24 – 2.94 (m, 2H), 

2.49 – 2.10 (m, 3H), 1.90 – 1.65 (m, 2H), 1.29 (d, J = 2.2 Hz, 3H). 

13C NMR (75 MHz, CD3OD) δ 179.4, 175.5, 171.3, 171.1, 170.8, 165.5, 165.4, 165.2, 

152.4, 138.4, 137.4, 136.6, 130.2, 127.9, 127.4, 127.1, 127.1, 125.7, 125.4, 122.4, 

118.5, 110.5, 74.4, 70.7, 58.1, 39.9, 37.5, 33.6, 26.9, 15.3. 

6-Amino-N-((S)-1-(((S)-1-cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-

methyl-1-oxopentan-2-yl)-4-hydroxyquinoline-2-carboxamide (33j) 

To a solution of the final compound 33f (40 mg, 1 eq) in a mixture of EtOH/H2O (5:1, 

0,82 mL, 0,1 M), solid NH4Cl (15 mg, 3,3 eq) and iron powder (15 mg, 3,3 eq) were 

added. The reaction mixture was stirred at 55 °C for 30 min, then the solid was 

filtered on celite®, and washed with EtOH (3 x 1 mL). The solute was concentrated 

under pressure, solubilized with EtOAc (3 mL) and washed with aqueous NaHCO3 

(3 x 2 mL), then the combined organic phase was dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure. The final compound has been 

purified by SiO2 column chromatography DCM/MeOH (20:1) furnishing a pale yellow 

oil (95% yield). 

ESI-MS m/z 453 [M+H]+, 476 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 8.58 (s, 1H), 7.98 (bs, 1H), 7.87 (t, J = 7.2 Hz, 1H), 

7.75 – 7.44 (m, 4H), 7.33 – 7.14 (m, 2H), 6.97 (d, J = 7.6 Hz, 1H), 4.64 – 4.47 (m, 

2H), 3.77 – 3.59 (m, 1H), 3.25 – 3.08 (m, 1H), 2.68 – 2.22 (m, 3H), 2.04 – 1.63 (m,  

5H), 1.00 (dd, J = 12.7, 6.1 Hz, 6H). 

13C NMR (75 MHz, CD3OD) δ 180.7, 177.1, 172.8, 153.8, 139.7, 139.5, 138.0, 129.3, 

128.8, 128.5, 127.3, 119.7, 75.7, 72.0, 58.7, 41.2, 39.8, 39.7, 38.8, 30.7, 28.4, 28.3, 

16.7. 

8-Bromo-N-((S)-1-(((S)-1-cyano-2-((S)-2-oxopyrrolidin-3-yl)ethyl)amino)-4-

methyl-1-oxopentan-2-yl)-1,2,3,4-tetrahydroisoquinoline-1-carboxamide (33k) 
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Final compound 33g has then been deprotected allowing to obtain final compound 

33k. In a round bottom flask the final compound 33g (20 mg, 1 eq) has been 

solubilized in MeOH (0,66 mL, 0,05 M), the solution was cooled at 0 °C then HCl in 

MeOH (20 eq, 1 M) has been slowly added. The reaction mixture was stirred at the 

same temperature for 1 h, then the mixture was concentrated under N2 flux and the 

crude mixture was purified by SiO2 column chromatography using CHCl3/MeOH 

(30:1) as elution mixture furnishing a pale yellow oil (40% yield). 

ESI-MS m/z 453 [M+H]+, 476 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 7.89 (s, 1H), 7.46 (d, J = 9.9 Hz, 1H), 7.30 (d, J = 8.3 

Hz, 1H), 7.09 – 7.00 (m, 1H), 4.69 – 4.32 (m, 3H), 3.00 – 2.68 (m, 4H), 2.57 – 2.43 

(m, 2H), 2.33 – 2.07 (m, 3H), 1.98 – 1.50 (m, 5H), 1.09 – 0.74 (m, 6H). 

13C NMR (75 MHz, CD3OD) δ 201.2, 171.9, 171.6, 158.8, 129.3, 128.6, 127.8, 117.8, 

108.7, 76.5, 38.6, 30.8, 30.7, 27.8, 27.5, 25.4, 23.1, 20.6, 18.8. 

7.1.5 - Synthetic procedure for the preparation of compound 41 

Methyl (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-azidopropanoate 

(35) 

In an oven dried round bottom flask, the non-natural amino acid methyl (S)-2-((((9H-

fluoren-9-yl)methoxy)carbonyl)amino)-3-azidopropanoate 34 (500 mg, 1 eq) was 

suspended in anhydrous MeOH (5,6 mL, 0,25M) and the mixture was cooled at 0 

°C, then chlorotrimethylsilane (TMSCl) (340 mg, 2,2 eq) was slowly added and the 

reaction was allowed to reach room temperature and stirred in these conditions for 

12 h. After this time the reaction mixture was cooled at 0 °C and TEA (0,43 mL, 2,2 

eq) was slowly added. The reaction mixture was concentrated under N2 flux and the 

solid precipitate was filtered off and washed with Et2O. so The organic phase was 

dried over Na2SO4, filtered and concentrated under vacuum. The compound was 

purified by SiO2 column chromatography PetEt/EtOAc (2:1) yielding 35 as a 

colorless oil (73% yield). 

ESI-MS m/z 366 [M+H]+ 
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1H NMR (300 MHz, CDCl3) δ 7.77 (d, J = 7.4 Hz, 2H), 7.60 (d, J = 7.2 Hz, 2H), 7.37 

(dt, J = 26.1, 7.3 Hz, 4H), 5.63 (dd, J = 4.1, 1.3 Hz, 1H), 4.63 – 4.50 (m, 1H), 4.50 – 

4.36 (m, 2H), 4.24 (t, J = 7.0 Hz, 1H), 3.82 (s, 3H), 3.80 – 3.72 (m, 2H). 

Methyl (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(1H-1,2,3-triazol-

1-yl)propanoate (36) 

In a round bottom flask, to a solution of 36 (200mg, 1 eq) in water/tert-butanol/DMSO 

(1:1:0,01, 20 mL, 0,025 M), sodium ascorbate (32 mg, 0,3 eq) and CuSO4 (9 mg, 0,1 

eq) were added at once, then TMS-acetylene (113 mg, 2,1 eq) was slowly added. 

The reaction mixture was stirred for 96 h, then NBu4F (129 mg, 1,5 eq) was slowly 

added. After 4 h, the mixture was washed with EtOAc  (3 x 4 mL), and the organic 

phase was dried over Na2SO4, filtered and concentrated under reduced pressure. 

The resulting residue was purified by SiO2 column chromatography PetEt/EtOAc 

(1:1) affording a white amorphous solid (67% yield). 

ESI-MS m/z 383 [M+H]+, 405 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 7.77 (d, J = 7.5 Hz, 2H), 7.66 (s, 1H), 7.57 (d, J = 7.3 

Hz, 2H), 7.36 (ddd, J = 22.1, 14.8, 7.3 Hz, 5H), 5.68 (d, J = 6.0 Hz, 1H), 4.98 – 4.71 

(m, 3H), 4.57 – 4.37 (m, 2H), 4.21 (t, J = 6.5 Hz, 1H), 3.79 (s, 3H). 

Methyl (S)-2-amino-3-(1H-1,2,3-triazol-1-yl)propanoate (37) 

In a round bottom flask, to a solution of 36 (50 mg, 1 eq) in dry DCM (0,2 mL, 0,6 

M), diethylamine (123 mg, 14 eq) was slowly added. The reaction mixture was stirred 

at 20 °C for 2 h, then after completion of the reaction, monitored by TLC, the mixture 

was dried under N2 flux. The crude product was purified by SiO2 column 

chromatography using DCM/MeOH (20:1) as eluent, affording a white amorphous 

solid (73% yield). 

ESI-MS m/z 171 [M+H]+, 193 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 7.68 (d, J = 4.1 Hz, 2H), 4.73 (dd, J = 13.8, 4.5 Hz, 

1H), 4.57 (dd, J = 13.8, 6.7 Hz, 1H), 3.98 (dd, J = 6.6, 4.6 Hz, 1H), 3.75 (s, 3H), 1.81 

(bs, 2H). 
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Methyl (S)-2-((S)-2-((tert-butoxycarbonyl)amino)-4-methylpentanamido)-3-(1H-

1,2,3-triazol-1-yl)propanoate (38) 

Compound 38 was synthesized according to the general procedure (II) for coupling 

reaction using (tert-butoxycarbonyl)-L-leucine as the appropriate carboxylic acid. 

The mixture was used without any further purification, affording a colorless oil ( 89% 

yield). 

ESI-MS m/z 384 [M+H]+, 406 [M+Na]+  

1H NMR (300 MHz, CD3OD) δ 7.81 (d, J = 7.5 Hz, 1H), 7.68 (d, J = 7.5 Hz, 1H), 4.67 

– 4.56 (m, 3H), 4.27 (m, 6.6 Hz, 1H), 3.79 (s, 3H), 1.93 (t, J = 7.6 Hz, 1H), 1.74 – 

1.61 (m, 1H), 1.54 – 1.49 (m, 10H), 1.07 – 0.98 (m, 6H). 

Methyl (S)-2-((S)-2-(8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamido)-4-methylpentanamido)-3-(1H-1,2,3-triazol-1-yl)propanoate (39) 

Compound 39 was synthesized according to the general procedures (I-II) for Boc-

cleavage and coupling reaction using 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-

3-carboxylic acid as the appropriate carboxylic acid. The crude mixture was purified 

by column chromatography DCM/MeOH (30:1), affording a colorless oil (64% yield). 

ESI-MS m/z 504 [M+H]+, 526 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 10.29 (d, J = 6.7 Hz, 1H), 8.70 (d, J = 2.8 Hz, 1H), 

8.40 (d, J = 8.1 Hz, 1H), 8.05 (dd, J = 8.6, 0.9 Hz, 1H), 7.87 (ddd, J = 7.7, 3.4, 1.6 

Hz, 1H), 7.74 – 7.64 (m, 1H), 7.44 (td, J = 7.9, 2.4 Hz, 1H), 5.13 – 4.72 (m, 3H), 4.57 

(dd, J = 18.6, 12.9 Hz, 1H), 4.40 (d, J = 1.5 Hz, 3H), 3.76 (s, 3H), 1.83 – 1.56 (m, 

3H), 0.96 (ddd, J = 7.5, 6.3, 2.3 Hz, 6H). 

N-((S)-1-(((S)-1-Amino-1-oxo-3-(1H-1,2,3-triazol-1-yl)propan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)-8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamide (40) 

For the synthesis of compound 40, the general procedure (IV) for the primary amide 

conversion has been followed using 39 as starting material. The crude product, a 
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white amorphous solid, has been used immediately for the following reaction without 

any further purification (95% yield). 

ESI-MS m/z 489 [M+H]+, 511 [M+Na]+ 

8-Chloro-N-((S)-1-(((S)-1-cyano-2-(1H-1,2,3-triazol-1-yl)ethyl)amino)-4-methyl-

1-oxopentan-2-yl)-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxamide (41) 

The conversion of the primary amide 40 to the corresponding nitrile derivative 41 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The crude mixture has been purified by SiO2 column chromatography 

DCM/MeOH (20:1) yielding a colorless oil (37%). 

ESI-MS m/z 470 [M+H]+, 492 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 10.33 (d, J = 5.8 Hz, 1H), 8.71 (d, J = 3.6 Hz, 1H), 

8.48 – 8.37 (m, 1H), 8.10 (d, J = 15.2 Hz, 1H), 7.89 (dd, J = 7.7, 1.5 Hz, 1H), 7.74 

(d, J = 3.7 Hz, 1H), 7.46 (dd, J = 9.2, 6.6 Hz, 1H), 5.42 (dd, J = 13.4, 6.3 Hz, 1H), 

4.95 – 4.87 (m, 2H), 4.50 (dd, J = 9.3, 5.2 Hz, 1H), 4.39 (d, J = 4.8 Hz, 3H), 1.78 – 

1.54 (m, 3H), 1.01 – 0.90 (m, 6H). 

13C NMR (75 MHz, CD3OD) δ 175.7, 173.4, 165.0, 152.4, 137.8, 136.7, 133.3, 130.5, 

125.9, 125.6, 125.5, 122.6, 115.5, 110.4, 52.0, 51.9, 49.6, 40.7, 24.7, 21.9, 20.5. 

7.1.6 - Synthetic procedure for the preparation of compounds 46a-b 

and 47 

Methyl (tert-butoxycarbonyl)-L-leucyl-L-threoninate (43a) 

Compound 43a was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using (tert-butoxycarbonyl)-L-leucine as the 

appropriate carboxylic acid.  

MS-ESI and 1H NMR data are in accordance with those reported in literature. 

Methyl (tert-butoxycarbonyl)-L-leucyl-L-histidinate (43b) 
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Compound 43b was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using (tert-butoxycarbonyl)-L-leucine as the 

appropriate carboxylic acid. 

MS-ESI and 1H NMR data are in accordance with those reported in literature. 

Methyl (8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-carbonyl)-L-leucyl-L-

threoninate (44a) 

Compound 44a was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-

3-carboxylic acid as the appropriate carboxylic acid. The mixture was purified by 

SiO2 column chromatography eluting with DCM/MeOH (30:1) yielding a pale yellow 

oil (61% yield). 

ESI-MS m/z 470 [M+H]+, 492 [M+Na]+ 

1H NMR (300 MHz, Acetone-d6) δ 10.23 (d, J = 7.7 Hz, 1H), 8.69 (s, 1H), 8.41 (d, 

1H), 7.89 –7.84 (m, 1H), 7.48 (dd, J = 7.9, 3.2 Hz, 1H), 4.90 – 4.78 (m, 1H), 4.43 (s, 

1H), 4.31 – 4.26 (m, 1H), 3.92 (dq, J = 13.2, 6.6 Hz, 1H), 3.69 (s, 1H), 2.05 (dt, J = 

4.4, 2.2 Hz,1H), 1.86 – 1.68 (m, H), 1.17 (d, J = 6.3 Hz, 1H), 0.97 (dd, J = 11.3, 5.9 

Hz, 3H). 

Methyl (8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-carbonyl)-L-leucyl-L-

histidinate (44b) 

Compound 44b was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-

3-carboxylic acid as the appropriate carboxylic acid. The mixture was purified by 

SiO2 column chromatography eluting with DCM/MeOH (30:1) yielding a colorless oil 

(68% yield). 

ESI-MS m/z 470 [M+H]+, 492 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 10.36 (d, J = 6.5 Hz, 1H), 8.67 (s, 1H), 8.38 (t, J = 6.9 

Hz, 1H), 7.90 – 7.76 (m, 1H), 7.43 (t, J = 8.2 Hz, 1H), 6.92 (s, 1H), 4.69 (m, 1H), 
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4.52 (m, 1H), 4.43 – 4.25 (s, 3H), 3.4 (s, 3H), 3.30 (dt, J = 3.4, 1.8 Hz, 1H), 3.22 – 

2.95 (m, 1H), 1.89 – 1.54 (m, 3H), 1.06 (dt, J = 13.9, 7.1 Hz, 6H). 

N-((S)-1-(((2S,3S)-1-Amino-3-hydroxy-1-oxobutan-2-yl)amino)-4-methyl-1-

oxopentan-2-yl)-8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxamide 

(45a) 

For the synthesis of compound 45a, the general procedure (IV) for the primary amide 

conversion has been followed using the ester intermediate 44a as starting material. 

The crude product, a white amorphous solid, has been used immediately for the 

following reaction without any further purification (68% yield). 

ESI-MS m/z 470 [M+H]+, 492 [M+Na]+ 

N-((S)-1-(((S)-1-Amino-3-(1H-imidazol-4-yl)-1-oxopropan-2-yl)amino)-4-methyl-

1-oxopentan-2-yl)-8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamide (45b) 

For the synthesis of compound 45b, the general procedure (IV) for the primary amide 

conversion has been followed using the ester intermediate 44b as starting material. 

The crude product, a white amorphous solid, has been used for the following reaction 

without any further purification (88% yield). 

ESI-MS m/z 470 [M+H]+, 492 [M+Na]+ 

8-Chloro-N-((S)-1-(((1R,2S)-1-cyano-2-hydroxypropyl)amino)-4-methyl-1-

oxopentan-2-yl)-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxamide (46a) 

The conversion of the primary amide 45a to the corresponding nitrile derivative 46a 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The mixture was purified by SiO2 column chromatography eluting with 

DCM/MeOH (30:1) yielding a colorless oil (41% yield). 

ESI-MS m/z 470 [M+H]+, 492 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 10.39 (d, J = 6.9 Hz, 1H), 8.70 (s, 1H), 8.43 (dd, J = 

8.1, 1.5 Hz, 1H), 7.89 (dd, J = 7.7, 1.5 Hz, 1H), 7.46 (t, J = 7.9 Hz, 1H), 4.63 (d, J = 
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4.1 Hz, 1H), 4.38 (s, 3H), 4.04 (dd, J = 11.9, 5.7 Hz, 1H), 1.76 (dt, J = 15.0, 9.5 Hz, 

3H), 1.28 (d, J = 6.3 Hz, 3H), 1.16 (dd, J = 15.4, 7.0 Hz, 1H), 1.01 (dd, J = 11.8, 6.2 

Hz, 6H). 

13C NMR (75 MHz, CD3OD) δ 175.7, 173.4, 165.0, 152.3, 137.7, 136.7, 130.5, 125.9, 

125.6, 122.5, 117.2, 110.4, 66.5, 51.9, 40.9, 24.8, 22.1, 20.6, 17.7. 

8-Chloro-N-((S)-1-(((S)-1-cyano-2-(1H-imidazol-4-yl)ethyl)amino)-4-methyl-1-

oxopentan-2-yl)-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxamide (46b) 

The conversion of the primary amide 45b to the corresponding nitrile derivative 46b 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The mixture was purified by SiO2 column chromatography eluting with 

DCM/MeOH (30:1) yielding a colorless oil (37% yield). 

ESI-MS m/z 470 [M+H]+, 492 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 8.72 (s, 1H), 8.45 (dd, J = 8.1, 1.5 Hz, 1H), 7.94 – 

7.84 (m, 1H), 7.59 (s, 1H), 7.48 (t, J = 7.9 Hz, 1H), 7.02 (s, 1H), 5.05 (t, J = 7.4 Hz, 

1H), 4.56 (dd, J = 9.2, 5.7 Hz, 1H), 4.40 (s, 3H), 3.13 (dd, J = 7.3, 4.0 Hz, 1H), 1.84 

– 1.54 (m, 4H), 0.98 (dd, J = 12.2, 6.3 Hz, 6H). 

13C NMR (75 MHz, CD3OD) δ 175.6, 173.1, 165.0, 152.3, 137.7, 136.7, 130.4, 125.9, 

125.6, 122.6, 117.7, 110.4, 78.0, 51.9, 40.9, 40.6, 31.3, 29.3, 24.7, 22.0, 20.6, 12.9. 

8-Chloro-N-((2S)-1-(((1R,2S)-1-cyano-2-((tetrahydrofuran-2-

yl)oxy)propyl)amino)-4-methyl-1-oxopentan-2-yl)-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carboxamide (47) 

In a glass vial under N2 atmosphere, the final compound 46a (10 mg, 1 eq) was 

solubilized in anhydrous DCM (0,5 mL, 0,04 M), then 2,3-dihydrofuran (3 mg, 1,5 eq) 

was added, followed by a solution (0,006 M) of PTSA (2 mg, 0,15 eq) in DCM (0,5 

mL). The reaction mixture was stirred for 12 h at 20 °C, was dried under N2 flux. The 

mixture was directly purified by SiO2 column chromatography using CHCl3/MeOH 

(30:1) as elution mixture, affording a white amorphous solid (44% yield). 

ESI-MS m/z 470 [M+H]+, 492 [M+Na]+ 
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1H NMR (300 MHz, CD3OD) δ 8.71 (s, 1H), 8.46 (d, J = 8.1 Hz, 1H), 7.91 (d, J = 7.9 

Hz, 1H), 7.48 (t, J = 7.9 Hz, 1H), 4.69 – 4.57 (m, 1H), 4.39 (s, 3H), 4.14 – 3.72 (m, 

2H), 2.09 – 1.51 (m, 5H), 1.44 – 1.17 (m, 8H), 1.08 – 0.73 (m, 6H). 

7.1.7 – Synthetic procedure for the preparation of compound 54 

tert-Butyl ((1R,2S)-2-((tert-butyldimethylsilyl)oxy)-1-cyanopropyl)carbamate 

(52)  

Compounds 49-52 were prepared according to literature procedures. 

Spectroscopic data are in agreement with those previously reported in literature 291. 

Methyl N-((tert-butoxycarbonyl)-L-leucyl)-O-(tert-butyldimethylsilyl)-L-

threoninate (53) 

Compound 53 was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using (tert-butoxycarbonyl)-L-leucine as the 

appropriate carboxylic acid. Intermediate 53 was obtained as a yellow solid after 

purification through SiO2 column chromatography using as mobile phase 

PetEt/EtOAc (4:1), 108 mg (40% yield).  

ESI-MS m/z 450 [M+H]+. 

1H NMR (300 MHz, CDCl3) δ 4.80-4.70 (m, 1H), 4.50-4.38 (m, 1H), 4.20-4.10 (m, 

1H), 1.97 (m, 2H), 1.63-0.74 (m, 28H), 0.30-0.21 (m, 6H). 

Methyl O-(tert-butyldimethylsilyl)-N-((8-chloro-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carbonyl)-L-leucyl)-L-threoninate (54) 

Final compound 54 was synthesized according to the general procedures (I-II) for 

Boc-cleavage and coupling reaction using 8-chloro-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carboxylic acid as the appropriate carboxylic acid. 54 was 

purified with flash column chromatography, eluent PetEt/EtOAc (1:1) a colorless oil 

(65% yield).  

ESI-MS m/z 548 [M+H]+ 570 [M+Na]+, 546 [M-H]-. 
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1H NMR (300 MHz, CD3OD) δ 10.05 (d, J = 7.3 Hz, 1H), 8.47 – 8.22 (m, 1H), 8.07 

(dd, J = 8.1, 1.7 Hz, 1H), 7.64 – 7.44 (m, 1H), 7.28 – 7.02 (m, 1H), 4.67 – 4.41 (m, 

1H), 4.41 – 4.14 (m, 1H), 4.05 (d, J = 2.4 Hz, 1H), 1.62 – 1.30 (m, 3H), 1.21 – 0.75 

(m, 8H), 0.79 – 0.22 (m, 14H), -0.11 – -0.42 (m, 6H).  

13C NMR (75 MHz, CD3OD) δ 175.3, 172.9, 164.7, 164.6, 152.0, 137.3, 136.4, 130.1, 

125.6, 125.3, 122.2, 116.8, 110.1, 81.5, 67.5, 51.4, 26.7, 24.5, 24.4 (2C), 21.8, 20.3, 

18.1, 17.0, -6.2, -6.5. 

7.1.8 – Synthetic procedure for the preparation of compound 58 

Methyl (6S,9S,12S)-9-isobutyl-6-isopropyl-2,2-dimethyl-4,7,10-trioxo-12-(((S)-

2-oxopyrrolidin-3-yl)methyl)-3-oxa-5,8,11-triazatridecan-13-oate (55) 

Compound 55 was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using (tert-butoxycarbonyl)-L-valine as the 

appropriate carboxylic acid, and the previously prepared ester intermediate 20 as 

starting material. 

ESI-MS and 1H NMR data are in accordance with those reported in literature. 

Methyl (S)-2-((S)-2-((R)-2-(8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamido)-3-methylbutanamido)-4-methylpentanamido)-3-((S)-2-

oxopyrrolidin-3-yl)propanoate (56) 

Compound 56 was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-

3-carboxylic acid as the appropriate carboxylic acid. The mixture was purified by 

SiO2 column chromatography eluting with DCM/MeOH (30:1) yielding a colorless oil 

(61% yield). 

ESI-MS m/z 618 [M+H]+ 640 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 10.36 (dd, J = 16.8, 7.2 Hz, 1H), 8.67 (d, J = 19.3 Hz, 

1H), 8.40 (d, J = 7.8 Hz, 1H), 8.13 (dd, J = 36.4, 7.4 Hz, 1H), 7.86 – 7.58 (m, 1H), 

7.36 – 7.18 (m, 2H), 6.87 (s, 1H), 4.72 – 4.40 (m, 3H), 4.34 (s, 3H), 3.67 (s, 3H), 

3.37 – 3.18 (m, 2H), 2.58 – 2.19 (m, 4H), 1.91 – 1.39 (m, 5H), 1.12 – 0.75 (m, 12H). 
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N-((S)-1-(((S)-1-(((S)-1-Amino-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)amino)-4-methyl-1-oxopentan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)-8-

chloro-1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxamide (57) 

For the synthesis of compound 57, the general procedure (IV) for the primary amide 

conversion has been followed using the ester intermediate 56 as starting material. 

The crude product, a white amorphous solid, has been used immediately for the 

following reaction without any further purification (88% yield). 

ESI-MS m/z 604 [M+H]+ 626 [M+Na]+ 

8-Chloro-N-((S)-1-(((S)-1-(((S)-1-cyano-2-((S)-2-oxopyrrolidin-3-

yl)ethyl)amino)-4-methyl-1-oxopentan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)-

1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxamide (58) 

The conversion of the primary amide 57 to the corresponding nitrile derivative 58 

has been carried out following the general procedure (V) for the nitrile warhead 

formation. The mixture was purified by SiO2 column chromatography eluting with 

DCM/MeOH (30:1) yielding a colorless oil (18% yield). 

ESI-MS m/z 586 [M+H]+ 608 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 10.58 – 10.47 (m, 1H), 8.80 – 8.68 (m, 1H), 8.58 (dd, 

J = 15.2, 8.2 Hz, 1H), 8.47 – 8.39 (m, 1H), 8.23 (d, J = 8.5 Hz, 1H), 7.89 (d, J = 7.5 

Hz, 1H), 7.73 (dd, J = 8.8, 4.3 Hz, 1H), 7.47 (t, J = 7.9 Hz, 1H), 4.40 (s, 3H), 4.70 – 

4.13 (m, 3H), 3.23 – 3.07 (m, 1H), 2.58 – 2.15 (m, 5H), 1.92 – 1.57 (m, 5H), 1.12 – 

0.87 (m, 12H). 

13C NMR (75 MHz, CD3OD) δ 175.8, 173.3, 172.5, 152.4, 137.8, 136.7, 130.5, 125.9, 

125.6, 122.6, 110.7, 59.0, 51.6, 51.3, 40.1, 38.4, 32.3, 30.7, 29.5, 29.3, 27.9, 27.7, 

24.4, 22.3, 21.9, 20.5, 18.7, 16.9. 

7.1.9 – Synthetic procedure for the preparation of compounds 62a,b, 

63 and 66 

Methyl (S)-2-((2S,3S)-2-((tert-butoxycarbonyl)amino)-3-methylpentanamido)-3-

((S)-2-oxopyrrolidin-3-yl)propanoate (59) 
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Compound 59 was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using (tert-butoxycarbonyl)-L-isoleucine as the 

appropriate carboxylic acid. The crude mixture was purified through SiO2 column 

chromatography DCM/MeOH (30:1) affording a colorless oil (91% yield). 

ESI-MS m/z 400 [M+H]+ 422 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 7.79 (d, J = 7.1 Hz, 1H), 5.25 (d, J = 6.3 Hz, 1H), 4.16 

– 3.96 (m, 2H), 3.71 (d, J = 3.2 Hz, 3H), 3.32 (d, J = 6.5 Hz, 2H), 2.55 – 2.28 (m, 

2H), 2.22 – 1.72 (m, 5H), 1.40 (s, 9H), 1.28 – 1.20 (m, 1H), 0.92 (dd, J = 9.8, 6.4 Hz, 

6H). 

Methyl (S)-2-((2S,3S)-3-methyl-2-(quinoline-8-carboxamido)pentanamido)-3-

((S)-2-oxopyrrolidin-3-yl)propanoate (60) 

Compound 60 was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using quinoline-8-carboxylic acid as the appropriate 

carboxylic acid. The mixture was purified by SiO2 column chromatography eluting 

with DCM/MeOH (20:1), affording a colorless oil (66% yield) 

ESI-MS m/z 455 [M+H]+ 477 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 11.88 (d, J = 8.4 Hz, 1H), 8.98 (d, J = 3.9 Hz, 1H), 8.78 

(d, J = 7.4 Hz, 1H), 8.26 (d, J = 8.3 Hz, 1H), 7.95 (d, J = 8.1 Hz, 1H), 7.64 (t, J = 7.7 

Hz, 1H), 7.48 (dd, J = 7.3, 4.3 Hz, 1H), 7.02 – 6.55 (m, 1H), 5.00 – 4.42 (m, 2H), 

3.70 (s, 3H), 3.27 (dt, J = 9.4, 7.5 Hz, 2H), 2.54 – 2.01 (m, 4H), 1.95 – 1.59 (m, 2H), 

1.47 – 1.13 (m, 2H), 1.14 – 0.90 (m, 6H). 

General procedure (VI) for ester reduction to alcohol exemplified with 

compound N-((S)-1-(((S)-1-hydroxy-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)amino)-4-methyl-1-oxopentan-2-yl)quinoline-8-carboxamide (61a) 

In a round bottom flask the ester intermediate 21 (60 mg, 1 eq) was solubilized in 

anhydrous MeOH (0,8 mL, 0,15 M) in N2 atmosphere and cooled at 0 °C. Then 

sodium borohydride (NaBH4) (40 mg, 8 eq) was carefully added, the reaction mixture 

was allowed to reach 20 °C and stirred for 10 h. After this time an aqueous solution 
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of NH4Cl (1 mL) was slowly added, and the water phase was extracted with EtOAc 

(3 x 3 mL). The combined organic phase was dried over Na2SO4, filtered and 

concentrated under vacuum. The crude mixture was then purified by SiO2 column 

chromatography using DCM/MeOH (20:1) as elution mixture, affording a white 

amorphous solid (68% yield). 

ESI-MS m/z 427 [M+H]+ 449 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 8.92 (dd, J = 7.5, 1.4 Hz, 1H), 8.23 – 8.03 (m, 1H), 

7.91 (dt, J = 7.5, 1.4 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H), 7.38 (t, J = 7.5 Hz, 1H), 4.54 

(t, J = 3.4 Hz, 1H), 3.96 – 3.51 (m, 1H), 3.51 – 3.26 (m, J = 51.7, 12.6, 6.4 Hz, 1H), 

2.42 (ddd, J = 14.7, 8.4, 4.7 Hz, 1H), 2.28 – 1.83 (m, 1H), 1.78 – 1.46 (m, 1H), 0.95 

(d, J = 6.3 Hz, 1H). 

N-((2S,3S)-1-(((S)-1-Hydroxy-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)-3-

methyl-1-oxopentan-2-yl)quinoline-8-carboxamide (61b) 

Compound 61b has been synthesized starting from ester intermediate 60 following 

the general procedure (VI) for ester reduction to alcohol previously reported. The 

mixture was purified by SiO2 column chromatography using DCM/MeOH (20:1) as 

eluent yielding a colorless oil (65% yield). 

ESI-MS m/z 427 [M+H]+ 449 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 11.94 (dd, J = 23.2, 7.8 Hz, 1H), 9.02 (dd, J = 4.2, 1.7 

Hz, 1H), 8.77 – 8.56 (m, 1H), 8.46 (dd, J = 8.4, 1.6 Hz, 1H), 8.30 – 8.00 (m, 1H), 

7.89 – 7.45 (m, 2H), 5.48 (s, 1H), 4.69 – 4.49 (m, 1H), 4.17 – 3.90 (m, 1H), 3.64 – 

3.39 (m, 2H), 3.23 – 3.07 (m, 2H), 2.62 – 2.24 (m, 2H), 2.17 – 1.93 (m, 2H), 1.80 – 

1.32 (m, 4H), 1.12 – 0.95 (m, 6H). 

General procedure (VII) for the conversion of the alcohol moiety in aldehyde 

warhead exemplified by compound N-((S)-4-methyl-1-oxo-1-(((S)-1-oxo-3-((S)-

2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)quinoline-8-carboxamide 

(62a) 
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In a two-necked oven-dried round bottom flask under N2 atmosphere, the alcohol 

intermediate 61a (36 mg, 1 eq) was solubilized in anhydrous DCM (1,2 mL, 0,07 M) 

and cooled at 0 °C. Then Dess-Martin periodinane (DMP) (286 mg, 8 eq) was added 

in one portion. The reaction mixture was stirred at 0°C for 30 min then an aqueous 

solution of NaHCO3 (2 mL) was added and the water phase was extracted with DCM 

(3 x 2 mL). The combined organic phase was washed with Na2SO3 (3 x 1 mL) and 

brine (3 x 1 mL), dried over anhydrous Na2SO4, filtered, and concentrated under 

vacuum. The crude mixture was purified by SiO2 column chromatography 

DCM/MeOH (15:1) as eluent affording a colorless oil (72% yield). 

ESI-MS m/z 425 [M+H]+ 447 [M+Na]+ 

1H NMR (300 MHz, CDCl3) δ 11.67 (d, J = 7.2 Hz, 1H), 9.56 (s, 1H), 8.96 (d, J = 2.5 

Hz, 1H), 8.80 (d, J = 7.4 Hz, 1H), 8.29 (d, J = 8.2 Hz, 1H), 7.98 (d, J = 7.9 Hz, 1H), 

7.67 (t, J = 7.8 Hz, 1H), 7.51 (dd, J = 8.2, 4.3 Hz, 1H), 4.96 – 4.81 (m, Hz, 1H), 4.62 

– 4.39 (m, 1H), 3.21 (dt, J = 15.0, 6.9 Hz, 2H), 2.61 – 1.67 (m, 8H), 1.09 – 0.88 (m, 

6H). 

13C NMR (75 MHz, CDCl3) δ 199.7, 172.8, 168.7, 166.2, 149.6, 141.4, 137.8, 133.9, 

132.6, 131.4, 127.8, 126.5, 121.0, 94.4, 58.9, 57.5, 40.7, 37.2, 28.3, 25.3, 16.0, 15.1, 

11.6. 

N-((2S,3S)-3-Methyl-1-oxo-1-(((S)-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)amino)pentan-2-yl)quinoline-8-carboxamide (62b) 

The final aldehydic compound 62b has been synthesized starting from the alcohol 

intermediate 61b, following the general procedure (VII) for the conversion of the 

alcohol moiety in aldehyde warhead previously reported. The crude mixture was 

purified by column chromatography using DCM/MeOH (15:1) as eluting mixture 

(71% yield). 

ESI-MS m/z 425 [M+H]+ 447 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 12.07 – 11.81 (m, 1H), 9.53 (s, 1H), 9.02 (dd, J = 4.3, 

1.7 Hz, 1H), 8.63 (d, J = 7.3 Hz, 1H), 8.47 (dd, J = 8.3, 1.4 Hz, 1H), 8.12 (dd, J = 

11.9, 5.1 Hz, 1H), 7.71 (t, J = 7.8 Hz, 1H), 7.62 (dd, J = 8.3, 4.3 Hz, 2H), 4.68 – 4.57 
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(m, 1H), 4.57 – 4.43 (m, 1H), 4.08 – 3.95 (m, 1H), 3.24 – 3.03 (m, 2H), 2.59 – 2.01 

(m, 3H), 1.84 – 1.33 (m, 4H), 1.16 – 0.95 (m, 6H). 

13C NMR (75 MHz, CD3OD) δ 181.3, 172.8, 166.6, 149.9, 145.3, 137.8, 132.8, 132.5, 

128.7, 128.0, 126.0, 121.3, 98.2, 59.1, 51.5, 40.0, 38.0, 37.3, 29.1, 27.4, 24.9, 14.9, 

10.4. 

N-((2S,3R)-1-(((2S)-1-Cyano-1-hydroxy-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)amino)-3-methyl-1-oxopentan-2-yl)quinoline-8-carboxamide (63) 

In a round bottom flask the final compound 62b (30 mg, 1 eq) was solubilized in 

DCM (1,3 mL, 0,05 M), then an aqueous solution (8 M) of NaHSO3 (10 mg, 1,3 eq) 

was added drop-by-drop. The reaction mixture was stirred at 20 °C for 30 min, after 

this time an aqueous solution (1,6 M) of KCN (5,5 mg, 1,2 eq) was slowly added. 

The reaction mixture, closed with a rubber stopper, was stirred at 20 °C for 12 h,  

and then was extracted with DCM (3 x 2 mL). The combined organic phase was 

dried over Na2SO4, filtered and concentrated under vacuum. The crude mixture was 

purified by SiO2 column chromatography using DCM/MeOH (20:1) as eluting 

mixture, affording a colorless oil (63% yield). 

ESI-MS m/z 452 [M+H]+ 474 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 9.02 (d, J = 4.0 Hz, 1H), 8.65 (d, J = 6.8 Hz, 1H), 8.47 

(d, J = 7.0 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H), 7.72 (t, J = 7.8 Hz, 1H), 7.62 (dd, J = 

8.3, 4.3 Hz, 1H), 4.70 – 4.43 (m, 1H), 4.29 – 4.16 (m, 1H), 3.26 – 3.06 (m, 2H), 2.67 

– 1.99 (m, 4H), 1.88 – 1.36 (m, 4H), 1.17 – 0.95 (m, 6H). 

13C NMR (75 MHz, CD3OD) δ 181.3, 180.9, 173.2, 172.8, 166.6, 149.9, 145.3, 137.9, 

132.9, 132.6, 128.7, 126.0, 121.3, 98.2, 59.2, 40.0, 38.0, 37.3, 29.3, 29.1, 27.4, 24.9, 

15.0, 10.3. 

tert-Butyl ((S)-1-(((S)-1-hydroxy-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)amino)-4-methyl-1-oxopentan-2-yl)carbamate (64) 

Compound 64 has been synthesized starting from ester intermediate 20 following 

the general procedure (VI) for ester reduction to alcohol previously reported. The 
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mixture was purified by SiO2 column chromatography DCM/MeOH (20:1) yielding a 

colorless oil (46% yield). 

ESI-MS m/z 372 [M+H]+ 394 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 4.68 (t, J = 7.4 Hz, 1H), 3.87 (dt, J = 18.4, 6.6 Hz, 

2H), 3.54 – 3.40 (m, 2H), 3.35 (dt, J = 12.6, 6.4 Hz, 1H), 2.44 – 2.29 (m, 1H), 2.23 – 

2.12 (m, 1H), 2.02 – 1.84 (m, 1H), 1.84 – 1.62 (m, 4H), 1.54 – 1.46 (m, 1H), 1.42 (s, 

9H), 1.08 – 0.92 (m, 6H). 

8-Chloro-N-((S)-1-(((S)-1-hydroxy-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)amino)-4-methyl-1-oxopentan-2-yl)-1-methyl-4-oxo-1,4-dihydroquinoline-3-

carboxamide (65) 

Compound 65 was synthesized according to general procedures (I-II) for Boc-

cleavage and coupling reaction using 8-chloro-1-methyl-4-oxo-1,4-dihydroquinoline-

3-carboxylic acid as the appropriate carboxylic acid. The mixture was purified by 

SiO2 column chromatography eluting with DCM/MeOH (30:1) yielding a colorless oil 

(41% yield). 

ESI-MS m/z 492 [M+H]+ 514 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 8.85 (s, 1H), 8.49 (d, J = 9.4 Hz, 1H), 8.00 (d, J = 7.7 

Hz, 1H), 7.56 (t, J = 7.9 Hz, 1H), 4.66 – 4.50 (m, 1H), 4.46 (s, 3H), 4.09 – 3.92 (m, 

1H), 3.61 – 3.37 (m, 2H), 3.03 – 2.91 (m, 1H), 2.57 – 2.20 (m, 3H), 2.09 – 1.46 (m, 

6H), 1.06 – 0.85 (m, 6H). 

8-Chloro-1-methyl-N-((S)-4-methyl-1-oxo-1-(((S)-1-oxo-3-((S)-2-oxopyrrolidin-

3-yl)propan-2-yl)amino)pentan-2-yl)-4-oxo-1,4-dihydroquinoline-3-

carboxamide (66) 

The final aldehydic compound 66 has been synthesized starting from the alcohol 

intermediate 65, following the general procedure (VII) for the conversion of the 

alcohol moiety in aldehyde warhead previously reported. The crude mixture was 

purified by column chromatography using DCM/MeOH (30:1) as eluting mixture 

(36% yield). 
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ESI-MS m/z 490 [M+H]+ 512 [M+Na]+ 

1H NMR (300 MHz, CD3OD) δ 10.34 (d, J = 7.2 Hz, 1H), 9.50 (s, 1H), 8.71 (d, J = 

3.1 Hz, 1H), 8.45 (d, J = 8.3 Hz, 1H), 7.84 (d, J = 8.1 Hz, 1H), 7.71 – 7.60 (m, 1H), 

7.47 (t, J = 7.9 Hz, 1H), 7.34 (d, J = 8.8 Hz, 1H), 4.67 – 4.43 (m, J = 18.3, 15.9 Hz, 

2H), 4.39 (s, 3H), 3.26 – 3.16 (m, 2H), 2.36 (ddd, J = 34.8, 16.7, 10.6 Hz, 3H), 1.91 

– 1.47 (m, 5H), 1.00 (dd, J = 12.6, 6.2 Hz, 6H). 

13C NMR (75 MHz, CD3OD) δ 202.1, 192.1, 175.7, 152.3, 137.8, 136.7, 131.4, 130.5, 

129.6, 125.9, 125.6, 122.6, 120.8, 78.0, 41.1, 40.1, 39.0, 37.9, 27.3, 24.7, 22.3, 22.0, 

20.9, 20.9. 
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7.2 – EXPERIMENTAL SMALL MOLECULES SARS-CoV-2  
7.2.1 – Synthetic protocol for the synthesis of compounds 67-69 

methyl (S)-2-(6-bromonicotinamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate 

(76a) 

Compound 76a has been synthesized following the coupling reaction procedure 

using 6-bromonicotinic acid. The crude mixture has been purified through SiO2 flash 

chromatography eluting with a mixture of DCM/MeOH (20:1), yielding a pale brown 

oil (46% yield). 

ESI-MS m/z 371 [M+H]+  

1H NMR (300 MHz, CDCl3) δ 9.33 (d, J = 4.8 Hz, 1H), 8.94 (d, J = 2.3 Hz, 1H), 8.20 

– 7.91 (m, 1H), 7.55 (d, J = 8.3 Hz, 1H), 6.47 (s, 1H), 4.53 (dt, J = 11.7, 4.5 Hz, 1H), 

3.77 (s, 3H), 3.49 – 3.32 (m, 2H), 2.67 – 2.39 (m, 2H), 2.27 – 1.82 (m, 3H). 

methyl (S)-2-((1S,4R)-4-((tert-butoxycarbonyl)amino)cyclohexane-1-

carboxamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate (76b) 

For the synthesis of intermediate 76b the general procedure (II) for the coupling 

reaction reported previously has been followed, using (1s,4s)-4-((tert-

butoxycarbonyl)amino)cyclohexane-1-carboxylic acid. The mixture has been purified 

by SiO2 cloumn chromatography using a mixture of DCM/MeOH (20:1), yielding a 

colorless oil (51% yield). 

ESI-MS m/z 411 [M+H]+ 

1H NMR (300 MHz, CDCl3) δ 5.93 (s, 1H), 4.92 (s, 1H), 3.80 (s, 3H), 3.75 – 3.54 (m, 

J = 9.3, 3.8 Hz, 1H), 3.25 – 3.04 (m, 6H), 2.31 – 2.17 (m, 1H), 1.77 – 1.47 (m, 8H), 

1.38 (s, 9H). 

General procedure (VIII) for the reduction reaction using DIBAL exemplified 

through 6-bromo-N-((S)-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)nicotinamide (67) 
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The target molecule has been prepared through reduction of intermediate 76a. In an 

oven dried double-neck flask, under N2 atmosphere, intermediate 76a (20 mg, 0,06 

mmol) has been solubilized with anhydrous DCM (1,35 mL) and cooled at -78 °C, 

successively diisobutylaluminium hydride 1M in THF (DIBAL) (0,08 mL, 0,08 mmol) 

has been slowly added drop-by-drop. The reaction mixture has been stirred at the 

same temperature for 3 h, then MeOH (1 mL) has been added followed by NH4Cl (2 

mL), and the mixture has been extracted with DCM (3 x 2 mL), dried over Na2SO4, 

filtered and concentrated under vacuum. The target molecule has been purified 

through SiO2 column chromatography with CHCl3/MeOH (15:1), yielding a colorless 

oil (36% yield). 

ESI-MS m/z 341 [M+H]+ 

1H NMR (300 MHz, CD3OD) δ 9.56 (s, 1H), 8.77 (d, J = 2.4 Hz, 1H), 8.09 (dd, J = 

8.3, 2.5 Hz, 1H), 7.69 (d, J = 8.4 Hz, 1H), 4.66 – 4.51 (m, 1H), 4.16 (m, 1H), 3.40 – 

3.30 (m, 3H), 2.61 (d, J = 18.4 Hz, 1H), 2.32 (d, J = 40.3 Hz, 1H), 1.82 (d, J = 3.3 

Hz, 2H), 1.67 (d, J = 4.2 Hz, 1H). 

13C NMR (75 MHz, CD3OD) δ 181.2, 149.0, 144.3, 137.9, 127.6, 60.1, 53.3, 52.6, 

52.5, 40.2, 38.3, 30.1, 29.9. 

tert-butyl ((1R,4S)-4-(((S)-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)carbamoyl)cyclohexyl)carbamate (68) 

The target molecule has been prepared starting from the alcohol intermediate 76b 

following the general procedure (VIII) for the reduction reaction using DIBAL, the 

mixture has been stirred at the same temperature for 3 h, then MeOH (1 mL) has 

been added followed by NH4Cl (2 mL), and the mixture has been extracted with DCM 

(3 x 2 mL). The organic phase was, dried over anhydrous Na2SO4, filtered and 

concentrated under vacuum. The target molecule has been purified through SiO2 

column chromatography with CHCl3/MeOH (15:1) as eluent, yielding a colorless oil 

(33% yield). 

ESI-MS m/z 382 [M+H]+  
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1H NMR (300 MHz, CD3OD) δ 9.48 (s, 1H), 7.62 (d, J = 8.8 Hz, 1H), 6.58 (d, J = 4.7 

Hz, 1H), 4.47 (dd, J = 7.8, 3.9 Hz, 1H), 4.13 – 3.87 (m, 1H), 3.71 – 3.60 (m, 1H), 

2.38 – 2.19 (m, 3H), 2.03 – 1.87 (m, 1H), 1.74 (d, J = 9.9 Hz, 4H), 1.60 (d, J = 10.8 

Hz, 6H), 1.44 (s, 9H). 

(1S,4R)-4-amino-N-((S)-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)propan-2-

yl)cyclohexane-1-carboxamide (69) 

To a solution of 68 (10 mg, 1eq) in MeOH (1 mL) at 0 °C, the freshly prepared solution 

of HCl in MeOH (20 eq) was slowly added. The mixture was stirred at 0 °C for 1 h, 

then the solvent was removed under N2 flux. The target molecule was characterized 

without any further purification (>95% yield). 

ESI-MS m/z 312 [M+H]+  
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7.3 – EXPERIMENTAL HDACi PREVENTION SARS-CoV-2  
Methyl 4-((7-chloro-4-oxoquinazolin-3(4H)-yl)methyl)benzoate (78) 

To a well-stirred solution of 77 (250 mg, 1.26 mmol) in acetone (15 mL), methyl 4-

(bromomethyl)benzoate, K2CO3 (867 mg, 6.28 mmol) and NaI (188 mg, 1.26 mmol) 

were added. The mixture was stirred at 55 °C for 12 h. After this time the mixture 

was filtered, and the solvent was removed under vacuum. The crude mixture was 

purified by crystallization from n-hexane affording a yellow solid (96% yield).  

ESI-MS m/z 329 [M+H]+, 351 [M+Na]+. 

1H NMR (300 MHz, DMSO-d6) δ 8.63 (s, 1 H), 8.11 (d, J=8.5 Hz, 1 H), 8.00 – 7.85 

(m, 2 H), 7.76 (d, J = 2.0 Hz, 1 H), 7.58 (d, J = 2.0 Hz, 1H), 7.46 (d, J = 8.4 Hz, 2 H), 

5.25 (s, 2 H), 3.81 (s, 3 H). 

4-((7-Chloro-4-oxoquinazolin-3(4H)-yl)methyl)-N-hydroxybenzamide (79) 

To a suspension of NH2OH·HCl (500 mg, 7.2 mmol) in MeOH (5 mL), a solution of 

KOH (648 mg, 11.5 mmol) in MeOH (5 mL) was added at 0 °C, then the resulting 

mixture was allowed to room temperature and stirred in these conditions for 30 min 

The solid residue (KCl) was filtered off and the filtrate was added to a solution of 78 

(250 mg, 0.76 mmol) in MeOH (5 mL). The resulting solution was stirred at 25 °C for 

12 h. After that, pH was neutralized by adding aqueous 6 N HCl. Solvents were 

removed under reduced pressure and the target compound was purified through 

silica gel column chromatography, using a mixture of CHCl3/MeOH/NH4OH 

(20:1:0.1) as the eluent affording an orange solid (24% yield).  

ESI-MS m/z 330 [M+H]+.  

1H NMR (300 MHz, DMSO-d6) δ 11.18 (s, 1 H), 8.63 (s, 1 H), 8.12 (d, J =8.6 Hz, 1 

H), 7.87 – 7.52 (m, 4 H), 7.40 (d, J = 8.2 Hz, 2 H), 5.21 (s, 2 H).  

13C NMR (75 MHz, DMSO-d6) δ 164.2, 160.0, 149.9, 149.5, 140.0,139.5, 132.6, 

129.1, 128.0, 127.6, 126.9, 120.9, 49.3. 

N-(2-aminophenyl)-4-((7-chloro-4-oxoquinazolin-3(4H)-yl)methyl)benzamide 

(80) 
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To a well-stirred solution of 78 (395 mg, 1.20 mmol) in THF (20 mL), aqueous NaOH 

(192 mg, 4.80 mmol) was added. The mixture was stirred at 25 °C for 12 h, then, 

was neutralized with 6N HCl and extracted with EtOAc. The organic layer was dried 

over anhydrous Na2SO4, filtered and evaporated under vacuum. Without any further 

purification, the carboxylic acid (380 mg, 1.21 mmol) was solubilized in dry DMF (15 

mL) and o-phenylendiamine (0.8 eq.), HBTU (551 mg, 1.45 mmol), and TEA (673 

μL, 4.84 mmol) were added. The resulting mixture was stirred at 25 °C for 12 h. 

Then, it was treated with a saturated solution of NH4Cl and extracted with EtOAc. 

The pure compound was obtained after flash-column chromatography eluting with 

CHCl3:MeOH (20:1) and subsequent crystallization from ethanol. 

ESI-MS m/z 405 [M+H]+ 

1H 300 MHz, DMSO-d6) δ 9.62 (s, 1 H), 8.66 (s, 1 H), 8.13 (d, J = 8.6 Hz, 1 H), 7.93 

(d, J=8.1 Hz, 2 H), 7.78 (d, J=2.0 Hz, 1 H), 7.59 (dd, J= 8.6, 2.1 Hz, 1 H), 7.47 (d, J 

= 8.1 Hz, 2 H), 7.12 (d, J = 7.7 Hz, 1 H), 7.05 – 6.85 (m, 1 H), 6.75 (dd, J = 8.0, 1.4 

Hz, 1 H), 6.57 (t, J = 7.8 Hz, 1 H), 5.25 (s, 2 H), 4.87 (s, 2 H).  

13C NMR (75 MHz, DMSO-d6) δ 161.6, 160.0, 149.9, 149.5, 143.6, 140.3, 139.6, 

134.5, 128.6, 127.9, 127.1, 123.5, 120.9, 116.7, 49.7. 
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7.4 – EXPERIMENTAL MPXV VP37 INHIBITORS 
Synthetic protocol for the preparation of the target compounds 89a-e. 

ethyl 4-(trifluoromethyl)benzoate (87) 

Intermediate 87 has been prepared starting from 4-(trifluoromethyl)benzoic acid (86) 

(1000 mg, 1 eq) which was solubilized in a round bottom flask with H2SO4 (0,561 mL, 

1 eq) in EtOH (40 mL, 0,25 M) and then refluxed for 18 h. After this time the reaction 

mixture was allowed to reach room temperature and concentrated under N2 flux. 

Successively the reaction mixture was partitioned between EtOAc (10 mL) and 

NaHCO3 s.s. (5 mL), the organic phase was dried over Na2SO4, filtered and 

concentrated under high vacuum, allowing to obtain a colorless oil (89% yield) which 

was used without any further purification. 

ESI-MS m/z 219 [M+H]+ 

1H NMR (300 MHz, DMSO-d6) δ 8.12 (d, J = 8.2 Hz, 2H), 7.87 (d, J = 8.2 Hz, 2H), 

4.34 (q, J = 7.1 Hz, 2H), 1.32 (dd, J = 8.7, 5.4 Hz, 3H). 

4-(trifluoromethyl)benzohydrazide (88) 

In a round bottom flask intermediate 87 (2043 mg, 1eq) and hydrazine hydrate (3884 

mg, 10 eq), were solubilized in EtOH (4 mL, 2,5 M) and heated to reflux for 12 h. 

Successively the mixture was warmed at room temperature and partly concentrated 

under N2 flux, then NH4Cl s.s. (5 mL) was added and the organic phase was 

extracted with DCM (3 x 5 mL). The organic phase was then dried over Na2SO4, 

filtered and dried in vacuum. 

Important to note, any contamination of the glassware with acetone will afford the 

formation of the enaminic byproduct, N'-(propan-2-ylidene)-4-

(trifluoromethyl)benzohydrazide, as white crystals. 

The crude product was purified by crystallization from ethanol, affording a 

translucent white crystal (90% yield). 

ESI-MS m/z 205 [M+H]+ 
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1H NMR (300 MHz, DMSO-d6) δ 10.01 (s, 1H), 7.99 (d, J = 8.0 Hz, 2H), 7.82 (d, J 

= 8.1 Hz, 1H), 4.59 (s, 1H). 

General procedure (IX) for the conversion of the hydrazide intermediates (88) 

to the imide target compounds exemplified with N-((3aR,4R,7S,7aS)-1,3-

dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-yl)-4-

(trifluoromethyl)benzamide (89a) 

To a suspension of (3aR,4R,7S,7aS)-3a,4,7,7a-tetrahydro-4,7-

methanoisobenzofuran-1,3-dione (50 mg, 1 eq) in anhydrous toluene (2,45 mL, 0,01 

M), the intermediate (88) (27 mg, 1 eq),  pTSA (4 mg, 0,01 eq) and 4 Å molecular 

sieves (~20 sieves were added) were added. The reaction mixture was refluxed for 

12 h, then dried under N2 flux. The resulting residue was suspended in EtOAc and 

filtered to remove the solid, then the organic phase was washed with NaHCO3 (s.s.) 

and dried over Na2SO4. The crude mixture was purified by SiO2 column 

chromatography using CHCl3/MeOH (15:1) as eluent affording a white crystal (64% 

yield). 

ESI-MS m/z 351 [M+H]+ 

1H NMR (400 MHz, CDCl3) δ 8.30 (s, 1H), 7.87 (d, J = 8.2 Hz, 2H), 7.64 (d, J = 8.2 

Hz, 2H), 6.20 (s, 2H), 3.46 (s, 2H), 3.40 (s, 2H), 1.78 (d, J = 9.0 Hz, 1H), 1.65 – 1.53 

(m, 1H). 

N-(2,4-dioxo-3-azabicyclo[3.1.0]hexan-3-yl)-4-(trifluoromethyl)benzamide 

(89b) 

For the synthesis of the target compound 89b the general procedure (IX) previously 

reported for compound 89a has been followed using the appropriate cyclic 

anhydride: 3-oxabicyclo[3.1.0]hexane-2,4-dione. The crude mixture was purified 

through column chromatography eluting with CHCl3/MeOH (15:1) to give a white 

crystal solid (66% yield). 

ESI-MS m/z 299 [M+H]+ 
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1H NMR (400 MHz, CDCl3) δ 8.88 (s, 1H), 7.79 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 8.3 

Hz, 2H), 2.67 – 2.46 (m, 2H), 1.84 – 1.55 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 172.2, 164.0, 134.1, 133.2, 127.9, 125.7, 125.6, 20.7, 

20.5, 19.1, 18.8. 

N-(6,6-dimethyl-2,4-dioxo-3-azabicyclo[3.1.0]hexan-3-yl)-4-

(trifluoromethyl)benzamide (89c) 

The final molecule 89c has been achieved following the reported general procedure 

(IX) using 6,6-dimethyl-3-oxabicyclo[3.1.0]hexane-2,4-dione. The crude mixture was 

purified through SiO2 column chromatography with a solution of CHCl3/MeOH (15:1) 

affording a beige crystal (47% yield). 

ESI-MS m/z 327 [M+H]+ 

1H NMR (400 MHz, CDCl3) δ 8.13 (s, 1H), 7.91 (t, J = 9.2 Hz, 2H), 7.69 (d, J = 8.2 

Hz, 2H), 2.15 (s, 2H), 1.24 (s, 6H). 

13C NMR (101 MHz, MeOD) δ 170.8, 128.2, 125.3, 31.5, 28.9, 24.9. 

N-(2,5-dioxopyrrolidin-1-yl)-4-(trifluoromethyl)benzamide (89d) 

The final molecule 89d has been achieved following the reported general procedure 

(IX) using succinic anhydride as starting material. The crude mixture was purified 

through SiO2 column chromatography with a solution of CHCl3/MeOH (15:1) 

affording a beige crystal (17% yield). 

ESI-MS m/z 287 [M+H]+ 

1H NMR (300 MHz, DMSO-d6) δ 11.33 (s, 1H), 8.10 (d, J = 8.1 Hz, 2H), 7.93 (d, J = 

8.1 Hz, 2H), 2.85 (s, 4H) 

13C NMR (75 MHz, DMSO-d6) δ 174.6, 164.1, 135.2, 132.9, 132.5, 129.1, 126.3, 

126.2, 122.4, 26.8 

Synthetic protocol for the synthesis of target compound 93 

2,2,6,6-tetramethyl-1-nitrosopiperidine (91) 
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To a solution of 2,2,6,6-tetramethylpiperidine (100 mg, 1 eq) in acetic acid/acetic 

anhydride (1:2, 1,2 mL) cooled at 0 °C, NaNO2 (489 mg, 10 eq) was added in one 

portion at the same temperature. The reaction mixture was stirred vigorously for 30 

min at 0 °C, then another portion of NaNO2 was added (489 mg, 10eq), and the 

reaction mixture was stirred at 0 °C for 3 h. After this time it was allowed to reach 

room temperature and stirred for 72 h. The reaction was monitored by TLC; 

differently from the precursor, the desired intermediate is visible on TLC under 254 

UV, and does not burn in ninhydrin. After this time the mixture was concentrated 

under N2 flux and quenched by slow addition of NaHCO3 s.s., until pH=8. The 

aqueous phase was extracted with Et2O (2 x 2 mL), then it was acidified with HCl 1N 

until pH=2 and extracted with Et2O (2 x 2 mL) once again. The combined organic 

phases were dried over Na2SO4, filtered and dried under vacuum. The crude mixture 

(80 % yield) was used without any further purification for the next synthetic step. 

2,2,6,6-tetramethylpiperidin-1-amine (92) 

In a round bottom flask, to a solution of the nitroso intermediate 91 (65 mg, 1 eq) in 

acetic acid (0,4 mL) and water (0,4 mL) cooled at 0 °C, Zn powder (99 mg, 4 eq) was 

added. The mixture was stirred at the same temperature for 4 h, then after 

completion of the reaction monitored by TLC, the mixture was filtered on celite, and 

concentrated under N2 flux. Successively the crude mixture was solubilized in EtOAc 

and stirred at 25 °C for 30 min, filtered once again, and the filtrate was dried over 

Na2SO4, filtered and solvent was removed under vacuum. The crude product was 

used without any further purification affording a slightly volatile colorless liquid (92% 

yield). 

ESI-MS m/z 157 [M+H]+ 

1H NMR (300 MHz, CDCl3) δ 3.30 (s, 2H), 2.03 (s, 3H), 1.79 – 1.67 (m, 3H), 1.67 – 

1.53 (m, 2H), 1.42 (s, 2H), 1.23 (s, 8H). 

N-(2,2,6,6-tetramethylpiperidin-1-yl)-4-(trifluoromethyl)benzamide (93) 

To a solution of the azido intermediate 92 (65 mg, 1 eq) in anhydrous DCM (4,2 mL) 

cooled at 0 °C, TEA (126 mg, 3 eq) and 4-(trifluoromethyl)benzoyl chloride (131 mg, 
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1,5 eq) were slowly added. The reaction mixture was allowed to reach room 

temperature over 12 h. After this time the mixture was diluted with DCM (4 mL) and 

the organic phase was washed with HCl 1N (2 x 2 mL), brine (2 x 2 mL) and water 

(2 x 2 mL). The crude mixture was purified through column chromatography eluting 

with DCM/MeOH (20:1) affording a white crystal (44% yield). 

ESI-MS m/z 329 [M+H]+ 

1H NMR (300 MHz, CDCl3) δ 7.85 (d, J = 8.1 Hz, 2H), 7.71 (d, J = 8.1 Hz, 2H), 6.75 

(s, 1H), 1.84 – 1.48 (m, 6H), 1.11 (d, J = 21.0 Hz, 12H). 

13C NMR (101 MHz, CDCl3) δ 169.9, 137.35, 133.07, 130.02, 125.24, 122.53, 

45.65, 8.54. 

4-(trifluoromethyl)benzohydrazide (95) 

In a round-bottom flask ethyl 4-(trifluoromethyl)benzoate (1690 mg, 1 eq) was 

solubilized in EtOH (3 mL, 2,5M) and hydrazine hydrate (3884 mg, 10 eq) was 

added. The reaction mixture was stirred at 120 °C for 12 h, then the mixture was 

concentrated under vacuum and the desired compound was purified by 

crystallization in EtOH affording a white crystal (50% yield). 

ESI-MS m/z 205 [M+H]+ 227 [M+Na]+ 

1H NMR (300 MHz, DMSO-d6) δ 10.00 (s, 1H), 7.99 (d, J = 8.1 Hz, 1H), 7.81 (d, J = 

8.2 Hz, 1H), 4.58 (s, 1H) 

N-(1,3-dioxoisoindolin-2-yl)-4-(trifluoromethyl)benzamide (96) 

In a round-bottom flask a suspension of intermediate 95 (100 mg, 1 eq) and phatlic 

anhydride (109 mg, 1,5 eq) in xylene (5 mL, 0,1M) was refluxed for 24 h. After this 

time the mixture was cooled at 0 °C and the formed white precipitate was filtered on 

thin paper filter. The white solid was washed with cold EtOH (2x 1mL) and the final 

compound was achieved without any further purification (11% yield). 

ESI-MS m/z 335 [M+H]+ 357 [M+Na]+ 
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1H NMR (300 MHz, DMSO-d6) δ 11.61 (s, 1H), 8.16 (d, J = 7.9 Hz, 2H), 8.06 – 7.87 

(m, 6H) 

13C NMR (75 MHz, DMSO-d6) δ 165.6, 164.8, 135.9, 134.9, 133.1, 132.6, 129.8, 

129.2, 126.3, 126.3, 125.9, 124.4. 

(3aR,4R,7S,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl 4-(trifluoromethyl)benzoate (98) 

To a solution of 4-(trifluoromethyl)benzoic acid (106 mg, 1 eq) in anhydrous DCM (1 

mL, 0,6M), TEA (56 mg, 1 eq) and EDC.HCl (107 mg, 1 eq) were added and the 

mixture was stirred at 25 °C for 10 min. After this time (3aR,4R,7S,7aS)-2-hydroxy-

3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione (100 mg, 1 eq) was 

added in one portion, and the reaction mixture was stirred for additional 4 h at 25 °C, 

then NaHCO3 s.s. (2 mL) was added, and the reaction mixture was partitioned in 

DCM (3 x 2 mL). The combined organic phases were washed with brine (2 x 1 mL), 

dried over Na2SO4, filtered and dried under vacuum. The crude mixture was purified 

through SiO2 column chromatography eluting with PetEt/EtOAc (4:1) affording a 

yellow oil (17% yield). 

ESI-MS m/z 374 [M+H]+ 

1H NMR (300 MHz, Acetone-d6) δ 8.31 (d, J = 8.3 Hz, 1H), 8.00 (d, J = 8.3 Hz, 1H), 

6.22 (s, 1H), 3.59 (s, 1H), 3.43 (s, 1H), 1.71 (dd, J = 20.0, 8.8 Hz, 1H). 

13C NMR (75 MHz, Acetone-d6) δ 205.1, 169.5, 134.7, 130.8, 126.2, 126.1, 50.9, 

44.5. 

3-amino-3-azaspiro[5.5]undecane-2,4-dione (100) 

To a stirred suspension of NaH (46 mg, 1,05 eq) in DMF (2,3 mL, 0,5M for NaH 

suspension) a solution of 3-azaspiro[5.5]undecane-2,4-dione (200 mg, 1 eq) in 

anhydrous DMF (3 mL, 0,35M for SM solution) has been added slowly. After 1h, a 

solution of HOSA (250 mg, 12 eq) in DMF (9 mL, 0,25M) was slowly added. The 

reaction mixture was then heated at 110 °C and stirred for an additional 3 h, after 

this time NH4Cl (5 mL) s.s. was added, and the reaction mixture was extracted with 
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DCM (3 x 5 mL). The combined organic phase was washed with NaHCO3 (2 x 3 mL) 

and brine (2 x 3 mL), and dried over Na2SO4 . The crude mixture was purified through 

column chromatography eluent: DCM/MeOH (100:1) affording an off-white solid 

(11% yield). 

ESI-MS m/z 197 [M+H]+ 

1H NMR (300 MHz, acetone) δ 5.11 (s, 2H), 2.63 (s, 4H), 1.60 – 1.34 (m, 10H) 

General procedure (X) for coupling reaction exemplified with compound N-

(2,4-dioxo-3-azaspiro[5.5]undecan-3-yl)-4-(trifluoromethyl)benzamide (101) 

To a solution of intermediate 100 (25 mg, 1 eq) in dry DMF (0,254 mL, 0,5M), 4-

(trifluoromethyl)benzoic acid (29 mg, 1,2 eq), HATU (48 mg, 1 eq) and NMM (26 mh, 

2 eq) were added. The mixture was stirred at 25 °C for 12 h, then NH4Cl (1 mL) was 

added, and the organic phase was partitioned with EtOAC (3 x 1 mL). The organic 

phase was dried over Na2SO4, filtered and evaporated under vacuum. The crude 

mixture was purified through SiO2 column chromatography eluting with PetEt/EtOAc 

(4:1) affording a white solid (53% yield). 

ESI-MS m/z 391 [M+H]+ 

1H NMR (300 MHz, Acetone-d6) δ 10.00 (s, 1H), 8.15 (d, J = 8.1 Hz, 2H), 7.89 (d, J 

= 8.2 Hz, 2H), 2.93 – 2.68 (m, 2H), 1.72 (d, J = 6.0 Hz, 2H), 1.62 – 1.40 (m, 8H) 

13C NMR (75 MHz, acetone-6) δ 205.2, 168.9, 128.4, 125.6, 125.5, 43.3, 36.2, 34.4, 

32.0, 25.5, 21.3, 21.2. 

General procedure (XI) for the hydantoin synthesis exemplified through 

compound 1,3-diazaspiro[4.5]decane-2,4-dione (103) 

To a solution of cyclohexanone (200 mg, 1 eq) in MeOH/H2O (2,5 mL, 2:3) in a MW 

vials, (NH4)2CO3 (588 mg, 3 eq) and KCN (200 mg, 1,5 eq) were added. The vial 

was sealed and irradiated in a MW for 10 min (100 W, 90 °C). After this time solvent 

was removed under N2 flux, and the yellow residue was washed with H2O (3 x 5 mL). 

The compound was used without any further purification (99% yield). 
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ESI-MS m/z 169 [M+H]+ 

1H NMR (300 MHz, DMSO-d6) δ 10.50 (s, 1H), 8.35 (s, 1H), 1.53 (dt, J = 22.5, 10.1 

Hz, 10H). 

3-amino-1,3-diazaspiro[4.5]decane-2,4-dione (104) 

For the preparation of 104, intermediate 103 (100 mg, 1 eq) was refluxed in 

NH2NH2.H2O (197 mg, 6,7 eq) for 1 h. After this time 0,5 mL of H2O were additionally 

added and the mixture was stirred at the same temperature for 4 h. Then the mixture 

was allowed to reach 25 °C, and SiO2 was added directly to absorb the excess 

NH2NH2.H2O, and the so-obtained slurry was dried and used directly for the 

purification through SiO2 column eluting with DCM/MeOH (100:1). The desired 

compound was obtained as a white solid (68% yield). 

ESI-MS m/z 206 [M+H]+ 

1H NMR (300 MHz, DMSO-d6) δ 8.54 (s, 1H), 4.65 (s, 2H), 1.78 – 0.96 (m, 10H). 

N-(2,4-dioxo-1,3-diazaspiro[4.5]decan-3-yl)-4-(trifluoromethyl)benzamide (105) 

Following the general procedure (X) for coupling reaction described for 101, the 

target compound 105 has been prepared. The purification of the compound has been 

carried out through SiO2 chromatography PetEt/EtOAc (4:1) affording a white solid 

(53% yield). 

ESI-MS m/z 391 [M+Na]+ 

1H NMR (300 MHz, DMSO-d6) δ 11.32 (s, 1H), 9.05 (s, 1H), 8.09 (d, J = 8.2 Hz, 2H), 

7.94 (d, J = 8.3 Hz, 2H), 1.60 (dt, J = 82.7, 43.3 Hz, 10H) 

13C NMR (75 MHz, DMSO-d6) δ 174.8, 164.5, 153.6, 135.0, 132.9, 129.0, 126.2, 

126.2, 60.5, 34.0, 33.8, 24.6, 20.9. 

3-(4-(trifluoromethyl)benzoyl)-1,3-diazaspiro[4.5]decane-2,4-dione (106) 

To a solution of intermediate 103a (100 mg, 1 eq), in anhydrous THF (2,5 mL, 0,25M) 

TEA (120mg, 2 eq) was added. TH mixture was stirred at 25 °C for 1 h, then 4-

(trifluoromethyl)benzoyl chloride was slowly added drop-by-drop. The reaction 
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mixture was stirred at the same temperature for 12 h, after this time NH4Cl (3 mL) 

was added, and the mixture was extracted with DCM (3 x 3 mL). The combined 

organic phase was dried over Na2SO4, filtered and solvent was removed under 

vacuum at 25 °C. The crude mixture was purified through SiO2 column 

chromatography eluent: DCM/Acetone (20:1), affording a white solid (11% yield).  

ESI-MS m/z 341 [M+H]+ 

1H NMR (300 MHz, acetone-d6) δ 8.12 (s, 1H), 8.08 (d, J = 8.3 Hz, 2H), 7.88 (d, J = 

8.3 Hz, 2H), 1.98 – 1.33 (m, 10H). 

(2S)-2-chlorobicyclo[2.2.2]oct-5-ene-2-carbonitrile (108) 

In a round-bottom flask a solution of HQ (5 mg, 0,008 eq), (1Z,3Z)-cycloocta-1,3-

diene (500 mg, 1 eq) and 2-chloroacrylonitrile (600 mg, 1 eq) in anhydrous toluene 

(2 mL, 3M) were heated at 80 °C for 12 h under N2, in a sealed tube. After this time 

solvent was evaporated and the crude mixture was used for the further step without 

any purification. 

(1R,4R)-bicyclo[2.2.2]oct-5-en-2-one (109) 

For the synthesis of intermediate 109, derivative 108 was solubilized in DMSO, then 

a solution of KOH was slowly added. The reaction mixture was stirred at the same 

temperature for 48 h. After this time HCl 1N was added, and the mixture was 

partitioned in pentane (3 x 3 mL). The solvent was removed under N2 flux and the 

product, white crystals, was used without any further purification (53% yield). 

1H NMR (300 MHz, CDCl3) δ 6.49 – 6.40 (m, 1H), 6.23 – 6.11 (m, 1H), 3.15 – 3.03 

(m, 1H), 3.01 – 2.89 (m, 1H), 1.91 – 1.40 (m, 5H), 1.25 (dd, J = 15.6, 4.6 Hz, 1H). 

(1S,4R)-3-oxobicyclo[2.2.2]oct-5-ene-2-carbaldehyde (110) 

In a two-necked round bottom flask, to a pre-cooled suspension of NaH 60% w/w 

(88 mg, 1,5 eq) in anhydrous THF (3 mL, 0,5M), EtOH (10 drops) was added drop-

by-drop. Then intermediate 109 (180 mg, 1 eq) and ethylformate (164 mg, 1,5 eq) 

were added slowly. The mixture was slowly allowed to reach 25 °C and stirred for 12 

h. After this time EtOH (10 drops) was added to the mixture, that was stirred 1 
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additional hour. After this time H2O (2 mL) was slowly added, and the mixture was 

concentrated under N2 flux, successively the residual aqueous mixture was 

partitioned with Et2O (2 x 2mL), acidified at pH=2 and partitioned one again with Et2O 

(2 x 2 mL), then the organic phase was dried over Na2SO4. The crude mixture was 

used for the next step without any further purification (169 mg). 

ESI-MS m/z 151 [M+H]+, 149 [M-H] 

(4S,7R)-4,7-dihydro-2H-4,7-ethanoindazole (111) 

To a solution of intermediate 110 (169 mg, 1 eq), in MeOH (1,2 mL, 1M), 

NH2NH2.H2O (62 mg, 1,1 eq) was slowly added. The reaction mixture was stirred at 

25 °C for 12h, after which solvent and residual hydrazine were removed under N2 

flux. Successively NH4Cl was added and the mixture was partitioned with EtOAc (3 

x 3 mL), the combined organic phase was dried over anhydrous Na2SO4, filtered and 

concentrated under vacuum. The residue was washed with HCl 1N (2 x 2 mL) to 

remove impurities, and was used as it was, a white solid (58% yield) without any 

further purification. 

ESI-MS m/z 147 [M+H]+ 

1H NMR (300 MHz, CDCl3) δ 7.11 (s, 1H), 6.55 – 6.43 (m, 2H), 3.98 (dd, J = 31.3, 

2.9 Hz, 2H), 1.67 – 1.32 (m, 4H). 

General procedure (XII) for the amination reaction of the indazole-derivative 

exemplified through compounds (4S,7R)-4,7-dihydro-1/2H-4,7-ethanoindazol-

2-amine (112,114) 

In a two necked-round bottom flask, to a solution of intermediate 111 (20 mg, 1 eq) 

in anhydrous DMF (0,3 mL, 0,5M) under N2 flux, NaH 60%mw (7 mg, 1,2 eq) was 

added in one portion. The mixture was stirred at the same temperature for 1 h, after 

this time freshly prepared NH2Cl was added slowly (1 mL, 0,15 M in Et2O). The 

reaction mixture was stirred at 25 °C for 12 h, then Na2S2O3 (2 mL) was added, and 

the mixture was extracted with Et2O (3 x 3 mL). The combined organic phase was 

dried over Na2SO4, filtered and dried under vacuum. The mixture of the two 
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regioisomers was purified by SiO2 column chromatography, affording an overall yield 

of 64%. 

(4S,7R)-4,7-dihydro-2H-4,7-ethanoindazol-2-amine (112) 

ESI-MS m/z 162 [M+H]+ 

1H NMR (300 MHz, CDCl3) δ 6.95 (s, 1H), 6.51 (t, J = 6.8 Hz, 1H), 6.37 (t, J = 6.8 

Hz, 1H), 5.08 (s, 2H), 4.01 (dd, J = 74.1, 5.5 Hz, 2H), 1.76 – 1.12 (m, 4H).  

(4S,7R)-4,7-dihydro-1H-4,7-ethanoindazol-2-amine (114) 

ESI-MS m/z 162 [M+H]+ 

1H NMR (300 MHz, CDCl3) δ 7.03 – 6.90 (m, 1H), 6.53 – 6.29 (m, 2H), 5.22 (s, 2H), 

3.88 (ddd, J = 7.4, 4.8, 2.1 Hz, 2H), 1.78 – 1.20 (m, 4H).  

N-((4S,7R)-4,7-dihydro-2H-4,7-ethanoindazol-2-yl)-4-

(trifluoromethyl)benzamide (113) 

The target molecule 113 has been synthesized according to the coupling reaction 

procedure used for 101. The crude product has been purified through column 

chromatography eluting with PetEt/EtOAc (4:1), furnishing a dark yellow oil (46% 

yield). 

ESI-MS m/z 334 [M+H]+ 

1H NMR (300 MHz, CDCl3) δ 8.03 (d, J = 7.3 Hz, 2H), 7.64 (d, J = 7.5 Hz, 2H), 7.00 

(s, 1H), 6.54 (t, J = 6.7 Hz, 1H), 6.36 (t, J = 6.5 Hz, 1H), 3.95 (d, J = 6.0 Hz, 2H), 

1.49 (dd, J = 41.4, 18.6 Hz, 4H). 

13C NMR (75 MHz, CDCl3) δ 137.8, 134.4, 133.6, 132.8, 128.2, 125.5, 125.3, 121.7, 

33.5, 33.1, 26.5, 25.6. 

N-((4S,7R)-4,7-dihydro-1H-4,7-ethanoindazol-1-yl)-4-

(trifluoromethyl)benzamide (115) 

The target molecule 115 has been synthesized according to the coupling reaction 

procedure used for 101. The crude product has been purified through column 
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chromatography eluting with PetEt/EtOAc (4:1), furnishing a dark yellow oil (46% 

yield). 

ESI-MS m/z 334 [M+H]+ 

1H NMR (300 MHz, CDCl3) δ 11.10 (s, 1H), 7.95 (s, 2H), 7.62 (d, J = 7.9 Hz, 2H), 

7.08 (s, 1H), 6.46 (t, J = 6.8 Hz, 1H), 6.34 (s, 1H), 3.89 (d, J = 4.3 Hz, 1H), 3.73 (s, 

1H), 1.77 – 1.14 (m, 4H). 

13C NMR (75 MHz, CDCl3) δ 155.6, 136.3, 134.5, 134.0, 128.1, 125.5, 122.7, 121.7, 

33.7, 32.0, 26.5, 25.9. 
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7.5 – EXPERIMENTAL MODULATORS VIRULENCE FACTORS PA 
Synthetic protocol for the synthesis of compounds 127, 128 and 132. 

General procedure (XIII) for the synthesis of differently substituted 

quinazolinone core exemplified through compound 7-chloroquinazolin-4(3H)-

one (124a) 

2-amino-4-chlorobenzoic acid 123a (2000 mg, 1 eq.) was diluted in formamide (4 

mL). The reaction was heated at 150 °C for 20 h. Then, ice (2.0 g) was added to the 

reaction to favor the precipitation of the product, which was filtered and washed with 

water. Then, it was dried at 50 °C for 2 h. The crude mixture was used without any 

further purification (93% yield). 

Sppectroscopic data are in agreement with those reported in literature 201 

6-chloroquinazolin-4(3H)-one (124b) 

For the synthesis of quinazolinone 124b 2-amino-5-chlorobenzoic acid (123b) has 

been used, following the general procedure (XIII) reported previously. The mixture 

was used without any further purification (90% yield).  

ESI-MS m/z: 179 [M-H]- 

1H NMR (300 MHz, DMSO) δ 12.39 (s, 1H), 8.25 – 7.92 (m, 2H), 7.71 (d, J = 2.0 Hz, 

1H), 7.54 (dd, J = 8.6, 2.1 Hz, 1H). 

General procedure (XIV) for the synthesis of the alkylation rection affording 

the 4-nitro derivatives exemplified with compound 7-chloro-3-(4-

nitrobenzyl)quinazolin-4(3H)-one (125a) 

To a suspension of 124a (207 mg, 1 eq.) in acetone (13 mL), 1-(chloromethyl)-4-

nitrobenzene (178 mg, 1 eq.), K2CO3 (718 mg, 5 eq.) and NaI (155 mg, 1 eq.) were 

added. The mixture was stirred at 50 °C for 24 h. After this time, the reaction was 

partitioned between brine and EtOAc and the aqueous layer was washed again with 

EtOAc (3 x 10 mL). The combined organic layers were dried over Na2SO4, filtered 

and evaporated in vacuo. The title compound was purified through silica gel column 

chromatography, eluent PetEt/EtOAc (3:1) affording a yellow solid (60% yield).  
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ESI-MS m/z: 316 [M+H]+ 

1H NMR (300 MHz, DMSO) δ 8.65 (s, 1H), 8.14 (dd, J = 23.0, 8.6 Hz, 3H), 7.76 (d, 

J = 1.9 Hz, 1H), 7.57 (dd, J = 12.5, 5.4 Hz, 3H), 5.30 (s, 2H).  

13C NMR (75 MHz, DMSO) δ 160.0, 149.8, 149.4, 147.3, 144.6, 139.6, 129.1, 128.6, 

128.0, 126.9, 124.1, 120.8, 49.2, 40.7, 40.4, 40.1, 39.9, 39.6, 39.3, 39.0. 

6-chloro-3-(4-nitrobenzyl)quinazolin-4(3H)-one (125b) 

Intermediate 125b has been obtained following the general procedure (XIV) reported 

previously, starting from the quinazolinone derivative 124b. The crude mixture has 

been purified through silica gel column chromatography, eluent PetEt/EtOAc (3:1) 

affording a yellow solid (66% yield).  

ESI-MS m/z: 316 [M+H]+ 

1H NMR (300 MHz, DMSO-d6) δ 8.63 (s, 1H), 8.18 (d, J = 8.6 Hz, 2H), 8.05 (d, J = 

2.3 Hz, 1H), 7.86 (dd, J = 8.7, 2.4 Hz, 1H), 7.73 (d, J = 8.7 Hz, 1H), 7.59 (d, J = 8.6 

Hz, 2H), 5.32 (s, 2H).  

13C NMR (75 MHz, DSMO-d6) δ 159.7, 148.9, 147.4, 147.1, 144.5, 135.1, 132.0, 

130.0, 129.2, 125. 5, 124.2, 123.3, 49.3 

General procedure (XV) for the reduction reaction of nitro moiety to amino to 

obtain the aniline intermediate exemplified with compound 3-(4-aminobenzyl)-

7-chloroquinazolin-4(3H)-one 126a  

To a suspension of 125a (182 mg, 1 eq.) in EtOH (6 mL), heated at  55 °C, saturated 

NH4Cl  (6 mL) was added. After that, iron powder (330 mg, 10 eq.) was added and 

the mixture was heated at 70°C for 2 h. Solvent was removed, the mixture was 

diluted in EtOAc and filtered on Celite®, then pH was adjusted to 8 by adding 

saturated NaHCO3 solution. The mixture was then partitioned between water and 

EtOAc. The organic layer was dried over anhydrous Na2SO4, filtered and evaporated 

under reduced pressure to afford the final product without further purification (95% 

yield). 
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ESI-MS m/z: 286 [M+H]+  

1H NMR (300 MHz, DMSO-d6) δ 8.55 (s, 1H), 8.12 (d, J = 8.6 Hz, 1H), 7.73 (d, J = 

1.9 Hz, 1H), 7.53 (dt, J = 30.1, 15.1 Hz, 1H), 7.03 (t, J = 19.0 Hz, 2H), 6.48 (d, J = 

8.4 Hz, 2H), 5.11 (s, 2H), 4.96 (s, 2H) 

3-(4-aminobenzyl)-6-chloroquinazolin-4(3H)-one (126b) 

The aniline intermediate 126b has been synthesized through reduction of the 

intermediate 125b; the crude mixture was used without any further purification 

affording a white solid (54% yield). 

ESI-MS m/z: 286 [M+H]+  

1H NMR (300 MHz, DMSO-d6) δ 8.53 (s, 1H), 8.07 (d, J = 2.4 Hz, 1H), 7.82 (dd, J = 

8.7, 2.5 Hz, 1H), 7.68 (d, J = 8.7 Hz, 1H), 7.07 (d, J = 8.3 Hz, 2H), 6.48 (d, J = 8.3 

Hz, 2H), 5.09 (s, 2H), 4.97 (s, 2H) 

General procedure for the reductive amination reaction exemplified with 

compound 7-chloro-3-(4-((furan-2-ylmethyl)amino)benzyl)quinazolin-4(3H)-

one (127)  

To a well-stirred solution of 126a (180 mg, 1 eq.) in MeOH (5 mL), the appropriate 

aldehyde (1 eq.) and AcOH (5 drops) were added. The mixture was heated at 50 °C 

for 12 h. After this time, the reaction was cooled to 25 °C and NaBH3CN (60 mg, 1.5 

eq.) was added. The mixture was stirred for additional 2 h. Then, pH was adjusted 

to 8 by adding saturated NaHCO3 aqueous solution. The crude was partitioned 

between H2O and EtOAc; the aqueous layer was extracted with EtOAc (3 x 10 mL). 

The title compound was purified through silica gel column chromatography, eluent 

PetEt/EtOAc (3:1) affording a white solid (70% yield). 

ESI-MS m/z: 366 [M+H]+ 

1H NMR (300 MHz, Acetone) δ 8.41 (s, 1H), 8.19 (d, J = 8.6 Hz, 1H), 7.64 (d, J = 1.9 

Hz, 1H), 7.50 (dd, J = 8.6, 2.0 Hz, 1H), 7.42 (s, 1H), 7.25 (d, J = 8.5 Hz, 3H), 6.69 

(d, J = 8.5 Hz, 3H), 6.27 (dd, J = 17.7, 2.4 Hz, 2H), 5.47 (t, J = 5.3 Hz, 1H), 5.10 (s, 

3H), 4.30 (d, J = 5.9 Hz, 3H).  
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13C NMR (75 MHz, Acetone-d6) δ 159.7, 153.3, 149.4, 148.7, 148.3, 141.7, 139.3, 

129.4, 128.2, 127.1, 126.6, 124.5, 121.0, 112.6, 110.2, 106.6, 48.8, 40.3 

6-Chloro-3-(4-((ferrocene-2-ylmethyl)amino)benzyl)quinazolin-4(3H)-one (128)  

The final compound 128 has been synthesized according to the general procedure 

previously reported, The crude mixture has been purified through SiO2 column 

chromatography eluent: PetEt/EtOAc (3:1) affording a red solid (70% yield). 

ESI-MS m/z: 484 [M+H]+ 

1H NMR (300 MHz, CDCl3) δ 8.29 (d, J = 2.6 Hz, 1H), 8.09 (d, J = 6.1 Hz, 1H), 7.71 

– 7.55 (m, 3H), 7.18 (dd, J = 17.4, 7.8 Hz, 2H), 6.61 (d, J = 8.5 Hz, 2H), 5.07 (s, 3H), 

4.22 (s, 3H), 4.17 (s, 6H), 4.14 (s, 2H), 3.93 (s, 2H) 

13C NMR (75 MHz, CDCl3) δ 160.1, 148.3, 146.5, 135.3, 134.6, 133.0, 129.8, 129.1, 

126.2, 123.8, 123.3, 113.0, 86.0, 70.3, 69.5, 69.1, 68.3, 49.6, 43.2. 6-chloro-2-

methyl-4H-benzo[d][1,3]oxazin-4-one (129) 

2-amino-5-chlorobenzoic acid (500 mg, 1 eq.) was heated at 140 °C in acetic 

anhydride (2.8 mL, 10 eq.) for 2 h. The reaction was warmed to room temperature 

and pH adjusted to 7 by adding solid NaHCO3. Then, the mixture was partitioned 

between water and DCM. The organic layer was dried over anhydrous Na2SO4, 

filtered and evaporated under reduced pressure, to obtain the crude mixtures as 

solid (90% yield). 

1H NMR (300 MHz, DMSO-d6) δ 8.02 (d, J = 2.3 Hz, 1H), 7.91 (dd, J = 8.6, 2.4 Hz, 

1H), 7.56 (d, J = 8.6 Hz, 1H), 2.38 (s, 3H) 

6-chloro-2-methylquinazolin-4(3H)-one (130) 

To a solution of 129 (200 mg, 1 eq.) in EtOH (7 mL) 28% NH3 was added (2 mL). 

The mixture was refluxed for 15 h, then the solvent was removed under reduced 

pressure to furnish the crude product as a white solid, that was used without further 

purification (70% yield).  

ESI-MS m/z: 195 [M+H]+ 
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1H NMR (300 MHz, DMSO-d6) δ 8.04 (d, J = 8.5 Hz, 2H), 7.63 (dd, J = 12.8, 5.1 Hz, 

2H), 7.47 (dd, J = 8.5, 1.9 Hz, 2H), 2.48 (s, 6H), 2.33 (s, 3H). 

6-chloro-2-methyl-3-(prop-2-yn-1-yl)quinazolin-4(3H)-one (131) 

To a mixture of 130 (200 mg, 1 eq.) and propargyl chloride (80 µL, 1.1 eq.) in dry 

DMF (5 mL), potassium tert-butoxide (188 mg, 1.65 eq.) was added. The mixture 

was stirred under nitrogen atmosphere for 24 h. After that, the reaction was 

neutralized by adding 1N HCl and partitioned between H2O and EtOAc (3 x 10 mL). 

The combined organic layers were dried with anhydrous Na2SO4, filtered and 

evaporated under reduced pressure. The title intermediate was purified through 

silica gel column chromatography, eluent: PetEt/EtOAc (3:1) furnishing a white solid 

(52% yield).  

ESI-MS m/z: 233 [M+H]+. 

1H NMR (300 MHz, CDCl3) δ 8.19 (d, J = 2.4 Hz, 1H), 7.64 (dd, J = 8.7, 2.4 Hz, 1H), 

7.54 (d, J = 8.7 Hz, 1H), 4.90 (d, J = 2.4 Hz, 2H), 2.74 (s, 3H), 2.32 (t, J = 2.4 Hz, 

1H).  

methyl 5-((4-((6-chloro-2-methyl-4-oxoquinazolin-3(4H)-yl)methyl)-1H-1,2,3-

triazol-1-yl)methyl)furan-2-carboxylate (132) 

To a solution of 131 (100 mg, 1 eq.) in a 1:1 mixture of H2O:tert-butanol (10 mL) 

methyl 5-formylfuran-2-carboxylate (57 mg, 1 eq.) was added, followed by the 

addition of sodium ascorbate (5 mg, 0.06 eq) and copper(II) sulfate (2 mg, 0.03 eq.). 

The reaction mixture was stirred at 25 °C for 72 h, then it was concentrated in vacuo, 

diluted with water and extracted with EtOAc (3 x 10 mL). The combined organic 

layers were dried over anhydrous Na2SO4, filtered and evaporated under reduced 

pressure. The title compound was purified by SiO2 gel column chromatography, 

eluent: PetEt/EtOAc (2:1), affording a white solid (87% yield).  

ESI-MS m/z: 414 M+H]+. 
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1H NMR (300 MHz, CDCl3) δ 8.12 (d, J = 2.6 Hz, 1H), 7.81 (s, 1H), 7.74 – 7.57 (m, 

1H), 7.52 (t, J = 9.3 Hz, 1H), 7.09 (d, J = 3.5 Hz, 1H), 6.49 (d, J = 3.5 Hz, 1H), 5.52 

(s, 3H), 5.31 (s, 2H), 3.84 (s, 4H), 2.86 (s, 4H).  
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