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1. Introduction 
 

1.1. Antimicrobial discovery 

The discovery of antibiotics has undoubtedly represented one of the most relevant 

breakthroughs of the 20th century. Indeed, infection diseases have been the leading 

cause of human death for a long time, and the raising of the “antibiotic era” has 

revolutionized modern medicine and the treatment of infections worldwide.1  

The establishment of the current antibiotic arsenal laid its foundation in the early 

1900s, and it is associated to the name of Paul Ehrlich. In 1909, Ehrlich discovered an 

arsenic derivative active against Treponema pallidum, the causative agent of syphilis, 

starting from the systematic screening of a library containing synthetic compounds 

inspired by his previous work on dyes for bacteria cells. Subsequently, in 1911, the 

molecule was commercialized under the name of Salvarsan®. This discovery is 

associated with Ehrich’s idea of the “magic bullet”, namely a chemical compound that 

could be synthesized to exert his activity only on the parasite and not on the host. This 

concept drove the beginning of the first systemic screening program for drug discovery 

that brought to the discovery of Salvarsan®.2,3 Later, Gerhard Domagk, following the 

Ehrich work and inspired by dyes used to stain bacterial cells, discovered Prontosil®, a 

precursor of the active molecule sulfonamide. This antibiotic represents the first sulfa-

drugs and also became the first broad-spectrum antimicrobials used in the clinic. 

However, the event that has changed and most impacted the course of medicine was 

the serendipitous discovery of Penicillin in 1928 by Alexander Fleming. All these 

discoveries and the later commercialization of Penicillin in the 1940s led to the so-

called “golden age” of antibiotics. The following milestone in antibiotics history was the 

discovery of streptomycin by Selman Waksman. Moreover, Waksman was also the first 

to use the word antibiotic to define any small molecule produced by a microbe to 

destroy other microbes. Waksman developed strategies and techniques to screen soil-

dwelling bacteria for the research of metabolites able to inhibit bacterial growth. This 

system, known as the Waksman platform, led to the discovery of several major 

antibiotics and antifungals. Indeed, the Waksman platform was also a model to the 

pharmaceutical industry, allowing the discovery of most of the natural microbial 

scaffold and more than 20 classes of antimicrobial during the golden age (1940-1970). 

Most of the antibiotics currently in clinical use were discovered during this period. 
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However, the rise of antimicrobial resistance (AMR) has affected their effectiveness 

(Figure 1). 4–6 

 

 
Figure 1. Timeline of antibiotic discovery. Picture adapted from ref.7 

 

1.2. Antimicrobial resistance and the current antibacterial pipeline. 

Where are we? 

After the 1980s, consistently fewer new antimicrobials were developed and introduced 

in the market. Thus, the lack of new antibiotics or therapeutic approaches has led to a 

gap between clinical need and drug innovation.8 At the same time, resistance to 

antibiotics increased, mainly due to the overuse and inappropriate use of antibiotics in 

the medical, animal, and agriculture filed. All these factors promote the genetic 

selection pressure, leading to the emergence of multi-drug-resistant (MDR) bacterial 

infections in the community. It is interesting to notice that, among all the different 

classes of medicine developed, antibiotics are the only ones able to fight infections 

when used systematically, but the regularly used leads to their ineffectiveness.9 

The first case of resistance came a few years after the approval of penicillin. Indeed, 

AMR is a natural phenomenon that occurs when bacteria, viruses, fungi, and parasites 

acquire or develop the ability to survive when exposed to antimicrobials.10 At this 

regard, bacteria possess different strategies that can contribute to arise the resistance, 

and the most important are: (i) inhibiting the intracellular accumulation of the 

antimicrobials through the upregulation of the efflux pump and downregulation of the 
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outer membrane, (ii) changing in the drug target, (iii) drug inactivation and (iv) using 

alternative pathways to bypass the antibiotic action.11 

While the resistances are increasing, the current antimicrobial pipeline is shrinking, and 

always fewer treatments are available against the resistant strains. Indeed, one of the 

last new drugs approved, with a new mechanism of action, was linezolid in 2000, and 

the last new class of antibiotics discovered was daptomycin in 1986, approved by FDA 

in 2003.12 However, it must be noticed that after 2014, a timid improvement in the 

pipeline was observed (Figure 2). In 2019, cefiderocol was introduced on the market, a 

new siderophore cephalosporin active against carbapenem-resistant Gram-negative 

bacteria.13 Whereas, in 2018, lefamulin was the first pleuromutilin antibiotic approved 

for the treatment of bacterial infections in humans, even though this class of drugs has 

been known since 1955.14 According to The Pew Charitable Trusts, 43 new antibiotics 

are in development as of December 2020. Of them, 13 are currently in Phase 3, 19 had 

the potential to be active against ESKAPE, and two have new drug applications 

submitted. Therefore, among the potential drug with an innovative mechanism, none 

is active against the critical threat pathogens.15 

 
Figure 2. Evolution of antibiotics pipeline (in green) and antibiotics currently in development. 

Picture adapted from ref.16  
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Despite the few molecules developed, a growing number of pathogens have developed 

resistance against the antibiotic arsenal during the years. Indeed, the World Health 

Organization (WHO) has included antimicrobial resistance (AMR) in the top 10 major 

urgent threats to human health.17 Additionally, in 2017 WHO has also introduced a list 

of the most critical pathogens, which present a level of resistance considered a real 

threat to human health,18 and most of them are Gram-negative bacteria (ESKAPE: 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter spp.).19 The current list will be 

updated in 2022.  

It is also important to highlight that the cost of AMR is drastic in both numbers of lives 

and economically. Every year MDR bacterial strains are responsible for 33000 deaths 

only in Europe, with an associated cost of approximately € 1.5 billion, due to the 

expensive healthcare.20  

Nowadays, it has broadly accepted that AMR is not under control, and it has been 

estimated that If no urgent action is taken, the number of people who will die due to 

AMR will increase to 10 million each year by 2050.21 

Furthermore, bacterial infections caused by MDR bacteria can represent a common 

complication during viral respiratory tract infections, which could increase the 

morbidity and mortality of the patients. Indeed, the widespread of SARS-CoV-2 could 

pose a new concern in regard to the AMR. Patients affected by Covid-19, especially if 

admitted to the Intensive Care Units (ICU), may present a secondary infection, often 

caused by MDR bacteria. This scenario has led to extensive use of broad-spectrum 

antimicrobial drugs since the outbreak of SARS-Cov-2, which could have a deeper 

impact on the emergence of AMR. 22–26 

The current situation is leading the world in the so-called “resistance era or post-

antibiotic era”, where it is difficult to approve new drugs, and it is possible to die due 

to common infections after minor injuries.27,28 To avoid this scenario, it is essential to 

find new strategies to fight the AMR. Besides the different actions promoted by WHO, 

such as optimizing antibiotic use, improving the global knowledge regarding resistance, 

and guaranteeing sustainable investment in tackling antimicrobial resistance, the 

development of new antibiotics is crucial. It is widely accepted that to tackle the MDR 

bacteria, could be adopted three main strategies:  

(i) the development of new antibiotics to replace the ineffective drugs in the 

pipeline. Even if this solution may be evident on the one hand, on the other 

hand, it is always more challenging to reach. Indeed, as already reported, 
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most of the current drugs in development did not present a new 

mechanism of action, and often they are an improved version of the old 

antibiotics, and many of them already present a mechanism of resistance; 

(ii) screening of alternatives to antibiotics; examples are vaccines, antibodies, 

probiotics, and bacteriophages. These strategies could serve as preventive 

or adjunctive therapies in clinics; 

(iii) or developing new molecules able to extend the lifespan of the antibiotics 

already approved, such as antibiotics adjuvant.29  

 

1.3. Adjuvant strategies  

The research and the development of new anti-infective drugs with novel mechanisms 

of action and scaffold seems crucial to avoid the return to the pre-antibiotic era. In this 

regard, a strategy to preserve and extend the lifetime of the antibiotics arsenal is the 

use of antibiotic adjuvants. To be efficacious, the adjuvant must be administered with 

the antibiotic. Indeed, antibiotic adjuvants are chemical entities characterized by weak 

or absent antibiotic activity that, in association with antibiotics, may boost their efficacy 

against MDR bacterial strains.30,31 This strategy finds its basis in the concept of 

combination therapy. Two antibiotics were delivered together in the clinic to obtain an 

improved therapeutic effect, particularly to reach a synergistic effect. The two 

antibiotics can hit multiple targets, different steps related to the same biosynthetic 

pathways, or decrease the efflux.32 Indeed, it has been widely proved that combination 

therapy may be a good starting point to kill the bacteria in less time and fight the 

increasing resistance.11,33,34 

The combination between antibiotic and adjuvant might show different beneficial 

effects, such as using a smaller amount of antibiotic, which can lead to fewer toxicity 

problems, as in the case of colistin, and slow the onset of resistance mechanisms, or 

reduce the impact on the microbiota.35 To date, formulations made of antibiotics and 

adjuvants are already available. The most known is the combination of amoxicillin and 

clavulanic acid, an inhibitor of β-lactamase, which are enzymes able to break the beta-

lactam ring that is a structural feature of the Penicillin as Amoxicillin.36,37 

Most adjuvants have been developed to be inhibitors of (i) beta-lactamase, (ii) efflux 

pumps, or (iii) to be outer membrane permeabilizes. Besides these categories, another 

approach to develop antibiotic potentiators is to block the virulence factors, which are 
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proteins, genes, and other biomolecules, allowing the microorganisms to cause 

diseases.38,39 

 

1.4. Non-essential targets  

In the research of new approaches to face the resistance and extend the current 

antibiotic pipeline, the inhibition of the so-called “non-essential” targets is generating 

increased interest, especially in the field of basic research. Such targets, mostly 

responsible for bacterial virulence, are dispensable during the normal bacterial cell 

cycle (i.e., during in vitro growth) but become indispensable during the persistent phase 

of the infection, when the bacteria have to face harsh conditions inside the host. In 

such conditions, bacteria require to reprogram their metabolic functions to survive. 

Hence, interfering with the production of these virulence factors leads to hampering 

the bacterial capability to establish an efficacious infection and counteract host 

defense. As such, bacteria become weaker and more susceptible to the antibiotic 

effect, reducing the possibility of developing resistance since the milder evolutionary 

pressure.40,41 Examples of such factors are represented by quorum sensing enhancers, 

biofilm, and key amino acids such as cysteine, which is a precursor of many detoxifying 

biomolecules.  

 

1.5. Aim of the project  

New strategies are needed to tackle down AMR, and especially in academia, different 

efforts are made to face this challenging situation. The purpose of this thesis work is 

the research and investigation of new chemical entities able to inhibit novel 

pharmaceutical targets to develop potential antibiotic adjuvants. To do that, we have 

focused our attention on unexplored or underexplored “non-essential” targets, in 

particular metabolic enzymes such as those involved in cysteine biosynthesis. Indeed, 

strong evidence has proved that suppression or reduction of cysteine biosynthesis lead 

to a decrease of bacterial fitness and a reduction of virulence.42–47 

Cysteine is essential to all organisms, and if its biosynthesis can be dispensable during 

normal growth conditions, it is up-regulated during the persistence phase of the 

infection in response to starvation and oxidative stress encountered inside the 

macrophages; therefore, it represents an essential tool for bacteria to respond the 

action of the host defense.48 It has been demonstrated that in mutants lacking cysteine 
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biosynthesis pathway in Salmonella enterica serovar Typhimurium, due to the 

inactivation of cysteine biosynthesis, unpaired oxidative stress can lead to a decrease 

in antibiotic resistance in both vegetative and swarm cell populations.49 Therefore, 

cysteine metabolism is related to different bacteria functions that could play an 

important role during the infection, like toxin activation, biofilm formation, resistance 

to oxidative stress, and antibiotics.50–53 Additionally, bacteria and mammals possess 

different pathways to synthesize cysteine. In particular, mammalians rely on reverse 

trans-sulfuration from methionine to synthesize cysteine. Therefore, the enzymes 

involved in the cysteine pathway in bacteria are absent in mammals, making them 

suitable potential drug targets.  

All this evidence justifies our strategy to shed medicinal chemistry efforts on the search 

for new cysteine biosynthesis inhibitors.   
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2. Cysteine Biosynthesis 
 

Cysteine is the most important sulfur-contain amino acid, especially for bacteria and 

plants, where it represents the only source of sulfur. Indeed, in microorganisms, 

cysteine is a precursor of various biomolecules, such as methionine, CoA, biotin, 

glutathione.54 

The cysteine pathway is well conserved in different microorganisms, especially in γ-

proteobacteria, such as S. typhimurium or H. influenzae, M. tuberculosis, and E. 

histolytica, even though some variations can be observed.55 The overall process that 

leads to cysteine biosynthesis involves three main steps: (i) the uptake of sulfate and 

its reduction to sulfide, (ii) the O-acetylation of serine, and (iii) the β-replacement of 

the O-acetylserine acetoxy group to obtain cysteine.56 

 

2.1. Sulfur Assimilation Pathway 

In bacteria, cysteine biosynthesis is carried out by the reductive sulfate assimilation 

pathway (RSAP), which begins with sulfate transport, present in the environment, 

inside the cell. Once inside the cell, due to its poor reactivity, the sulfate must be 

activated by the reduction to bisulfide, a high endergonic process that requires energy. 

Each mole of cysteine requires one mole of GTP, two moles of ATP, and three moles of 

NADPH. Firstly, the sulfate is incorporated into ATP, leading to adenosine 5’ 

phosphosulfate (APS) formation. Subsequentially, APS kinase phosphorylates APS to 3′-

phosphoadenylsulfate (PAPS). The latter, via PAPS reductase action, gives sulfite, which 

is then reduced to bisulfide. Bisulfide is a toxic compound for the cell, and its 

concentration must keep between 20 and 160 µM.57 The bisulfide is incorporated into 

cysteine via the reaction catalyzed by O-acetylserine sulfhydrylase (OASS or CysK) and 

Serine acetyltransferase (SAT or CysE), the last two enzymes involved in the cysteine 

pathway, which form the cysteine synthase (CS) complex.58,59 
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2.2. Cysteine Synthase Complex 

In plants and bacteria, serine acetyltransferase (SAT or CysE, encoded by cysE) is one of 

the key enzymes of the cysteine machinery. It catalyzes the rate-limiting step of 

cysteine biosynthesis,60 in which an acetyl group from acetyl-CoA (AcCoA) is transferred 

to the hydroxyl of L-serine to generate a molecule with a better leaving group, O-

acetylserine (OAS), in a β-elimination reaction. OAS is the direct precursor of cysteine 

(Figure 3), and it spontaneously converts to N-acetylserine (NAS), which is the natural 

inducer of cysteine regulon.61 From a structure point of view, SAT is a dimer of trimers, 

characterized by a flexible C-terminal portion, which bound an unusual left-handed 

parallel β-helix structural domain. This portion is found essential for the function and 

regulation of SAT. Indeed, In the presence of cysteine, it is responsible for intrasteric 

inhibition and of binding to OASS-A for the formation of the CS complex.62 SAT C-

terminal sequence binds an active site of OASS-A, and it is responsible for its 

competitive inhibition.55,63–66 

 

 
 

Figure 3. The last two steps of cysteine biosynthesis. The formation of the intermediate OAS 

by SAT and its conversion to L-cysteine by OASS and bisulfite. 

 

The last step of this pathway can be catalyzed by two different enzyme isoforms: O-

acetylserine sulfidralyse A (OASS-A or CysK, encoded by cysK) and O-phosohoserine 

sulfidralyse B (OASS-B or CysM, encoded by cysM).67 In E. coli, the two isoforms show a 

homology of 43%, and they are expressed under different conditions. Indeed, OASS-B 

is expressed under anaerobic conditions and was demonstrated to be a more 

promiscuous enzyme, able to accept thiosulfate as a sulfur source, and does not 

interact with SAT to form the CS complex.68 Moreover, OASS-B accepts a wider variety 

of substrates and bulkier ligands, suggesting an active site volume greater than OASS-

A. On the contrary, OASS-A is the most abundant isoform expressed under aerobic 

conditions.67,69  
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Unlike SAT, both the OASS isoforms are dimeric pyridoxal 5’-phosphate (PLP) 

dependent enzymes, sharing the same Bi-Bi ping pong reaction mechanism (Figure 4). 

Basically, this mechanism is composed of two different half-reactions. The first half-

reaction leads to the formation of the α-aminoacrylate intermediate. First, OAS binds 

and displaces the Lys, forming a Shift base with the pyridoxal phosphate. 

Subsequentially, the acetate is released through β-elimination and leads to the α-

aminoacrylate. This intermediate undergoes nucleophilic attack by sulfide (or other 

sulfur donators, such as thiosulfate) to obtain cysteine, the final product, in the second 

half-reaction. 

 

 
 

Figure 4. General catalytic mechanism of OASS-A/OASS-B. Picture adapted from ref 69   
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Regarding the structure of OASS-A/OASS-B, it is a homodimer, with each subunit 

organized into two different domains and the active sites, each containing a molecule 

of PLP, facing the solvent. The two domains are flexible and close up upon substrate 

binding, thus allowing diffusion into the active site only of small molecules and 

protecting the highly reactive α-aminoacrylate intermediate from attack by water or 

other nucleophiles.69,70 

The overall process of cysteine biosynthesis is highly regulated due to the toxicity that 

high levels of cysteine might exert on the bacteria cell. Therefore, the production and 

synthesis of this amino acid inside the cell needs to be fine-tuned. At this regard, three 

different regulatory mechanisms are present, and CS, OASS, and SAT play a critical role 

in controlling the cysteine pathway in response to a variation of sulfur availability.  

(i) The regulation of gene expression. Under normal physiological conditions, SAT and 

OASS engage the formation of the CS complex, leading to OAS formation and then to 

cysteine. Sulfur deficiency results in decreased bisulfide levels, and OAS is accumulated. 

A high quantity of OAS leads to the dissociation of the CS complex.71 Furthermore, due 

to its unstable nature, OAS converts rapidly to NAS, which, as mentioned before, is the 

natural inducer of the transcription of the cysteine regulon, aiming to increase the 

expression of genes involved in the cysteine synthesis. On the contrary, bisulfite and 

thiosulfate act as anti-inducer. 

(ii) As previously reported, the downregulation of OASS activity by SAT leads to the 

OASS-A/SAT complex formation. OAS dissociates the complex by direct competition 

with SAT for binding to the active site of OASS-A. OAS within the complex is inhibited 

because its active site is occluded by the C-terminal chain of SAT.  

(iii) The last mechanism is the feedback inhibition activity exerted to L-cysteine, the end 

product of the pathway.57,72 Indeed, L-cysteine competes with L-serine to the serine 

binding site of SAT. The binding with cysteine may cause a reduction in affinity for the 

acetyl-CoA (Figure 5).73 
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Figure 5. General overview of cysteine biosynthesis regulations. Picture adapted from ref 59 

 

 

The overall analysis of the cysteine machinery led us to focus our efforts on the 

identification of novel inhibitors of the two key enzymes of this pathway, SAT and OASS.  

Therefore, the first part of this thesis is related to the medicinal chemistry efforts for 

the development of new potential classes of SAT inhibitors. Afterward, the focus will 

be moved on the research concerning molecules able to inhibit or interact with OASS 

resulting in the inhibition of cysteine production.  
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3. Serine Acetyltransferase (SAT) Inhibitors 

 

3.1 Background  

 

Our research group has a longstanding experience in the research of compounds able 

to inhibit cysteine biosynthesis in bacteria, focused mainly on the development of O-

acetylserine sulfhydrylase inhibitors (see 4.1). As explained before, cysteine 

biosynthetic machinery is composed of two key enzymes, O-acetylserine sulfhydrylase 

(OASS) and serine acetyltransferase (SAT), both essential to finalize the last steps of the 

synthesis. Taking into account the overall cysteine biosynthesis process, the 

potentiality of SAT as a promising drug target, and the limited literature available about 

SAT inhibitors,74,75 we deemed it was worth focusing our efforts on the research and 

development of new SAT inhibitors to inhibit cysteine biosynthesis. Indeed, if OASS 

inhibitors lead to O-acetylserine (OAS) accumulation with consequential production of 

N-acetylserine (NAS, the natural inducer of cysteine operon), on the other hand, SAT 

inhibitors are expected to cause both cysteine and OAS depletion. 

In a first attempt to discover new potential SAT inhibitors, virtual screening (VS), and 

drug repurposing approach, two different strategies that have become essential tools 

to identify new hit compounds in drug discovery,76,77 were combined. A VS was carried 

out on our in-house library consisting of chemical compounds designed and 

synthesized to have biological activity on targets other than SAT. This led to the 

identification of hit compounds characterized by a 2-aminooxazole moiety. The 

synthesis of new 2-aminooxazole analogues successfully led to molecules with IC50  

values between 1 and 11 µM. Despite the promising enzymatic activity, even the most 

promising compound could not interfere with bacterial growth.78  

Therefore, we pursued another approach, and a different virtual screening was 

conducted using commercial ChemDiv focused anti-infective, antifungal, and 

antiviral/antibacterial libraries, containing 91,243 compounds and using SAT crystal 

structures of E. coli and H. influenzae. Seventy-three compounds showed suitable 

characteristics to be potential SAT inhibitors. Selected compounds were purchased, 

and their ability to inhibit SAT was evaluated. Five compounds showed an IC50 < 100 µM 

toward StSAT, encouraging enough to carry out a hit-to-lead optimization, especially 

for two series of structurally related molecules (D319 and D511) (Table 1). Along with 

the enzymatic activity, a preliminary screening of the minimal inhibitory concentrations 
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(MICs) of the compounds was carried out. Evaluation of the MIC of a potential SAT 

inhibitor would be misleading if performed under standard bacterial growing 

conditions since the bacteria might obtain cysteine from the environment. Therefore, 

a minimal medium broth (LB 20%) with limited amounts of nutrients and deprived of 

cysteine was used to prove the correlation between inhibition of cysteine biosynthesis 

and growth inhibitory effects. Among the five tested compounds, only D319-0482 was 

found to have a MIC of 64 µg/mL, whereas the same compound, when tested in a 

Mueller Hinton Broth (MHB), did not show any measurable MIC even at the highest 

concentration tested (128 µg/mL), as expected.  

These preliminary results laid the groundwork for a deeper investigation around both 

the chemical series of hit compounds in order to define a plausible Structure-Activity 

Relationship (SAR) and carry out an investigation on the biological properties of the 

molecules. The D319 series, represented by the hit compounds D319-0482, was 

prioritized for its better performance in the MIC experiments, as reported herein.  

 

Table 1. IC50 values against StSAT and MIC of the Hits derived from Virtual Screening. 

 

ChemDiv 
code 

Structure IC50 (μM) 
MIC LB 20% 

(μg/mL) 
MIC MHB  
(μg/mL)  

D319-0482 
(alias 

compound 1)  
48.6±8 64 >128 

D319-0733 
 

47.8±5 >128 >128 

D392-0319 

 

84.1±5 
 

>128 >128 

D511-0060 
 

13.6±2 >128 >128 

D511-0063 
 

52.8±2 >128 >128 
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3.2 Exploring the chemical space around N-(5-nitrothiazol-2-yl)-

1,2,3-thiadiazole-4-carboxamide 

 

3.2.1. Aim of the project and first generation of derivatives 

D319-0482, henceforward called compound 1 (Figure 6), was considered a suitable 

scaffold to pursue our investigation to release effective and potent SAT inhibitors. 

Compound 1 is characterized by two small heterocycles, a thiadiazole and a 2-amino-

5-nitrothiazole ring linked through an amide bond. We deemed it was worthwhile to 

modify each part of the hit structure, introducing different groups to evaluate the 

contribution of each portion of the molecule to the overall activity. However, during 

the first round of investigation, the 2-amino-5-nitrothiazole moiety was kept intact, and 

modifications to the linker and substitutions of the thiadiazole were carried out. 

Regarding the replacement of the thiadiazole group, first were introduced other 5-

membered heterocycle, and then bulky group with different features and variously 

substituted. The amide bridge was replaced with a carbamate and urea linker (Figure 

6). 

 
 

Figure 6. Modifications of the hit compound 1 led to the first generation of derivatives.  
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3.2.2. Determination of StSAT Inhibition 

The synthesized compounds were evaluated in vitro for their ability to inhibit the target 

enzyme through an indirect assay using Ellman’s reagent (5,5′-Dithiobis(2-nitrobenzoic 

acid or DTNB), a method for quantifying the concentration of thiol groups in solution. 

During the reaction catalyzed by SAT, the transfer of the acetyl group of acetyl-CoA to 

serine releases a free thiol CoASH. DTNB has a highly oxidizing disulfide bond, which is 

stoichiometrically reduced by free thiols, leading to a mixture of disulfide and a 

molecule of 5-thio-2-nitrobenzoic acid (TNB), a yellow-colored product that can be 

quantified using a spectrophotometer based on its strong absorbance at 412 nm 

(Figure 7).79 

 

 

Figure 7. Schematic representation of indirect Ellman’s assay used to estimate SAT activity. 

 

3.2.3. Results and Discussion 

3.2.3.1. First generation of derivatives  

The lead compound optimization started with the synthesis of a small set of compound 

1 derivatives in order to collect preliminary information about the SAR in relation to 

their IC50 (Table 2). At first, the thiadiazole ring was substituted with five-membered 

heterocycles, like thiazole (2), pyrrole (3), and oxazole (4). Surprisingly, no one of these 

compounds had an inhibitory activity equal to or greater than the hit compound 1 (2, 
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3, 4, IC50 > 100 µM). Subsequently, phenyl and 2-pyridine were used as the substituent, 

but also in this case, no improvement in the activity could be detected (5, 6, IC50 > 100 

µM). At this point, bulkier steric bicycles were investigated as substituents of the 

thiadiazole group. In this case, the replacement of the thiadiazole with a group such as 

benzo[b]thiophene, 4,5,6,7-tetrahydrobenzo[b]thiophene, indole, and benzimidazole 

led to an appreciable activity (7, IC50 = 18±2 µM; 8, IC50  63 µM; 9, IC50 =23±1 µM; 10, 

IC50  43 µM) with the exception of the benzotriazole ring (11, IC50 > 100 µM). Taking 

advantage from the fact that these heterocyclic structures could be further modified, 

we deemed of interest to explore the activity of substituted benzothiophene 

analogues. In this regard, a set of derivates bearing various small functional groups was 

synthesized. Electron withdrawing groups (EWGs), such as chlorine and fluorine, and 

an electron donor group (EDG), such as the methyl, were introduced at positions C-3 

and C-6 of the scaffold (12-15). All the substituents introduced to the 

benzo[b]thiophene ring were well tolerated, with some of them (13, 14) noticeably 

improving the affinity of the molecule for the enzyme (12, IC50 = 28±4 µM; 13, IC50 = 

10±1 µM; 14, IC50 = 5.2±0.5 µM). The EDG at the C-6 was the only exception, being 

compound 15 (IC50 >100 µM) the only derivative with a weaker activity compared to 

compound 1. After exploring the impact of derivatives bearing small functional groups, 

we also investigated the effect of bulkier substituents to obtain molecules with 

enhanced steric hindrance, which was achieved by adding phenyl substituents at the C-

6 of the moiety via Suzuki coupling (16-19). Introducing m-fluorophenol moiety at the 

C-6 led to a derivative with a considerable increase in inhibitory activity (16, IC50 = 

1.5±0.2 µM). On the contrary, the compound bearing the p-CF3-phenyl ring showed a 

slight decrease in the activity (17, IC50 = 66±20 µM). Additionally, a noteworthy 

inhibitory activity was also detected when p-fluorophenyl and phenyl rings were used 

as substituents at the C-6 of the benzo[b]thiophene moiety (18, IC50  4 µM; 19, IC50  

5 µM). Subsequently, to reduce the rigidity of the structure although preserving its 

hindrance, the benzo[b]thiophene core was replaced with a thiophene bearing 

substituted phenyl rings at the C-4 (20-23). As for the benzo[b]thiophene derivatives, 

the presence of m-fluorophenyl moiety led to a compound with higher inhibitory 

activity (20, IC50 = 6±1 µM). On the other hand, substituents such as the p-CF3 and the 

m-CF3 phenyl were able to confer a similar inhibitory potency (21, IC50 = 28±4 µM; 22, 

IC50  12 µM). Apparently, it could be speculated that five-membered heterocycles are 

tolerated as long as their hindrance is augmented by the addition of a bulky substituent.   
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Table 2: StSAT Inhibitory activity (IC50) and cytotoxicity toward THP-1 cells (CC50) of the 
first generation of compounds. 

 

 
 

Cpd Het 
IC50 

(µM) 
Cytotoxicity 

CC50 (µM) 
Cpd Het 

IC50 

(µM) 
Cytotoxicity 

CC50 (µM) 

1 
 

48.6±8 <25 16 

 

1.5 ± 0.2 < 25 

2 
 

> 100 N/A 17 
 

66 ± 20 < 25 

3 
 

> 100 N/A 18 
 

 4* < 25 

4 
 

> 100 N/A 19 
 

 5* < 25 

5 
 

> 100 N/A 20 

 

6.1 ± 1.2 < 25 

6 
 

>100 N/A 21 

 

28 ± 4 < 25 

7 
 

18 ± 2 <25 22 
 

 12* < 25 

8 
 

63* <25 23 

 

 57* <25 

9 
 

23 ± 1 <25 24  >100 N/A 

10 
 

 43* N/A 25  >100 N/A 

11 
 

>100 N/A 26 
 

 80* N/A 

12 
 

28 ± 4 < 25 27 
 

>100 N/A 

13 
 

10 ± 1 < 25 28 
 

>100 N/A 
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14 
 

5.2 ± 
0.5 

< 25 29  101 ± 9 N/A 

15 t > 100 < 25 30 
 

107 ± 14 N/A 

* low-solubility compounds. The IC50 was calculated in a limited concentration range (usually 

highest tested concentration lower than or equal to IC50), and for this reason, only an estimate 

is given.  

 

From this first round of modifications, we concluded that the thiadiazole ring could be 

effectively replaced with other heterocycles, with a particular predilection for 

sulfurated heterocycles such as benzothiophene and substituted thiophene rings. 

In a similar vein, we also synthesized a small set of derivatives where the amide linker 

between the 2-amino-5-nitrothiazole and the thiadiazole was substituted by two 

different structural bridges, namely the carbamate and the urea. All of these molecules 

showed low potency that, together with the strong absorption at 412 nm, didn’t allow 

to calculate accurate IC50 values (24, 25, 27, 28, IC50 > 100 µM; 26, IC50  80 µM; 29, IC50 

= 101±9 µM, 30, IC50 = 107±14 µM). Therefore, the investigation of these modifications 

was suspended.  

The nitro group, which possesses a strong EWG nature, has been often associated with 

toxicity issues, and for this reason, it is usually considered a structural alert in the design 

of molecules.80 Considering this, we wanted to evaluate the toxicity of those derivatives 

with the most encouraging inhibitory activity (1, 7–9, 12–14, 16–23). Unfortunately, all 

of the molecules tested were found to be toxic, including those ranked as the best 

compounds, namely 14, 16, 18, 19, and 20. 

 

3.2.3.1. Second generation of derivatives 

The information collected through the analysis of the first generation of compounds 

pushed us to carry out additional modifications with the aim to couple a good inhibitory 

potency with a favorable toxic profile. Therefore, after investigating modifications to 

the L side of the hit compound, we deemed of interest to perform two kinds of 

modification at the R side: a) replacing the 2-amino-5-nitrothiazole moiety with other 

heterocycles such as pyridine, benzothiazole, and pyridothiazole, to explore the impact 

on the activity or b) maintaining the 2-aminothiazole core but substituting the nitro 

group at C-5 with other groups such as H, chlorine, methyl, and phenyl (Figure 8). 
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As for the first generation of derivatives, all the compounds were evaluated for the 

capability to inhibit StSAT, and those with an improved inhibitory profile were tested 

to assess the cytotoxicity (Table 3).  

 

Figure 8. Modifications lead to the second generation of derivatives: 

 

Concerning the first attempt, compounds 31 and 32 were prepared. The thiazole ring 

was integrated into a steric and bulky moiety to increase the structural rigidity to the R 

side of the molecule and evaluate the biological effect of a higher-character π-system. 

The 2-aminothiazole was condensed to pyridine and phenyl to give 2-

aminobenzothiazole and 2-aminopyridothiazole derivatives. Although modified, the 

aminothiazole ring was maintained in this case, though no improvement in the 

inhibitory activity could be detected (31, 32, IC50 > 100 µM). In a different setting, the 

thiazole moiety was substituted with pyridine, but, also in this case, the modification 

proved to be detrimental. (33, 34, IC50 > 100 µM). This also applied when the thiadiazole 

was substituted with an indole, which in the previous series (9) proved to be efficacious 

(35, 36, IC50 > 100 µM). 

Since the substitution of the 2-amino-5-nitrothiazole with different bulky substituents 

did not bring any improvement to our purpose, we started to investigate the 

substitution of the nitro moiety with other functional groups such as H, chlorine, and 

phenyl. 

For these compounds, first, the thiadiazole ring was connected to the 2-aminothiazole, 

without any functional groups at C-5, through an amide linker to evaluate how this 

substitution affected the activity (38). Then, the thiadiazole was substituted with those 

heterocycles that, in the first round of modifications, were able to confer good activity. 

Removal of the nitro group led to a loss of activity when the 2-aminothiazole is linked 
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to the thiadiazole. Furthermore, replacing the thiadiazole ring with a bulky group on 

the L side of the molecule did not prove beneficial for the enzymatic activity (38, 39, 

IC50  > 100 µM).  

Substitution with the methyl, which is a lipophilic group but with different electronic 

characteristics compared to the nitro, did not improve the activity compared to the 

parent compound (40, IC50 > 100 µM; 1, IC50 = 48.6±8.43 µM). However, this compound 

did not show appreciable toxicity, with a CC50 > 200 µM, which was remarkably higher 

than that of 1 (CC50 < 25 µM). Encouraged by the lack of toxicity, we decided to repeat 

some of the substitutions used for modifying compounds 1 to 40. This led to a series of 

compounds (41–59) with a wide range of biological properties that can be summarized 

as follows. Regarding the benzo[b]thiophene derivatives, the unsubstituted compound, 

or the substitution with a methyl group at C-3 or an F at C-6 and Cl at C-3, showed a 

drop in the inhibitory activity compared to the nitro analogues (41, IC50 > 100 µM; 7, 

IC50 = 18±2 µM; 42, IC50> 100 µM; 12, IC50 = 28±4 µM; 43, IC50> 100 µM; 13, IC50 = 10±1 

µM). On the other hand, Cl at C-6 and C-3 led to a methyl derivate with a very good 

inhibitory activity comparable to that of the nitro-derivative, although the toxic profile 

was still inadequate (44, IC50 = 13±4 µM, CC50 < 25 µM; 14, IC50 = 5.2±0.5 µM,). 

Surprisingly, the removal of Cl at C-6 brings a derivative with an enhanced toxic profile 

and only a small decrease in the inhibitory activity (45, IC50 = 65±9 µM; CC50 > 200 µM). 

The pattern with a 6-phenylbenzo[b]thiophene moiety and a 2-amino-5-methylthiazole 

(46-49) seems to be advantageous to the inhibitory activity. Unexpectedly, the only 

modification leading to a detrimental effect for the inhibitory activity was that 

represented by the m-fluorophenol moiety as a substituent at C-6, a group that led to 

one of the most active compounds in the nitro series. Despite these encouraging 

preliminary results, the introduction of the methyl group on the thiazole ring did not 

significantly improve the toxicity profile of these derivatives. Surprisingly, 46, bearing a 

p-CF3-phenyl moiety at the C-6, was the only exception that led to a derivate that 

showed higher cellular viability in the MTT assay, although the activity was 

concentration-independent in the range from 10 nM to 25 µM (Table 3). Furthermore, 

the decoration with substituted phenyl moieties led to only partial inhibition of the 

enzymatic activity even at the highest concentrations tested, pointing to solubility 

issues.  

With regard to the thiophene derivates, compounds 51–53, and 55 showed inhibitory 

activity of less than 100 µM. Compound 51 was the only phenylthiophene derivate that 

led to remarkable cellular viability, coupled with an appreciable IC50 (51, IC50  15 µM, 
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CC50 > 200; 52, IC50  77 µM, CC50 < 25; 53, IC50  50 µM, CC50 < 25; 54, IC50 > 100 µM, 

CC50 < 25; 55, IC50  27 µM).  

Among the other bulky substituents used for the 2-amino-5-methylthiazole derivates, 

only the indole moiety showed a comparable activity towards the enzyme to compound 

1, allowing low cellular viability (56, IC50  43 µM, CC50 < 25; 57, IC50 > 100 µM; 58, IC50 

= 70±9 µM; 59, IC50> 100 µM). Concerning the N-methylation of the indole, this 

modification did not lead to any improvement to the activity compared with the N-

unsubstituted analogue (60, IC50 = 53±1 µM; 56, IC50  43 µM).  

As mentioned above, the most active compound in the nitro series showed a drop in 

activity when a methyl substituent was added (47, IC50 >100 µM; 16, IC50 = 1.5 ± 0.2). 

On the contrary, other compounds in the methyl series have kept an inhibitory activity 

less than 100 µM, even if higher compared to the nitro analogue (i.e, 14, IC50 = 5.2 ± 

0.5; 44, IC50 = 13 ± 4; 21, IC50 = 28 ± 4; 53, IC50  50; 20, IC50 = 6.1 ± 1.2; 55, IC50  27). 

Therefore, the SAR related to the nitro derivatives cannot also be applied to the methyl 

derivatives. 

Replacing the nitro group with chlorine, an EWD, or a group such as a phenyl was found 

to be a suitable solution for the inhibitory proprieties of the molecule. When the nitro 

was substituted with the chlorine group, a similar behavior could be noticed as for the 

methyl substitution. Indeed, the substitution with the thiadiazole led to a derivative 

with scarce potency (61, IC50 > 100 µM), whereas the substitution with bulky 

heterocycles groups led to appreciable-affinity compounds (62, IC50= 22±3 µM; 63, IC50 

= 19 µM). Unfortunately, the high toxicity of these molecules discouraged the study of 

further derivatives.  

Differently, replacing the nitro with the phenyl moiety, and linking it to the thiadiazole 

ring, led to a compound with an inhibitory activity <100 µM (64, IC50   67 µM). This may 

serve as preliminary speculation that also bulky substituent attached to the 2-

aminothiazole could improve the activity towards SAT. The inhibitory activity was lost 

when the phenyl moiety was introduced at the C-4 of the 2-aminothiazole (65, IC50 > 

100 µM). The replacement of the thiadiazole moiety with bulky groups, such as indole, 

benzo[b]thiophene, and 3,6-dichlorobenzo[b]thiophene, still led to compounds with a 

good activity towards the enzyme. However, as for the chlorine derivates, these 

derivatives resulted in being toxic, the only exception being represented by compound 

66, which showed an improvement in the cytotoxicity profile (66, IC50 = 17±5 µM, CC50 

= 87.73; 67, IC50 = 25±6 µM; CC50= 33.76; 68, IC50 = 4.8±0.9 µM, CC50<25). Further 

investigation will follow to understand whether indole derivatives linked to the 2-

amino-5-phenylthiazole ring could allow higher cellular viability.  
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Table 3: StSAT Inhibitory activity (IC50) and cytotoxicity toward THP-1 cells (CC50) of the 
second generation of compounds. 

Cpd Structure 
IC50 

(µM) 
Cytotoxicity 

CC50 (µM) 
Cpd Structure 

IC50 

(µM) 
Cytotoxicity 

CC50 (µM) 

31 
 

>100 N/A 50 
 
 18* N/A 

32 
 

>100 N/A 51 
 

 15* >200 

33 
 

> 100 N/A 52 
 

 77* <25 

34 
 

> 100 N/A 53 
 
 50* <25 

35 
 

>100 N/A 54 
 

>100 <25 

36 
 

> 100 N/A 55 

 

 27* N/A 

37 
 

> 100 N/A 56 
 

 43* <25 

38 
 

> 100 N/A 57 

 

>100 N/A 

39 
 

>100 N/A 58 
 

70 ± 9 N/A 

40 
 

>100 >200 59 
 

>100 N/A 

41 
 

>100 N/A 60 
 

53 ± 1 N/A 

42 
 

>100 N/A 61 
 

>100 N/A 

43 
 

> 100 N/A 62 
 

22 ± 3 26.3 

44 
 

13±4 <25 63 
 

19* <25 

45 
 

65 ± 9 >200 64 
 

67* <25 

46 

 

N.D.*
* 

144.5 65 
 

>100 N/A 

47 

 

> 100 <25 66 
 

17±5 87.73 
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48 
 

 14* <25 67 
 

25 ± 6 33.76 

49 

 

 42* 39.76 68 
 

4.8± 
0.9 

<25 

* low-solubility compounds. The IC50 was calculated in a limited concentration range (usually 

highest tested concentration lower than or equal to IC50), and for this reason, only an estimate 

is given.  

** the activity was concentration-independent in the range 10 nM and 25 µM.  

 

3.2.4. Chemistry 

The final compounds were obtained through standard amide coupling reaction, starting 

from the appropriate amine and the carboxylic acids, suitably activated with 1,1'-

carbonyldiimidazole (CDI) (Scheme 1). When it was impossible to obtain the desired 

compounds via this method, TBTU and EDC were used as the coupling agents, whereas 

the conversion of the acids to the corresponding acyl chlorides and the subsequent 

reaction with the 2-amino-5-chlorothiazole allowed the isolation of 62 and 63, even if 

in a low yield, likely due to the poor reactivity of the 2-amino-5-chlorothiazole.  

 

Scheme 1.a,b 

 

 

 

Scheme 1 a Reagents and conditions: a) TBTU, EDC, DIPEA, DMAP, DMF dry, rt, 67-5%; b) CDI, 

DMF dry, rt, on; c) 1) (COCl)2, DMF dry, DCM dry, N2 atm, rt, 4 h; 2) Pyridine, DCM dry, 50 °C, 15 

h, 12%. b For complete structures, see Table 2 and Table 3.  
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Thiophene derivatives with an aromatic substituent at C-4 and benzothiophene with an 

aromatic substituent at C-6 were synthesized via Suzuki-Miyaura cross-coupling 

reaction using XPhos Pd G2 as a catalyst (Scheme 2).  

 

Scheme 2.a,b 

 

 

 

Scheme 2. aReagents and conditions: a) CH3I, K2CO3, DMF, rt, 15 h, 70%; b) 1) K3PO4, THF/H2O, 

N2 atm, 10 min, 2) XPHOS PdG2, 70 °C, 90 min, 93-47%; c) LiOH, THF/H2O/MeOH 3:1:1, r.t, 1-5 

h, 100-74%; d) 1) CDI, DMF dry, N2 atm, rt, 1 h, 2) amine, 70 °C, on, 71-12%. bFor complete 

structures, see Table 2 and Table 3. 

 

The majority of the carboxylic acids were commercially available, or in some cases, the 

methyl esters were purchased and then hydrolyzed, utilizing LiOH in THF/MeOH/H2O.  

All the amines used were purchased, except for the 2-amino-5-phenylthiazole (70V), 

synthesized in two steps starting from phenylacetaldehyde, which was first alpha-

brominated, and then reacted with thiourea according to the Hantzsch protocol 

(Scheme 3).  
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Scheme 3.a 

 

 

 

Scheme 3.aReagents and conditions: a) Br2, DCM, r.t; b) EtOH, reflux, on, 20%. 

 

 

Compound 30 was synthesized via an addition reaction between the 2-amino-5-

nitrothiazole and an appropriate isocyanate under an inert atmosphere, using 

triethylamine as the base and toluene as solvent. Nevertheless, as reported in Scheme 

3, a different protocol was used to obtain urea 29 and its derivatives 27 and 28. 2-amino-

5-nitrothiazole was first reacted with phenyl chloroformate to obtain the carbamate 

derivate 26, which was irradiated in a microwave reactor with the proper aliphatic 

amine. This procedure proved to be a versatile, rapid, and efficient protocol to obtain 

a variety of urea derivatives starting from the most common reagents.  

Compound 60 was obtained through an N-alkylation of 56, with iodomethane in the 

presence of sodium hydride in THF. 

The chemical structures of the synthesized compounds were confirmed on the basis of 

their NMR and mass spectra.  
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Scheme 4.a 

 

 

Scheme 4. aReagents and conditions: a) Phenyl chloroformate, pyridine, DCM dry, 90 min, rt; 86 

%; b) THF dry, MW (T: 150 °C, Power: 300 W, Time: 20 min, Pressure: 250 PSI); 80-10%; c) Ethyl 

chloroformiate, THF dry, 66 °C, 2h; 31%; d) Boc2O, DMAP, Et3N, THF dry, r.t, 4,5 h; 58%; Et3N, 

DCM dry, 0 °C - r.t, 15h; 33%. 

 

3.2.5. Conclusion  

The discovery of hit compound 1 as a promising SAT inhibitor prompted us to carry out 

a medicinal chemistry campaign to obtain molecules with improved biological 

properties. Two generations of compounds were synthesized and analyzed to define a 

preliminary SAR, considering both enzymatic inhibition and toxicity to THP-1 derived 

macrophages cells.  

In general, introducing bulky groups in the L side of the molecules was demonstrated 

to be particularly advantageous for the inhibitory effect of the molecules. Nevertheless, 

besides the good inhibitory activity shown by some compounds, all those bearing EWGs 

such as nitro or Cl at the C-5 of the 2-aminothiazole showed high toxicity in MTT assay, 

even at a concentration of 25 µM. As for the L side of the molecule, the introduction of 

bulky lipophilic substituents, like the phenyl at the C-5 of the 2-aminothiazole, on the 

other side, appears beneficial regarding the inhibitory activity. This information might 

lead to further explore the hindrance of the thiadiazole ring to improve the toxic profile 

of the molecule. Indeed, the indole moiety linked to the 2-amino-5-phenylthiazole (66) 

showed a better cytotoxic profile than the corresponding analogue with a 

benzo[b]thiophene core. Compounds with 2-amino-5-methylthiazole have shown 

 

Amine R 

80 i-Pr 

81 c-Pr 

82 H 
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borderline results, and, surprisingly, the most active compounds within the nitro series 

resulted inactive when the methyl is used in place of the NO2 moiety at C-5. 

Furthermore, unlike 40, that showed an excellent cytotoxicity profile, most of these 

derivates are toxic in the assays used. Only three compounds belonging to the methyl 

derivatives showed an acceptable toxicity profile (45, 46, 51) coupled to good inhibitory 

activity, resulting in the most promising compounds derived from this investigation. 

From these SAR data, It can be speculated that the combination of the methyl group at 

the C-5 of the thiazole and appropriate halogen groups on the benzo[b]thiophene or 4-

phenylthiophene ring in the L side of the molecule led to compounds with excellent 

cytotoxicity profiles, and as for compound 51, also an inhibitory activity 3-fold increase 

compared to the hit compound (45, IC50 = 65±9 µM, CC50 > 200 µM; 46, CC50 = 144.5; 51, 

IC50  15 µM, CC50 > 200).  

Considering the few SAT inhibitors reported in the literature and the growing interest 

in the research of potent inhibitors of such enzyme, the progress achieved in this work 

and the bulk of information collected might be exploited for the design and synthesis 

of drug-like SAT inhibitors, as it is currently ongoing in our lab.  

 

3.2.6. Experimental section 

3.2.6.2. Chemistry 

General procedure for the amidation reaction  

Method A: O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium tetrafluoroborate 

(TBTU) (1.00 eq) and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC HCl) (1.00 eq) were added to a solution of the carboxylic acid (1 eq) in dry DMF (4 

mL/mmol) under nitrogen atmosphere. The reaction mixture was stirred at room 

temperature for 15 minutes, then triethylamine (1.5 eq) and the amine (1.00 eq) were 

added. The mixture was stirred at the same temperature for 4-12 h. Then, the reaction 

mixture was extracted with EtOAc (3 X 20 mL), the organic layers were collected, 

washed with brine (2 X 50 mL), and dried over Na2SO4. After filtration, the volatiles were 

removed under vacuum, and the crude material was purified by flash column 

chromatography eluting with DCM/MeOH. Purification conditions, yields, and 

analytical data are reported below. 

Method B: Carbonyldiimidazole (CDI) (1.00 eq) was added to a solution of the proper 

carboxylic acid (1.00 eq) in dry DMF (2 mL/mmol) under N2 atmosphere. The reaction 
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mixture was left stirring for 1 h at room temperature, and then the amine (1.00 eq) was 

added. The reaction mixture was heated to 70 °C overnight. The reaction was quenched 

with water and extracted with EtOAc (3 X 20 mL). The organic layers were dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The crude was 

purified by flash column chromatography eluting with DCM/MeOH or with trituration. 

Purification conditions, yields, and analytical data are reported below. 

Method C: The proper carboxylic acid (1.00 eq) was suspended in anhydrous DCM (6 

mL/mmol), and anhydrous DMF (0.06 mL/mmol) under N2 atmosphere, and then oxalyl 

chloride (2 M solution in DCM, 2 eq) was added slowly to the stirred suspension. The 

reaction mixture was stirred at room temperature for 2 h. After this time, the solvent 

was evaporated under reduced pressure. The crude was re-dissolved in anhydrous 

DCM (5 mL/mmol). A suspension of 2-amino-5-chlorothiazole (1.00 eq) and pyridine 

(1.00 eq) in anhydrous DCM (1.2 mL/mmol) was added dropwise, and the reaction 

mixture was stirred at 50 °C overnight. The reaction was cooled to room temperature, 

and water was added and extracted with EtOAc (3 X 20 mL<<<). Organic layers were 

collected, dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure. The crude was purified by flash column chromatography (DCM/MeOH) to 

give the title compounds. Purification conditions, yields, and analytical data are 

reported below 

 

N-(5-nitrothiazol-2-yl)thiazole-2-carboxamide (2). 

  

The title compound was obtained as a yellow powder following the general method B 

(yield: 15%). Purification by flash column chromatography using Methanol/ 

Dichloromethane (0.6:99.4). 1H NMR (300 MHz, DMSO): 8.71 (s, 1H), 8.30 (d, J = 2.2 Hz, 

1H), 8.22 (d, J = 2.4 Hz, 1H). ). HPLC-ESI-MS analysis: calculated for C7H4N4O3S2: 255.97; 

found: 256.23 [M+H+]. 
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N-(5-nitrothiazol-2-yl)-1H-pyrrole-2-carboxamide (3). 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 10%). Purification by flash column chromatography using Petroleum 

Ether/EtOAc (from 85:15 to 70:30). 1H NMR (400 MHz, DMSO): 13.17 (s, 1H), 12.13 (s, 

1H), 8.66 (s, 1H), 7.42 (ddd, J = 3.7, 2.4, 1.4 Hz, 1H), 7.17 (td, J = 2.8, 1.5 Hz, 1H), 6.25 

(dt, J = 4.5, 2.3 Hz, 1H). HPLC-ESI-MS analysis: calculated for C8H6N4O3S: 238.02; found: 

239.13 [M+H+]. 

N-(5-nitrothiazol-2-yl)oxazole-5-carboxamide (4). 

  

Oxazole-5-carboxylic acid was activated with HATU instead of CDI or TBTU/EDC. 

Purification by flash column chromatography using DCM/MeOH (99.5:0.5) afforded the 

product as a light orange powder in 15% yield. 1H NMR (300 MHz, DMSO): 8.78 (s, 1H), 

8.71 (s, 1H), 8.30 (s, 1H). HPLC-ESI-MS analysis: calculated for C7H4N4O4S: 239.99; found: 

241.00 [M+H+]. 

N-(5-nitrothiazol-2-yl)benzamide (5) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 54%). Purification by flash chromatography eluting with DCM/MeOH 98:2. 1H 

NMR (300 MHz, DMSO-d6): δ 13.59 (s, 1H); 8.71 (s, 1H); 8.14-8.11 (m, 2H); 7.70 (t, J = 9 

Hz, 1H); 7.61 (t, J = 6 Hz, 1H). HPLC-ESI-MS analysis: calculated for C10H7N3O3S: 249.02; 

found: 250.02 [M+H+].  
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N-(5-nitrothiazol-2-yl)picolinamide (6) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 22%). Purification by flash chromatography eluting with DCM/MeOH 98:2. 1H 

NMR (400 MHz, DMSO-d6): δ 13.42 (s, 1H); 8.82-8.81 (m, 1H); 8.73 (s, 1H); 8.23 (d, J = 

7.7 Hz, 1H); 8.15 (t, J = 7.2 Hz, 1H); 7.83-7.73 (m, 1H). HPLC-ESI-MS analysis: calculated 

for C9H6N4O3S: 250.02; found: 251.04 [M+H+]. 

N-(5-nitrothiazol-2-yl)benzo[b]thiophene-2-carboxamide (7) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 52%). Purification by flash chromatography eluting with DCM/MeOH 95:5. 1H 

NMR (300 MHz, DMSO-d6): δ 8.73 (s, 1H); 8.66 (s, 1H); 8.13-8.04 (m, 2H); 7.59-7.48 (m, 

2H). HPLC-ESI-MS analysis: calculated for C12H7N3O3S2: 304.99; found: 306.20 [M+H+]. 

N-(5-nitrothiazol-2-yl)-4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxamide (8) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 16%). Purification by flash chromatography eluting with Petroleum Ether/EtOAc 

from 8:2 to 7:3. 1H NMR (400 MHz, DMSO-d6): δ 13.56 (s, 1H) 8.87 (s, 1H); 8.00 (s, 1H); 

2.80 (m, 2H); 2.61 (m, 2H); 1.79-176 (m, 4H). 13C NMR (100.6 MHz, DMSO): 161.2; 146.1; 

143.2; 137.4; 132.1; 25.04; 23.0; 22.5. HPLC-ESI-MS analysis: calculated for 

C12H11N3O3S2: 309.02; found: 310.13 [M+H+]. 
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N-(5-nitrothiazol-2-yl)-1H-indole-2-carboxamide (9) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 31%). Purification by flash chromatography eluting with DCM/MeOH 99:1. 1H 

NMR (300 MHz, DMSO-d6): δ 13.66 (bs, 1H); 12.10 (s, 1H); 8.72 (s, 1H); 7.77-7.70 (m, 

2H); 7.51 (d, J = 9 Hz, 1H); 7.31 (t, J = 6 Hz, 1H); 7.11 (t, J = 9 Hz, 1H). HPLC-ESI-MS 

analysis: calculated for C12H8N4O3S: 288.03; found: 288.18 [M+H+]. 

N-(5-nitrothiazol-2-yl)-1H-benzo[d]imidazole-5-carboxamide (10) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 5%). Purification by flash chromatography eluting with DCM/MeOH from 95:5 to 

85:15. 1H NMR (300 MHz, DMSO-d6): δ 8.72 (s, 1H); 8.54 (s, 1H); 8.45 (s, 1H); 8.00 (dd, 

J1 = 9, J2 = 3 Hz, 1H); 7.74 (d, J = 9 Hz, 1H). HPLC-ESI-MS analysis: calculated for 

C11H7N5O3S: 289.03; found: 288.18 [M+H+]. 

N-(5-nitrothiazol-2-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (11) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 16%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 

to 95:5. 1H NMR (400 MHz, DMSO-d6): δ 16.16 (bs, 1H) 13.74 (s, 1H); 8.94 (s, 1H); 8.74 

(s, 1H); 8.17-7.98 (m, 2H). HPLC-ESI-MS analysis: calculated for C10H6N6O3S: 290.02; 

found: 291.14 [M+H+]. 
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3-methyl-N-(5-nitrothiazol-2-yl)benzo[b]thiophene-2-carboxamide (12) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 24%). Purification by flash chromatography eluting with 100% DCM. 1H NMR 

(400 MHz, DMSO-d6): δ 12.85 (bs, 1H); 8.79 (s, 1H); 8.08 (d, J = 7.72 Hz, 1H); 8.00 (d, J = 

7.12 Hz, 1H); 7.57-7.54 (m, 2H); 2.51 (s, 3H). HPLC-ESI-MS analysis: calculated for 

C13H9N3O3S2: 319.00; found: 320.26 [M+H+]. 

3-chloro-6-fluoro-N-(5-nitrothiazol-2-yl)benzo[b]thiophene-2-carboxamide (13) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 12%). Purification by flash chromatography eluting with 100 % DCM/MeOH. 1H 

NMR (400 MHz, DMSO-d6): δ 8.13 (d, J = 8 Hz, 1H); 8.03-7.99 (m, 1H); 7.59 (d, J = 8.4 Hz, 

1H); 7.54-7.49 (m, 1H). HPLC-ESI-MS analysis: calculated for C12H5ClFN3O3S2: 356.94; 

found: 358.02 [M+H+]. 

3,6-dichloro-N-(5-nitrothiazol-2-yl)benzo[b]thiophene-2-carboxamide (14) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 23%). Purification by flash chromatography eluting with 100% DCM. 1H NMR 

(400 MHz, DMSO-d6): δ 13.11 (bs, 1H); 8.86 (s, 1H); 8.37 (d, J = 1.6 Hz, 1H); 7.97 (d, J = 

8.7 Hz, 1H); 7.64 (dd, J1 = 8.7, J2 = 1.8, 1H). HPLC-ESI-MS analysis: calculated for 

C12H5Cl2N3O3S2: 372.91; found: 374.54 [M+H+].  
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3-chloro-6-methyl-N-(5-nitrothiazol-2-yl)benzo[b]thiophene-2-carboxamide (15) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 53%). Purification by flash chromatography eluting with 100% DCM. 1H NMR 

(400 MHz, DMSO-d6): δ 8.82 (s, 1H); 7.95 (s, 1H); 7.87 (d, J = 8.4 Hz, 1H); 7.46 (d, J = 8 

Hz, 1H); 2.50 (s, 3H). HPLC-ESI-MS analysis: calculated for C13H8ClN3O3S2: 352.97; found: 

354.04 [M+H+]. 

6-(3-fluoro-5-hydroxyphenyl)-N-(5-nitrothiazol-2-yl)benzo[b]thiophene-2-

carboxamide (16) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 41%). Purification by flash chromatography eluting with DCM/MeOH 99:1. 1H 

NMR (400 MHz, DMSO-d6): δ 14.01 (bs, 1H); 10.11 (s, 1H); 8.73 (s, 1H); 8.61 (s, 1H); 8.41 

(s, 1H); 8.11 (d, J = 8.5 Hz, 1H); 7.76 (dd, J1 = 8.5, J2 = 1.4, 1H); 7.07-7.02 (m, 2H); 6.68-

6.58 (m, 1H). HPLC-ESI-MS analysis: calculated for C18H10FN3O4S2: 415.01; found: 416.14 

[M+H+]. 

6-(4-fluorophenyl)-N-(5-nitrothiazol-2-yl)benzo[b]thiophene-2-carboxamide (17) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 45%). Purification by flash chromatography eluting with 100% DCM. 1H NMR 

(400 MHz, DMSO-d6): δ 14.00 (bs, 1H); 8.73 (s, 1H); 8.65 (s, 1H); 8.54 (s, 1H); 8.18 (d, J 
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= 8.4 Hz, 1H); 8.03 (d, J = 8 Hz, 2H); 7.89-7.86 (m, 3H). HPLC-ESI-MS analysis: calculated 

for C19H10F3N3O3S2: 449.01; found: 450.53 [M+H+]. 

6-(4-fluorophenyl)-N-(5-nitrothiazol-2-yl)benzo[b]thiophene-2-carboxamide (18) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 24%). Purification by flash chromatography eluting 100% DCM. 1H NMR (400 

MHz, DMSO-d6): δ 13.97 (s,1H); 8.69(s, 1H); 8.52 (s, 1H); 8.40 (s, 1H); 8.10 (d, J = 8.4 Hz, 

1H); 7.87-7.84 (m, 2H); 7.78 (d, J = 8.5 Hz, 1H); 7.37-7.32 (m, 2H). HPLC-ESI-MS analysis: 

calculated for C18H10FN3O3S2: 399.01; found: 400.37 [M+H+]. 

N-(5-nitrothiazol-2-yl)-6-phenylbenzo[b]thiophene-2-carboxamide (19) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 44%). Purification by flash chromatography eluting 100% DCM. 1H NMR (400 

MHz, DMSO-d6): δ 14.03 (s, 1H); 8.74 (s, 1H); 8.66 (s, 1H); 8.45 (s, 1H); 8.13 (d, J = 8.5 

Hz, 1H); 7.86–7.78 (m, 3H); 7.52 (t, J = 7.6 Hz, 2H); 7.43 (t, J = 7.2, 1H). HR-MS analysis: 

calculated for C18H11N3O3S2: 381.02; found: 382.26 [M+H+]. 

4-(3-fluoro-5-hydroxyphenyl)-N-(5-nitrothiazol-2-yl)thiophene-2-carboxamide (20) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 18%). Purification by flash chromatography eluting with DCM/MeOH 99:1. 1H 

NMR (600 MHz, DMSO-d6): δ 13.67 (s,1H); 10.12 (s, 1H); 8.71 (s, 1H); 8.39 (s, 1H); 7.00–
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6.96 (m, 3H); 6.58-6.56 (m, 1H). HPLC-ESI-MS analysis: calculated for C14H8FN3O4S2: 

364.99; found: 366.21 [M+H+]. 

N-(5-nitrothiazol-2-yl)-4-(4-(trifluoromethyl)phenyl)thiophene-2-carboxamide (21) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 24%). Purification by flash chromatography eluting with 100% DCM. 1H NMR 

(600 MHz, DMS 

O-d6): δ 13.73 (s,1H); 8.86 (s, 1H); 8.73 (s, 1H); 8.59 (s, 1H); 7.96 (d, J = 8.2 Hz, 2H); 7.87 

(d, J = 8.3 Hz, 2H); 2.35 (s, 3H). HPLC-ESI-MS analysis: calculated for C15H8F3N3O3S2: 

398.99; found: 400.18 [M+H+]. 

N-(5-nitrothiazol-2-yl)-4-(3-(trifluoromethyl)phenyl)thiophene-2-carboxamide (22) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 20%). Purification by flash chromatography eluting 100% DCM. 1H NMR (400 

MHz, DMSO-d6): δ 13.68 (s, 1H); 8.86 (s, 1H); 8.73 (s, 1H); 8.60 (s, 1H); 8.07-8.05 (m, 

2H); 7.74 (m, 2H). HPLC-ESI-MS analysis: calculated for C15H8F3N3O3S2: 398.995; found: 

400.18 [M+H+]. 

4-(4-fluorophenyl)-N-(5-nitrothiazol-2-yl)thiophene-2-carboxamide (23) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 40%). Purification by flash chromatography eluting with 100% DCM. 1H NMR 

(400 MHz, DMSO-d6): δ 13.66 (s, 1H); 8.77 (s, 1H); 8.73 (s, 1H); 8.38 (s, 1H); 7.78 (m, 
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2H); 7.34 (t, J = 8.8 Hz, 1H). HPLC-ESI-MS analysis: calculated for C14H8FN3O3S2: 348.99; 

found: 350.26 [M+H+]. 

N-(benzo[d]thiazol-2-yl)-1,2,3-thiadiazole-4-carboxamide (31) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 55%). Purification by flash chromatography eluting with DCM/MeOH 98:2. 1H 

NMR (300 MHz, DMSO-d6): δ 10.03 (s, 1H); 8.54 (s, 1H); 8.06 (d, J = 9 Hz, 1H); 7.83 (d, J 

= 9 Hz, 1H); 7.52-7.47 (m, 1H); 7.40-7.35 (m, 1H). HPLC-ESI-MS analysis: calculated for 

C10H6N4OS2: 261.999; found: 263.21 [M+H+]. 

N-(thiazolo[4,5-b]pyridin-2-yl)-1,2,3-thiadiazole-4-carboxamide (32) 

 

The title compound was obtained as a pink powder following the general method B 

(yield: 3%). Purification by flash chromatography eluting with DCM/MeOH 98:2. 1H 

NMR (300 MHz, DMSO-d6): δ 10.06 (s, 1H); 8.54 (dd, J1 = 6, J2=3 Hz, 1H); 8.21 (dd, J1 = 6, 

J2 = 3 Hz, 1H); 7.57-7.52 (m, 1H). HPLC-ESI-MS analysis: calculated for C9H5N5OS2: 

262.999; found: 264.03 [M+H+]. 

N-(pyridin-4-yl)-1,2,3-thiadiazole-4-carboxamide (33) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 67%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 

to 98:2. 1H NMR (300 MHz, DMSO-d6): δ 11.32 (s, 1H); 9.90 (s, 1H); 8.54-8.51 (dd, J1 = 3, 

J2 = 6 Hz, 2H); 7.92-7.89 (dd, J1 = 3, J2 = 6 Hz, 2H). 13C NMR (100.6 MHz, DMSO-d6): δ 
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158.7; 157.4; 150.9; 145.7; 144.3; 114.8. HPLC-ESI-MS analysis: calculated for 

C8H6N4OS: 206.03; found: 207.23 [M+H+]. 

N-(pyridin-3-yl)-1,2,3-thiadiazole-4-carboxamide (34) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 30%). Purification by flash chromatography eluting with DCM/MeOH from 

99.5:0.5 to 98:2. 1H NMR (400 MHz, DMSO-d6): δ 11.21 (s, 1H); 9.89 (s, 1H); 9.05 (s, 1H); 

8.37-8.27 (m, 2H); 7.45-7.42 (m, 1H). 13C NMR (100.6 MHz, DMSO-d6): δ 158.2; 157.6; 

145.6; 143.9; 142.9; 135.5; 128.3; 124.1. HPLC-ESI-MS analysis: calculated for 

C8H6N4OS: 206.03; found: 207.23 [M+H+].  

N-(pyridin-4-yl)-1H-indole-2-carboxamide (35) 

 

The title compound was obtained as a slightly yellow powder following the general 

method A (yield: 58%). Purification by flash chromatography eluting with DCM/MeOH 

98:2. 1H NMR (300 MHz, DMSO-d6): δ 11.87 (s, 1H); 10.55 (m, 1H); 8.50 (d, J = 6 Hz, 2H); 

7.83-7.81 (m, 2H); 7.72-7.70 (d, J = 6 Hz, 1H); 7.50-7.45 (m, 2H); 7.26 (t, J = 6 Hz, 1H); 

7.09 (t, J = 6 Hz, 1H). 13C NMR (100.6 MHz, DMSO-d6): δ 160.94; 150.82; 146.24; 137.60; 

131.16; 127.35; 124.76; 122.46; 120.59; 114.24; 112.95; 105.42. HPLC-ESI-MS analysis: 

calculated for C14H11N3O: 237.09; found: 238.25 [M+H+]. 

N-(pyridin-3-yl)-1H-indole-2-carboxamide (36) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 46%). Purification by flash chromatography eluting with DCM/MeOH from 
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99.5:0.5 to 98:2. 1H NMR (300 MHz, DMSO-d6): δ 10.48 (s, 1H); 8.31 (d, J = 6 Hz, 1H); 

8.22 (d, J = 9 Hz, 1H); 7.70 (d, J = 9 Hz, 2H); 7.50-7.40 (m, 4H); 7.24 (t, J = 9 Hz, 1H); 7.08 

(t, J = 9 Hz, 1H). 13C NMR (100.6 MHz, DMSO-d6): δ 160.6; 144.9; 142.1; 137.4; 136.1; 

131.3; 127.8; 127.4; 124.6; 124.2; 122.3; 120.6; 112.9; 104.9. HPLC-ESI-MS analysis: 

calculated for C14H11N3O: 237.09; found: 238.18 [M+H+]. 

N-(pyridazin-4-yl)-1H-indole-2-carboxamide (37) 

 

The title compound was obtained as a slightly yellow powder following the general 

method A (yield: 46%). Purification by flash chromatography eluting with DCM/MeOH 

from 99.5:0.5 to 98:2. 1H NMR (400 MHz, DMSO-d6): δ 11.95 (s, 1H); 10.79 (s, 1H); 9.57 

(s, 1H): 9.10 (d, J = 5.8 Hz, 1H); 8.14 (d, J = 3.3 Hz, 1H); 7.74 (d, J = 8.1 Hz, 1H); 7.63-7.42 

(m, 2H); 7.28 (t, J = 7.6 Hz, 1H); 7.11 (t, J = 7.4 Hz, 1H). 13C NMR (100.6 MHz, DMSO-d6): 

δ 160.6; 144.9; 142.1; 137.4; 136.1; 131.3; 127.8; 127.4; 124.6; 124.2; 122.3; 120.6; 

112.9; 104.9. HPLC-ESI-MS analysis: calculated for C13H10N4O: 238.09; found: 239.19 

[M+H+]. 

N-(thiazol-2-yl)-1,2,3-thiadiazole-4-carboxamide (38) 

 

The title compound was obtained as a white powder following the general method B 

(yield: 49%). Purification by flash chromatography eluting with DCM/MeOH 99.9:0.1. 
1H NMR (300 MHz, DMSO-d6): δ 13.05 (s, 1H); 9.99 (s, 1H); 7.61 (d, J = 3 Hz, 1H); 7.37 

(d, J = 3 Hz, 1H). HPLC-ESI-MS analysis: calculated for C6H4N4OS2: 211.98; found: 213.15 

[M+H+]. 

N-(thiazol-2-yl)-1H-indole-2-carboxamide (39) 
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The title compound was obtained as a white powder following the general method B 

(yield: 15%). Purification by flash chromatography eluting with Petroleum Ether/EtOAc 

from 9:1 to 6:4. 1H NMR (400 MHz, DMSO-d6): δ 12.71 (bs, 1H); 11.91 (s, 1H); 7.70-7.65 

(m, 2H); 7.58 (d, J = 3.5 Hz, 1H); 7.48 (d, J = 8.2 Hz, 1H); 7.30-7-25 (m, 2H); 7.09 (t, J = 

7.4 Hz, 1H). HPLC-ESI-MS analysis: calculated for C12H9N3OS: 243.05; found: 244.18 

[M+H+]. 

N-(5-methylthiazol-2-yl)-1,2,3-thiadiazole-4-carboxamide (40) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 16%). Purification by flash chromatography eluting with DCM/MeOH 99:1. 1H 

NMR (300 MHz, DMSO-d6): δ 9.85 (s, 1H); 7.23 (s, 1H); 8.45 (s, 1H); 2.37 (s, 1H). HPLC-

ESI-MS analysis: calculated for C7H6N4OS2: 225.998; found: 227.15 [M+H+]. 

N-(5-methylthiazol-2-yl)benzo[b]thiophene-2-carboxamide (41) 

 

The title compound was obtained as a white powder following the general method B 

(yield: 20%). Purification by flash chromatography eluting with DCM/MeOH 99:1 to 

95:5.1H NMR (400 MHz, DMSO-d6): δ 12.85 (s, 1H); 8.49 (s, 1H); 8.08 (d, J = 8 Hz, 1H); 

8.00 (d, J = 7.6 Hz, 1H); 7.53-7.45 (m, 2H); 7.24 (s, 1H); 2.38 (s, 3H). HPLC-ESI-MS 

analysis: calculated for C13H10N2OS2: 274.02; found: 275.25 [M+H+]. 

3-methyl-N-(5-methylthiazol-2-yl)benzo[b]thiophene-2-carboxamide (42) 

 

The title compound was obtained as a slightly yellow powder following the general 

method B (yield: 21%). Purification by flash chromatography eluting with 100% 

DCM/MeOH. 1H NMR (400 MHz, DMSO-d6): δ 12.67 (s, 1H); 7.99 (d, J = 6.8 Hz, 1H); 7.92 
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(d, J = 7.2 Hz, 1H); 7.50-7.47 (m, 2H); 7.20 (s, 1H); 2.76 (s, 3H); 2.34 (s, 3H). HPLC-ESI-

MS analysis: calculated for: C14H12N2OS2: 288.04; found: 289.12 [M+H+]. 

3-chloro-6-fluoro-N-(5-methylthiazol-2-yl)benzo[b]thiophene-2-carboxamide (43) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 18%). Purification by flash chromatography eluting with DCM/EtOAc from 8:2 to 

7:2. 1H NMR (400 MHz, DMSO-d6): δ 10.33 (s, 1H); 7.93-7.90 (m, 1H); 7.59 (d, J = 8.4 Hz, 

1H); 7.33-7.29 (m, 1H); 7.18 (s, 1H); 2.45 (s, 3H). HPLC-ESI-MS analysis: calculated for 

C13H8ClFN2OS2: 325.98; found: 327.13 [M+H+]. 

3,6-dichloro-N-(5-methylthiazol-2-yl)benzo[b]thiophene-2-carboxamide (44) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 40%). Purification by flash chromatography eluting with DCM/MeOH 99:1. 1H 

NMR (400 MHz, DMSO-d6): 12.99 (bs, 1H); 8.29 (d, J=1.6, 1H); 7.91 (d, J=8.7, 1H); 7.61 

(dd, J1 = 8.7, J2 = 1.9 Hz, 1H); 7.24 (d, J = 1.6 Hz, 1H); 2.33 (s, 3H). HPLC-ESI-MS analysis: 

calculated for C13H8Cl2N2OS2: 341.95; found: 343.08 [M+H+]. 

3-chloro-N-(5-methylthiazol-2-yl)benzo[b]thiophene-2-carboxamide (45) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 21%). Purification by flash chromatography eluting with Petroleum Ether/EtOAc 

from 8:2 to 6:4. 1H NMR (600 MHz, DMSO-d6): δ 12.88 (bs, 1H); 8.08 (d, J = 7.0 Hz, 1H); 

7.92 (m, 1H); 7.62-7.55 (m, 2H); 7.22 (d, J = 1.3 Hz, 1H); 2.32 (s, 3H). HPLC-ESI-MS 

analysis: calculated for C13H9ClN2OS2: 307.98; found: 309.10 [M+H+]. 
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N-(5-methylthiazol-2-yl)-6-(4-(trifluoromethyl)phenyl)benzo[b]thiophene-2-

carboxamide (46) 

 

The title compound was obtained as a white powder following the general method B 

(yield: 66%). Purification by trituration with MeOH. 1H NMR (600 MHz, DMSO): δ 12.86 

(s, 1H); 8.49 (s, 1H); 8.11 (d, J = 8.4 Hz; 2H); 8.02 (d, J = 8.1 Hz, 2H); 7.86-7-83 (m, 3H); 

7.25 (s, 1H); 2.37 (s, 3H). HR-MS analysis: calculated for C20H13F3N2OS2: 418.04; found: 

419.19 [M+H+]. 

6-(3-fluoro-5-hydroxyphenyl)-N-(5-methylthiazol-2-yl)benzo[b]thiophene-2-

carboxamide (47) 

 

The title compound was obtained as a pale brown powder following the general 

method B (yield: 71%). Purification by trituration with DCM and Diethyl Ether. 1H NMR 

(400 MHz, DMSO-d6): δ 10.16 (bs, 1H); 8.50 (s, 1H); 8.37 (s, 1H); 8.05 (d, J = 8.4 Hz, 1H); 

7.73 (d, J1 = 8.4; J2 = 1.4 Hz, 1H); 7.26 (s, 1H); 7.07–7.02(m, 2H); 6.63 (dt, J1 = 10.7; J2 = 

2.0 Hz, 1H); 2.38 (s, 3H). HPLC-ESI-MS analysis: calculated for C19H13FN2O2S2: 384.04; 

found: 385.31 [M+H+]. 

N-(5-methylthiazol-2-yl)-6-phenylbenzo[b]thiophene-2-carboxamide (48) 

 

The title compound was obtained as a slightly yellow powder following the general 

method B (yield: 64%). Purification by flash chromatography eluting with DCM/MeOH 
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99:1. 1H NMR (600 MHz, DMSO-d6): δ 12.84 (s, 1H); 8.39 (s, 1H); 8.06-(d, J = 8.0 Hz, 1H); 

7.80-7.79 (m, 3H); 7.51 (m, 2H); 7.41 (t, J = 7.3 Hz, 1H); 7.24 (s, 1H); 2.38 (s, 3H). HPLC-

ESI-MS analysis: calculated for C19H14N2OS2: 350.45; found: 351.14 [M+H+]. 

5-methylthiazol-2-yl 6-(4-fluorophenyl)benzo[b]thiophene-2-carboxylate (49) 

 

The title compound was obtained as a white yellow powder following the general 

method B (yield: 22%). Purification by flash chromatography eluting with DCM/MeOH 

99:1. 1H NMR (600 MHz, DMSO-d6): δ 12.88 (s,1H); 8.48 (s, 1H); 8.37 (s, 1H); 8.05 (d, J 

= 8.5 Hz, 1H); 7.88–7.81 (m, 2H); 7.76 (dd, J1 = 8.3, J2 = 1.3 Hz, 1H); 7.35-7-32 (m, 2H); 

7.23 (s, 1H); 2.37 (s, 3H). HPLC-ESI-MS analysis: calculated for C19H13FN2OS2: 368.06; 

found: 369.17 [M+H+]. 

N-(5-methylthiazol-2-yl)-6-(3-(trifluoromethyl)phenyl)benzo[b]thiophene-2-

carboxamide (50) 

 

The title compound was obtained as a slightly yellow powder following the general 

method B (yield: 18%). Purification by flash chromatography eluting with DCM/MeOH 

99:1. 1H NMR (400 MHz, DMSO-d6): δ 12.86 (s, 1H); 8.53-8.51 (m, 2H); 8.19-8.06 (m, 

3H); 7.88 (d, J = 8.4 Hz, 1H); 7.82–7.71 (m, 2H); 7.25 (s, 1H); 2.38 (s, 3H). HPLC-ESI-MS 

analysis: calculated for C20H13F3N2OS2: 418.04; found: 419.21 [M+H+]. 

4-(4-fluorophenyl)-N-(5-methylthiazol-2-yl)thiophene-2-carboxamide (51) 
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The title compound was obtained as a white powder following the general method B 

(yield: 62%). Purification by flash chromatography eluting with Petroleum Ether/EtOAc 

80:20. 1H NMR (300 MHz, DMSO-d6): δ 12.54 (bs, 1H);8.66 (s, 1H); 8.24 (s, 1H); 7.79-

7.75 (m, 2H); 7.35-7.29 (m, 2H); 7.23 s, 1H); 2.38 (s, 1H). HPLC-ESI-MS analysis: 

calculated for C15H11FN2OS2: 318.03; found: 319.19 [M+H+]. 

N-(5-methylthiazol-2-yl)-4-phenylthiophene-2-carboxamide (52) 

 

The title compound was obtained as a ligjt yellow powder following the general 

method B (yield: 68%). Purification by flash chromatography eluting with 100% DCM.1H 

NMR (600 MHz, CDCL3): δ 12.03 (s, 1H); 7.96 (m, 1H); 7.77 (m, 1H); 7.54-7.48 (m, 2H); 

7.43-7-36 (m, 2H); 7.33-7.30 (m, 1H); 6.99 (s, 1H); 2.32 (s, 3H). HPLC-ESI-MS analysis: 

calculated for C15H12N2OS2: 300.04; found: 301.10 [M+H+]. 

N-(5-methylthiazol-2-yl)-4-(4-(trifluoromethyl)phenyl)thiophene-2-carboxamide (53) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 50%). Purification by flash chromatography eluting with 100% DCM. 1H NMR 

(600 MHz, CDCL3): δ 11.69 (s, 1H); 7.99 (d, J = 1.5 Hz, 1H); 7.81 (d, J = 1.4, 1H); 7.66 (d, 

J = 8.2 Hz, 2H); 7.62 (d, J = 8.2 Hz, 2H); 7.01 (d, J = 1.2 Hz, 1H); 2.35 (s, 3H). HR-MS 

analysis: calculated for C16H11F3N2OS2: 368.03; found: 369.17 [M+H+]. 

N-(5-methylthiazol-2-yl)-4-(3-(trifluoromethyl)phenyl)thiophene-2-carboxamide (54) 
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The title compound was obtained as a white powder following the general method B 

(yield: 50%). Purification by flash chromatography eluting with Petroleum Ether/EtOAc 

80:20. 1H NMR (400 MHz, DMSO-d6): δ 12.53 (s, 1H); 8.78 (s, 1H); 8.48 (s, 1H); 8.07-8.05 

(m, 2H); 7.73-7.72 (m, 2H); 7.24 (s, 1H); 2.38 (s, 3H). HPLC-ESI-MS analysis: calculated 

for C16H11F3N2OS2: 368.02; found: 369.17 [M+H+]. 

4-(3-fluoro-5-hydroxyphenyl)-N-(5-methylthiazol-2-yl)thiophene-2-carboxamide (55) 

 

The title compound was obtained as a slightly yellow powder following the general 

method B (yield: 25%). Purification by flash chromatography eluting with DCM/MeOH 

99:1. 1H NMR (600 MHz, DMSO-d6): δ 12.50 (s, 1H); 10.10 (s, 1H); 8.65 (s, 1H); 8.26 (s, 

1H); 7.23 (s, 1H); 7.03-6.94 (m, 2H); 6.56-6.57 (dt, J1 = 10.7; J2 = 2.2 Hz; 2H); 2.37 (s, 3H). 

HPLC-ESI-MS analysis: calculated for C15H11FN2O2S2: 334.02; found: 335.14 [M+H+]. 

N-(5-methylthiazol-2-yl)-1H-indole-2-carboxamide (56) 

 

The title compound was obtained as a white powder following the general method B 

(yield: 24%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 

to 95:5.1H NMR (300 MHz, DMSO-d6): δ 12.50 (s, 1H); 11.89 (s, 1H); 7.68-7.62 (m, 2H); 

7.48 (d, J = 9 Hz, 1H); 7.27-7.23 (m, 2H); 7.10-7.05 (m, 1H); 2.39 (s, 3H). HPLC-ESI-MS 

analysis: calculated for C13H11N3OS: 257.06; found: 258.17 [M+H+]. 
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N-(5-methylthiazol-2-yl)-1H-benzo[d]imidazole-5-carboxamide (57) 

 

The title compound was obtained as a slightly yellow powder following the general 

method B (yield: 20%). Purification by flash chromatography eluting with DCM/MeOH 

from 99:1 to 95:5. 1H NMR (400 MHz, DMSO-d6): δ 12.88-12.77 (m, 1H); 12.37 (s, 1H); 

8.50-8.33 (m, 2H); 7.96 (t, J = 8.8 Hz, 1H); 7.76-7.63 (m, 1H); 7.22(s, 1H); 2.39 (s, 3H). 

HPLC-ESI-MS analysis: calculated for C12H10N4OS: 258.06; found: 259.24 [M+H+]. 

N-(5-methylthiazol-2-yl)-4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxamide (58) 

  

The title compound was obtained as a slightly yellow powder following the general 

method B (yield: 70%). Purification by flash chromatography eluting with DCM/MeOH 

99.5:0.5. 1H NMR (600 MHz, DMSO-d6): δ 12.33 (s, 1H); 7.86 (s, 1H); 7.18 (s, 1H); 2.76 

(t, J = 6.0 Hz, 2H); 2.58 (t, J = 6.0 Hz, 2H); 2.35 (s, 3H); 1.83-1.68 (m, 4H). HPLC-ESI-MS 

analysis: calculated for C13H14N2OS: 278.05; found: 279.290 [M+H+]. 

N-(5-methylthiazol-2-yl)benzofuran-2-carboxamide (59) 

 

The title compound was obtained as a slightly yellow powder following the general 

method B (yield: 31%). Purification by flash chromatography eluting with Petroleum 

Ether/EtOAc 8:2. 1H NMR (400 MHz, CDCL3): δ 11.85 (s, 1H); 7.75 (d, J = 7.6 Hz, 1H); 7.70 

(s, 1H); 7.50-7.49 (m, 1H); 7.37-7.36 (m, 1H); 7.28-7.26 (m, 1H); 2.49 (s, 3H). HPLC-ESI-

MS analysis: calculated for C13H10N2O2S: 258.05; found: 259.11 [M+H+]. 
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N-(5-chlorothiazol-2-yl)-1,2,3-thiadiazole-4-carboxamide (61) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 6%). Purification by flash chromatography eluting with DCM/MeOH 98:2. 1H 

NMR (400 MHz, DMSO-d6): δ 13.36 (s, 1H); 10.02 (s, 1H); 7.66 (s, 1H). HPLC-ESI-MS 

analysis: calculated for C6H3ClN4OS2: 245.94; found: 247.13 [M+H+]. 

N-(5-chlorothiazol-2-yl)-1H-indole-2-carboxamide (62) 

 

The title compound was obtained as a slightly yellow powder following the general 

method C (yield: 12%). Purification by flash column chromatography eluting with 

DCM/MeOH 99:1. 1H NMR (600 MHz, DMSO-d6): δ 12.93 (s, 1H); 11.94 (s, 1H); 7.68 (d, 

J = 8.0 Hz, 1H); 7.66 (s, 1H); 7.47 (t, J = 7.5 Hz, 1H); 7.27 (t, J = 7.5 Hz, 1H); 7.09 (t, J = 7.4 

Hz, 1H). HPLC-ESI-MS analysis: calculated for C12H8ClN3OS: 277.01; found: 278.28 

[M+H+]. 

N-(5-chlorothiazol-2-yl)benzo[b]thiophene-2-carboxamide (63) 

 

The title compound was obtained as a slightly yellow powder following the general 

method C (yield: 12%). Purification by flash chromatography eluting with 100% DCM 

and then DCM/MeOH 99:1. 1H NMR (400 MHz, CDCL3): δ 10.75 (s, 1H); 8.03 (s, 1H); 

7.96-7.92 (m, 2H); 7.54-7.49 (m, 2H); 7.27 (s, 1H). HPLC-ESI-MS analysis: calculated for 

C12H7ClN2OS2: 293.97; found: 295.05 [M+H+].  
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N-(5-phenylthiazol-2-yl)-1,2,3-thiadiazole-4-carboxamide (64) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 12%). Purification by flash chromatography eluting with DCM/MeOH 99.5:0.5. 
1H NMR (400 MHz, DMSO-d6): δ 13.16 (s, 1H); 10.01 (s, 1H); 8.02 (s, 1H); 7.69 (d, J = 7.2 

Hz, 2H); 7.46 (t, J = 7.2 Hz, 2H); 7.34 (t, J = 7.2 Hz, 1H). 13C NMR (100.6 MHz, DMSO): δ 

161.8; 158.9; 147.3; 144.1; 142.5; 131.8; 129.7; 128.3; 126.6; 126.3. HR-MS analysis: 

calculated for C12H8N4OS2: 288.01; found: 289.25 [M+H+]. 

N-(4-phenylthiazol-2-yl)-1,2,3-thiadiazole-4-carboxamide (65) 

 

The title compound was obtained as a white powder following the general method B 

(yield: 23%). Purification by flash chromatography eluting with DCM/MeOH 99.9:0.1. 
1H NMR (300 MHz, DMSO-d6): δ 10.06 (s, 1H); 7.97-7.94 (m, 2H); 7.76 (s, 1H); 7.46 (bt, 

J = 6 Hz, 2H); 7.34 (bt, J = 6 Hz, 1H). HPLC-ESI-MS analysis: calculated for C12H8N4OS2: 

288.01; found: 289.12 [M+H+]. 

N-(5-phenylthiazol-2-yl)-1H-indole-2-carboxamide (66) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 25%). Purification by trituration with DCM and Diethyl Ether. 1H NMR (400 MHz, 

DMSO-d6): δ 12.75 (s, 1H); 11.91 (s, 1H); 7.98 (s, 1H); 7.70-7.63 (m, 4H); 7.50-7-43 (m, 

3H); 7.35-7.26 (m, 2H); 7.10 (t, J = 7.6 Hz, 1H). HPLC-ESI-MS analysis: calculated for 

C18H13N3OS: 319.08; found: 320.26 [M+H+].  
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N-(5-phenylthiazol-2-yl)benzo[b]thiophene-2-carboxamide (67) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 30%). Purification by trituration with DCM. 1H NMR (600 MHz, DMSO-d6): δ 13.08 

(s, 1H); 8.53 (s, 1H); 8.05 (d, J = 7.9 Hz, 1H); 7.98 (d, J = 7.9 Hz, 1H); 7.96 (s, 1H); 7.62 

(dd, J1 = 8.2, J2 = 1.0 Hz, 2H); 7.52-7.47 (m, 1H); 7.46-7-43 (m, 1H); 7.41 (t, J = 7.8, 2H); 

7.29 (t, J = 7.4, 1H). HPLC-ESI-MS analysis: calculated for C18H12N2OS2: 336.04; found: 

337.34 [M+H+]. 

3,6-dichloro-N-(5-phenylthiazol-2-yl)benzo[b]thiophene-2-carboxamide (68) 

 

The title compound was obtained as a yellow powder following the general method B 

(yield: 30%). EtOAc and MeOH were added to the reaction mixture; after few minutes 

a precipitate occurred, and it was filtered off. 1H NMR (400 MHz, DMSO-d6): δ 13.36 

(bs, 1H); 8.31 (s, 1H); 8.02 (s, 1H); 7.94 (d, J = 8.7 Hz, 2H); 7.68 (d, J = 7.4 Hz, 2H); 7.62 

(dd, J1 = 8.7, J2 = 1.6 Hz, 1H); 7.46 (t, J = 7.6 Hz, 2H); 7.36 (t, J = 7.3 Hz, 1H). HPLC-ESI-MS 

analysis: calculated for C18H10Cl2N2OS2: 403.96; found: 405.09 [M+H+]. 

Synthetic procedure to obtain 1-methyl-N-(5-methylthiazol-2-yl)-1H-indole-2-

carboxamide (60) 

 

NaH (2.00 eq) was added to a well-stirred solution of 56 (20 mg, 1.00 eq) in THF at 0 °C. 

The reaction was left stirred ad room temperature for 1 h. After this time, the solution 

was cooled to 0 °C, and CH3I (2.00 eq) was added dropwise. The reaction mixture was 

stirred at room temperature until the complete consumption of the starting material. 
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Then it was cooled to 0 °C and quenched with NH4Cl, and extracted with EtOAc (3 X 10 

mL). The organic layers were collected, dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude was purified by flash column 

chromatography (Petroleum Ether/Ethyl Acetate from 7:3 to 5:5) to give the title 

compound as a yellow powder (yield: 70%). 1H NMR (600 MHz, DMSO-d6): δ 11.49 (s, 

1H); 7.61 (d, J = 8.0 Hz, 1H); 7.45 (d, J = 8.2 Hz, 1H); 7.25 (s, 1H); 7.8 (t, J = 7.9 Hz, 1H); 

7.14-7.11 (m, 1H); 7.02 (t, J = 7.5 Hz, 1H); 3.78 (s, 3H); 2.28 (s, 3H). HPLC-ESI-MS analysis: 

calculated for C14H13N3OS: 271.08; found: 272.23 [M+H+]. 

General procedure for the synthesis of urea derivatives  

Method A: In a microwave tube, carbamate 26 (1.00 eq) and the aliphatic amine (1.5 

eq) were dissolved in THF, and the reaction mixture was heated in a microwave reactor 

with the following parameters: 150 °C, 25 minutes, 300W, 250 psi, power max: off. At 

the end of the irradiation, water was added to the reaction mixture, and it was 

extracted with EtOAc (3 X 20 mL). The crude was purified by flash column 

chromatography (DCM/MeOH) to give the title compounds. Purification conditions, 

yields, and analytical data are reported below. 

Method B: To a cold solution (0 °C) of phenyl isocyanate (82 mg, 0.69 mmol) in 

anhydrous DCM (2.90 mL/mmol) under N2 atmosphere were added 5-nitro-

aminothiazole (100 mg, 0.69 mmol) and TEA (0.287 mL, 2.07 mmol). The reaction 

mixture was stirred at room temperature. After the complete consumption of the 

starting material, the reaction was poured into ice, and water was added. The aqueous 

phase was extracted with DCM (3 X 20 mL), and the organic layers were dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The crude 

material was purified by flash column chromatography. Purification conditions, yields, 

and analytical data are reported below. 

1-isopropyl-3-(5-nitrothiazol-2-yl)urea (27) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 80%). Purification by flash column chromatography eluting with DCM/MeOH 

99:1. 1H NMR (400 MHz, DMSO-d6): δ 11.29 (s, 1H); 8.50 (s, 1H); 6.71 (d, J = 6 Hz, 1H); 
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3.85-3.77 (m, 1H); 1.14 (d, J = 6.4 Hz, 6H). 13C NMR (100.6 MHz, DMSO-d6): δ 164.7; 

153.0; 144.0; 141.2; 42.4; 22.9. HR-MS analysis: calculated for C7H10N4O3S: 230.04; 

found: 231.18 [M+H+]. 

1-cyclopropyl-3-(5-nitrothiazol-2-yl)urea (28) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 48%). Purification by flash column chromatography eluting with 100% of DCM 

and then DCM/MeOH 99.5:0.5. 1H NMR (400 MHz, DMSO-d6): δ 11.43 (s, 1H); 8.51 (s, 

1H); 7.03 (s, 1H); 2.64-2.60 (m, 1H); 0.72-0.68 (m, 2H); 0.52-0.48 (m, 2 H). 13C NMR 

(100.6 MHz, DMSO-d6): δ 164.7; 154.9; 143.8; 141.3; 23.0; 6.7. HR-MS analysis: 

calculated for C7H8N4O3S: 228.03; found: 229.23 [M+H+]. 

1-(5-nitrothiazol-2-yl)urea (29) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 35%). 1st Irradiation cycle: 10 min, 150 °C; 2nd Irradiation cycle: 10 min, 150 °C. 

Purification by flash column chromatography eluting with Petroleum Ether/ EtOAc 6:4. 
1H NMR (400 MHz, DMSO-d6): δ 11.55 (s, 1H); 8.51 (s, 1H); 7.16 (bs, 2H). 13C NMR (100.6 

MHz, DMSO-d6): δ 164.7; 154.4; 143.7; 141.2. HPLC-ESI-MS analysis: calculated for 

C4H4N4O3S: 188.00; found: 189.19 [M+H+]. 

 

Synthetic procedure to obtain 1-(5-nitrothiazol-2-yl)-3-phenylurea (30) 

 

The title compound was obtained as an orange powder following the general method 

B (yield: 10%). Purification by flash column chromatography eluting with DCM/MeOH 
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98:2. 1H NMR (300 MHz, DMSO-d6): δ 9.26 (s, 1H); 8.55 (s, 1H); 7.53 (d, J = 9 Hz, 2H); 

7.37 (t, J = 9 Hz, 2H); 7.07 (t, J = 9 Hz, 1H). HPLC-ESI-MS analysis: calculated for 

C10H8N4O3S: 264.03; found: 265.04 [M+H+]. 

Ethyl (5-nitrothiazol-2-yl)carbamate (24)  

 

2-amino-5-nitrothiazole (70 I) (250 mg, 1.72 mmol) was dissolved in THF, and then Ethyl 

Chloroformate (202 mg, 1.86 mmol) was added. The reaction mixture was refluxed 

overnight. The solvent was evaporated under reduced pressure, and the crude was 

purified by flash column chromatography (Petroleum Ether/EtOAc from 85:15 to 80:20) 

to give the title compound as a white powder (yield: 31%). 1H NMR (400 MHz, DMSO-

d6): δ 12.85 (s, 1H); 8.56 (s, 1H); 4.29 (q, J = 7.1 Hz, 2H); 1.29 (t, J = 7.1 Hz, 3H). 13C NMR 

(100.6 MHz, CDCL3): δ 164.6; 152.9; 143.3; 140.1; 63.9; 14.4. HPLC-ESI-MS analysis: 

calculated for C6H7N3O4S: 217.02; found: 218.07 [M+H+]. 

 

Synthetic procedure to obtain Tert-butyl (5-nitrothiazol-2-yl)carbamate (25) 

 

2-amino-5-nitrothiazole (70 I) (500 mg, 3.44 mmol), DMAP (3.43 mg, 0,028 mmol), di-

tert-butyl dicarbonate (826 mg, 3.78 mmol), TEA (0.16 mL/mmol) were suspended in 

anhydrous THF (0.5 mL/mmol). The reaction mixture was stirred at room temperature 

overnight. Then, DCM was added, and the reaction mixture was washed with 0.1 N aq. 

HCl, and water. The organic layer was dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude was purified by flash column 

chromatography (Petroleum Ether/EtOAc 7:3) to give the title compound as an orange 

powder (yield: 58%). 1H NMR (400 MHz, DMSO-d6): δ 12.58 (bs, 1H); 8.53 (s, 1H); 1.56 

(s, 9H). 13C NMR (100.6 MHz, CDCL3): δ 164.8; 153.2; 143.8; 142.1; 83.7; 28.2. HR-MS 

analysis: calculated for C8H11N3O4S: 245.01; found: 246.11 [M+H+].  
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Synthetic procedure to obtain Phenyl (5-nitrothiazol-2-yl)carbamate (26) 

 

2-amino-5-nitrothiazole (70 I) (400 mg, 2.76 mmol) and pyridine (0.267 mL, 3.31 mmol) 

were dissolved in anhydrous DCM (1mL/mmol), and then phenyl chloroformate (518 

mg, 3.31) was added dropwise under N2 atmosphere at 0 °C. The reaction mixture was 

stirred at room temperature for 90 minutes.  

After the consumption of starting material, water was added to the reaction mixture, 

and it was extracted with EtOAc (3 X 20 mL). Organic layers were collected, dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The crude was 

purified by flash column chromatography (Petroleum Ether/EtOAc 8:2) to give the title 

compound as a yellow powder (yield: 52%). 1H NMR (400 MHz, DMSO-d6): δ 13.41 (s, 

1H); 8.63 (s, 1H); 7.48-7-.46 (m, 2H); 7.34-7.31 (m, 3H). 13C NMR (100.6 MHz, 

DMSO):164.64; 153.12; 150.31; 143.62; 142.76; 130.19; 126.96; 122.12. HR-MS 

analysis: calculated for C10H7N3O4S: 265.01; found: 266.11 [M+H+]. 

 

General procedure for the Suzuki-Miyaura Cross-Coupling Reaction 

To a solution of methyl 4-bromothiophene-2-carboxylate (72) or methyl 6-

bromobenzo[b]thiophene-2-carboxylate (73) (1.00 eq) in THF/H2O (3:1, 10 mL/mmol) 

were added the appropriate boronic acid or ester (1.5 eq) and potassium phosphate 

tribasic (2.00 eq). The mixture was stirred under a nitrogen atmosphere for 10 minutes. 

After this time, X-Phos Pd G2 (0.15 eq) was added, and the reaction mixture was stirred 

at 70 °C for 2 hours. After cooling to room temperature, the reaction mixture was 

filtered through a plug of celite. The filtrate was concentrated under reduced pressure, 

and the residue was extracted with EtOAc (3 X 20 mL), dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The crude was purified by flash 

column chromatography eluting with Petroleum Ether/EtOAc. Purification conditions, 

yields, and analytical data are reported in the supporting information.  
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Methyl 4-phenylthiophene-2-carboxylate (73 a) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

99:1 to 98:2 allowed the isolation of the product as a white powder (yield: 64%). 1H 

NMR (400 MHz, CDCL3): δ 8.11 (d, J = 1.5 HZ, 1H); 7.68 (d, J = 1.5 Hz, 1H); 7.61 (d, J = 7.3 

Hz, 2H); 7.44 (t, J = 7.6 Hz, 2H); 7.35 (d, J = 7.4 Hz, 1H); 3.84 (s, 3H). 

Methyl 4-(4-fluorophenyl)thiophene-2-carboxylate (73 b) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 99:1 

allowed the isolation of the product as a white powder (yield: 93%). 1H NMR (300 MHz, 

DMSO-d6): δ 8.26 (d, J = 1.8 Hz, 1H); 8.23 (d, J = 1.5 Hz, 1H); 7.86-7.82 (m, 2H); 7.29-7.24 

(m, 2H); 3.86 (s, 3H)., 

Methyl 4-(4-(trifluoromethyl)phenyl)thiophene-2-carboxylate (73 c) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 99:1 

allowed the isolation of the product (yield: 47%). 1H NMR (d00 MHz, DMSO-d6): δ 8.47 

(d, J = 1.8 Hz, 1H); 8.23 (d, J = 1.5 Hz, 1H); 7.86-7.82 (m, 2H); 7.29-7.24 (m, 2H); 3.86 (s, 

3H).  
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Methyl 4-(3-(trifluoromethyl)phenyl)thiophene-2-carboxylate (73 d) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 98:2 

allowed the isolation of the product (yield: 65%). 1H NMR (300 MHz, DMSO-d6): δ 8.49 

(d, J = 1.5 Hz, 1H); 8.39 (d, J = 1.5 Hz, 1H); 8.15-8.11 (m, 2H); 7.71-7.64 (m, 2H); 3.86 (s, 

3H). 

Methyl 4-(3-fluoro-5-hydroxyphenyl)thiophene-2-carboxylate (73 e) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 allowed the isolation of the product (yield: 78%). 1H NMR (300 MHz, DMSO-d6): 

δ 10.06 (s, 1H); 8.28 (d, J = 1.8 Hz, 1H); 8.16 (d, J = 1.5 Hz, 1H); 7.10-7.06 (m, 1H); 6.98-

6.97 (m, 1H); 6.57-6.53 (m, 1H); 3.85 (s, 3H). 

Methyl 6-phenylbenzo[b]thiophene-2-carboxylate (74 a) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 allowed the isolation of the product (yield: 57%). 1H NMR (600 MHz, DMSO-d6): 

δ 8.40 (s, 1H), 8.24 (s, 1H); 8.11 (d, J = 8.4 Hz, 1H); 7.81-7.78 (m, 3H); 7.51 (t, J = 7.6 Hz, 

2H); 7.41 (t, J = 7.4 Hz, 1H); 3.90 (s, 3H). 
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Methyl 6-(4-fluorophenyl)benzo[b]thiophene-2-carboxylate (74 b) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 allowed the isolation of the product (yield: 76%). 1H NMR (600 MHz, DMSO-d6): 

δ 8.39 (s, 1H); 8.24 (s, 1H); 8.10 (d, J = 8.5 Hz, 1H); 7.85-7.82 (m, 2H); 7.78 (dd, J1 = 8.4, 

J2 = 1.6 Hz, 1H); 7.36-7.32 (m, 2H); 3.90 (s, 3H). 

Methyl 6-(4-(trifluoromethyl)phenyl)benzo[b]thiophene-2-carboxylate (74 c) 

 

Purification by Combiflash® eluting with Petroleum Ether/EtOAc allowed the isolation 

of the product (yield: 87%). 1H NMR (400 MHz, DMSO-d6): δ 8.50 (s, 1H); 8.26 (s, 1H); 

8.16 (d, J = 8.4 Hz, 1H); 8.02 (d, J = 8 Hz, 2H); 7.87-7.7.85 (m, 3H); 3.91 (s, 3H). 

Methyl 6-(3-(trifluoromethyl)phenyl)benzo[b]thiophene-2-carboxylate (74 d) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

allowed the isolation of the product (yield: 78%). 1H NMR (600 MHz, DMSO-d6): δ 8.53(s, 

1H); 8.26 (s, 1H), 8.17-8.09 (m, 3H); 7.88 (d, J = 8.3 Hz, 1H); 7.78-7.73 (m, 2H); 7.54–

7.49 (m, 2H); 3.91 (s, 3H).  
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Methyl 6-(3-fluoro-5-hydroxyphenyl)benzo[b]thiophene-2-carboxylate (74 e) 

 

Purification by Combiflash® eluting with Petroleum Ether/EtOAc allowed the isolation 

of the product as a brown powder (yield: 88%). 1H NMR (400 MHz, DMSO-d6): δ 8.38 (s, 

1H); 8.24 (s, 1H); 8.11 (d, J = 8.4 Hz, 1H); 7.76 (d, J = 8.4 Hz, 1H); 7.07 (d, J = 10 Hz, 1H); 

7.00 (s, 1H); 6.63 (d, J = 10.4 Hz, 1H); 2.51 (s, 3H). 

 

General procedure for the hydrolysis of the carboxylic esters 

LiOH (4.00 eq) was added to a solution of the proper carboxylic ester (1.00 eq) in 

THF/MeOH/H2O (3:1:1), and the reaction mixture was stirred at room temperature for 

2 hours. 1 N aq.HCl was added to the mixture until acid pH. When a precipitate occurs, 

it was filtered off. Otherwise, the mixture was extracted with EtOAc (4 X 10 mL), and 

the organic layers were dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure. The product was used in the next step without further purification. 

Yields and analytical data are reported below. 

Methyl 4-phenylthiophene-2-carboxylate (73 a) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

99:1 to 98:2 allowed the isolation of the product as a white powder (yield: 64%). 1H 

NMR (400 MHz, CDCL3): δ 8.11 (d, J = 1.5 HZ, 1H); 7.68 (d, J = 1.5 Hz, 1H); 7.61 (d, J = 7.3 

Hz, 2H); 7.44 (t, J = 7.6 Hz, 2H); 7.35 (d, J = 7.4 Hz, 1H); 3.84 (s, 3H). 

  



 

 

65 

Methyl 4-(4-fluorophenyl)thiophene-2-carboxylate (73 b) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 99:1 

allowed the isolation of the product as a white powder (yield: 93%). 1H NMR (300 MHz, 

DMSO-d6): δ 8.26 (d, J = 1.8 Hz, 1H); 8.23 (d, J = 1.5 Hz, 1H); 7.86-7.82 (m, 2H); 7.29-7.24 

(m, 2H); 3.86 (s, 3H). 

Methyl 4-(4-(trifluoromethyl)phenyl)thiophene-2-carboxylate (73 c) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 99:1 

allowed the isolation of the product (yield: 47%). 1H NMR (d00 MHz, DMSO-d6): δ 8.47 

(d, J = 1.8 Hz, 1H); 8.23 (d, J = 1.5 Hz, 1H); 7.86-7.82 (m, 2H); 7.29-7.24 (m, 2H); 3.86 (s, 

3H). 

Methyl 4-(3-(trifluoromethyl)phenyl)thiophene-2-carboxylate (73 d) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 98:2 

allowed the isolation of the product (yield: 65%). 1H NMR (300 MHz, DMSO-d6): δ 8.49 

(d, J = 1.5 Hz, 1H); 8.39 (d, J = 1.5 Hz, 1H); 8.15-8.11 (m, 2H); 7.71-7.64 (m, 2H); 3.86 (s, 

3H).  



 

 

66 

Methyl 4-(3-fluoro-5-hydroxyphenyl)thiophene-2-carboxylate (73 d) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 allowed the isolation of the product (yield: 78%). 1H NMR (300 MHz, DMSO-d6): 

δ 10.06 (s, 1H); 8.28 (d, J = 1.8 Hz, 1H); 8.16 (d, J = 1.5 Hz, 1H); 7.10-7.06 (m, 1H); 6.98-

6.97 (m, 1H); 6.57-6.53 (m, 1H); 3.85 (s, 3H). 

Methyl 6-phenylbenzo[b]thiophene-2-carboxylate (74 a) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 allowed the isolation of the product (yield: 57%). 1H NMR (600 MHz, DMSO-d6): 

δ 8.40 (s, 1H), 8.24 (s, 1H); 8.11 (d, J = 8.4 Hz, 1H); 7.81-7.78 (m, 3H); 7.51 (t, J = 7.6 Hz, 

2H); 7.41 (t, J = 7.4 Hz, 1H); 3.90 (s, 3H). 

Methyl 6-(4-fluorophenyl)benzo[b]thiophene-2-carboxylate (74 b) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 allowed the isolation of the product (yield: 76%). 1H NMR (600 MHz, DMSO-d6): 

δ 8.39 (s, 1H); 8.24 (s, 1H); 8.10 (d, J = 8.5 Hz, 1H); 7.85-7.82 (m, 2H); 7.78 (dd, J1 = 8.4, 

J2 = 1.6 Hz, 1H); 7.36-7.32 (m, 2H); 3.90 (s, 3H). 
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Methyl 6-(4-(trifluoromethyl)phenyl)benzo[b]thiophene-2-carboxylate (74 c) 

 

Purification by Combiflash® eluting with Petroleum Ether/EtOAc allowed the isolation 

of the product (yield: 87%). 1H NMR (400 MHz, DMSO-d6): δ 8.50 (s, 1H); 8.26 (s, 1H); 

8.16 (d, J = 8.4 Hz, 1H); 8.02 (d, J = 8 Hz, 2H); 7.87-7.7.85 (m, 3H); 3.91 (s, 3H). 

Methyl 6-(3-(trifluoromethyl)phenyl)benzo[b]thiophene-2-carboxylate (74 d) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

allowed the isolation of the product (yield: 78%). 1H NMR (600 MHz, DMSO-d6): δ 8.53(s, 

1H); 8.26 (s, 1H), 8.17-8.09 (m, 3H); 7.88 (d, J = 8.3 Hz, 1H); 7.78-7.73 (m, 2H); 7.54–

7.49 (m, 2H); 3.91 (s, 3H). 

Methyl 6-(3-fluoro-5-hydroxyphenyl)benzo[b]thiophene-2-carboxylate (74 e) 

 

Purification by Combiflash® eluting with Petroleum Ether/EtOAc allowed the isolation 

of the product as a brown powder (yield: 88%). 1H NMR (400 MHz, DMSO-d6): δ 8.38 (s, 

1H); 8.24 (s, 1H); 8.11 (d, J = 8.4 Hz, 1H); 7.76 (d, J = 8.4 Hz, 1H); 7.07 (d, J = 10 Hz, 1H); 

7.00 (s, 1H); 6.63 (d, J = 10.4 Hz, 1H); 2.51 (s, 3H). 
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Compounds obtained via a hydrolysis reaction 

LiOH (4.00 eq) was added to a solution of the proper carboxylic ester (1.00 eq) in 

THF/MeOH/H2O (3:1:1), and the reaction mixture was stirred at room temperature for 

2 hours. 1 N aq. HCl was added to the mixture until acid pH. When a precipitate 

occurred, it was filtered off. Otherwise, the mixture was extracted with EtOAc (x4), and 

the organic layers were dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure. The product was used in the next step without further purification. 

Yields and analytical data are reported below. 

4-phenylthiophene-2-carboxylic acid (75 a) 

 

Yield: 35% .1H NMR (600 MHz, DMSO-d6): δ 13.22 (bs, 1H); 8.19 (s, 1H); 8.13 (s, 1H); 

7.75 (d, J = 7.4 Hz, 2H); 7.43 (t, J = 7.7, Hz 2H); 7.33 (t, J = 7.3 Hz, 1H). 

4-(4-fluorophenyl)thiophene-2-carboxylic acid (75 b) 

 

Yield: 74%. 1H NMR (300 MHz, DMSO-d6): δ 13.40 (bs, 1H); 8.35 (d, J = 1.8 Hz, 1H); 8.28 

(d, J = 1.5 Hz, 1H); 7.89-7.86 (m, 2H); 7.32-7.46 (m, 2H). 

4-(4-(trifluoromethyl)phenyl)thiophene-2-carboxylic acid (75 c) 

 

Yield: 78%. 1H NMR (600 MHz, DMSO-d6): δ 13.27 (bs, 1H); 8.37 (d, J = 1.6 Hz, 1H); 8.20 

(d, J = 1.6 Hz, 1H); 7.78 (d, J = 8.1 Hz, 2H); 7.76 (d, J = 8.2 Hz, 2H). 
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4-(3-(trifluoromethyl)phenyl)thiophene-2-carboxylic acid (75 d) 

 

Yield:63%. 1H NMR (300 MHz, DMSO-d6): δ 13.33 (bs, 1H); 8.42 (d, J = 1.8 Hz, 1H); 8.27 

(d, J = 1.8 Hz, 1H); 8.13-8.09 (m, 2H); 7.69-7.66 (m, 2H). 

4-(3-fluoro-5-hydroxyphenyl)thiophene-2-carboxylic acid (75 e) 

 

Yield: 87%. 1H NMR (300 MHz, DMSO-d6): δ 13.18 (bs, 1H); 10.05 (s, 1H); 8.21 (d, J = 1.8 

Hz, 1H); 8.05 (d, J = 1.5 Hz, 1H); 7.08-7.03 (m, 1H); 6.95 (t, J = 1.8 Hz, 1H); 6.56-6.51 (m, 

1H). 

6-phenylbenzo[b]thiophene-2-carboxylic acid (76 a) 

 

Quantitative yield. 1H NMR (600 MHz, DMSO-d6): δ 13.49 (bs, 1H); 8.39–8.36 (m, 1H); 

8.14 (s, 1H); 8.08 (d, J = 8.3 Hz, 1H); 7.79-7.77 (m, 3H); 7.54–7.49 (m, 2H), 7.42-7.40 (m, 

1H) 

6-(4-fluorophenyl)benzo[b]thiophene-2-carboxylic acid (76 b) 
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Yield: 92%. 1H NMR (400 MHz, DMSO-d6): δ 13.49 (bs, 1H); 8.36 (s, 1H); 8.13 (s, 1H); 

8.08 (d, J = 8.4 Hz, 1H); 7.85–7.81 (m, 2H); 7.77 (dd, J1 = 8.4, J2 = 1.2 Hz, 1H); 7.36-7.32 

(m, 2H). 

6-(4-(trifluoromethyl)phenyl)benzo[b]thiophene-2-carboxylic acid (76 c) 

 

Yield: 60%. 1H NMR (600 MHz, DMSO-d6): δ 8.47 (s, 1H); 8.14-811 (m, 2H); 8.02 (d, J = 

8.1 Hz, 1H); 7.86–7.83 (m, 3H).  

6-(3-(trifluoromethyl)phenyl)benzo[b]thiophene-2-carboxylic acid (76 d) 

 

Yield: 76%. 1H NMR (400 MHz, DMSO-d6): δ 8.28 (s, 1H); 8.07 (m, 2H); 7.90 (d, J = 8.3 

Hz, 1H); 7.75–7.66 (m, 3H); 7.53 (s, 1H). 

6-(3-fluoro-5-hydroxyphenyl)benzo[b]thiophene-2-carboxylic acid (76 e) 

 

Yield: 44%; brown powder.1H NMR (400 MHz, DMSO-d6): δ 13.51 (bs, 1H); 10.11 (s, 1H); 

8.35 (s, 1H); 8.14 (s, 1H); 8.07 (d, J = 8.5 Hz, 1H); 7.73 (d, J = 8.5 Hz, 1H); 7.05 (d, J = 10.0 

Hz, 1H); 6.61 (d, J = 10.7 Hz, 1H). 

3,6-dichlorobenzo[b]thiophene-2-carboxylic acid (83) 
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Quantitative yield. White powder. 1H NMR (400 MHz, DMSO): δ 14.01 (bs, 1H); 8.33 (d, 

J = 1.8 Hz, 1H); 7.95 (d, J = 8.7 Hz, 1H); 7.63 (dd, J1 = 8.7, J2 = 1.9 Hz, 1H). 

Benzofuran-2-carboxylic acid (84) 

 

Quantitative yield.1H NMR (300 MHz, DMSO-d6): δ 13.79 (bs, 1H); 7.81-7.80 (m, 1H); 

7.72-7.67 (m, 2H); 7.53-7.48 (m, 1H); 7.38-7.33 (m, 1H). 

 

Synthetic procedure to obtain 5-phenylthiazol-2-amine (70 V) 

 

To a solution of phenylacetaldehyde (2.0 g, 16.65 mmol) in DCM (1 mL/mmol), a 

solution of Br2 (0.854 mL, 16.65 mmol) in DCM (0.6 mL/mmol) was added dropwise. 

After consumption of the starting material according to TLC, the solvent was removed 

in vacuo, having care not to heat the bath more than 20 °C to prevent the evaporation 

of the brominated compound. Without further purification, the red crude oil obtained 

was quickly reacted with thiourea (2.38 g, 31.32 mmol) in absolute ethanol (1 

mL/mmol) at reflux overnight. The mix was recrystallized with 30% MeOH in water to 

obtain the title compound as a pale-yellow powder (yield: 20%). 1H NMR (400 MHz, 

DMSO-d6): δ 7.42-7-39 (m, 3H); 7.33 (t, J = 7.6 Hz, 2H); 7.20-7.16 (m, 1H); 7.13 (s, 2H). 

HR-MS analysis: calculated for C9H8N2S: 176.04; found: 177.21 [M+H+].  

Synthetic procedure to obtain Methyl 4-bromothiophene-2-carboxylate (72) 

 

A mixture of 4-bromothiophe-2-carboxylic acid (500 mg, 2.42 mmol), K2CO3 (700 mg, 

5.07 mmol), and CH3I (0.451 mL, 1.25 mmol) in DMF (2 mL/mmol) was stirred at room 

temperature overnight. Water was added to the reaction mixture, and it was extracted 

with EtOAc (3 X 30 mL). The organic layers were dried over anhydrous Na2SO4, filtered, 



 

 

72 

and concentrated under reduced pressure. The product was used in the next step 

without further purification (yield: 70%). 1H NMR (400 MHz, CDCL3): δ 7.71 (s, 1H); 7.47 

(s, 1H); 3.20 (s, 3H). 

 

Synthetic procedure to obtain Ethyl benzofuran-2-carboxylate (85) 

 

Ethyl bromoacetate (470 mg, 2.87 mmol) and K2CO3 (792 mg, 5.73 mmol) were added 

to a solution of Salicylaldehyde (0.300 mL, 2.87 mmol) in dry DMF. The reaction mixture 

was stirred at 130 °C until the complete consumption of the starting material. H2O was 

added to the reaction mixture, and it was extracted with EtOAc (3 X 30 mL). The organic 

layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure. The crude was purified by flash column chromatography (Petroleum 

Ether/Diethyl Ether 98:2) to give the title compound (yield: 35 %).1H NMR (400 MHz, 

CDCL3): δ 7.70 (d, J = 8.0 Hz, 1H); 7.61 (d, J = 8.4 Hz, 1H); 7.54 (s, 1H); 7.4 -7.43(m, 1H); 

7.32-7.29 (m, 1H); 4.47 (q, J = 7.2 Hz, 2H); 1.44 (t, J = 7.2 Hz, 3H). 

 

3.2.6.2. Biology 

Activity assay 

SAT was expressed recombinantly in E. coli using published methods.81 

The concentration of SAT was 70 nM, the buffer was 20 mM sodium phosphate, 85 mM 

NaCl, and 1 mM EDTA, pH 7.0. The compounds were first screened at a fixed 100 M 

concentration. Only those compounds showing a residual activity lower than 50 % were 

subjected to further assays to calculate the IC50 values. Compounds bearing a 

nitrogroup, i.e. all the first generation compounds, strongly absorb at 412 nm, thus 

making the determination of the inhibitory activity problematic. The use of 3 mm-

pathlength cuvettes allowed to mitigate the issue, but in some cases the range of 

inhibitor concentrations tested was limited. Some of the compounds, especially those 

with the thiadiazole ring substituted by larger and more hydrophobic groups, showed 

low solubility in the assay buffer at pH 7.0. For these compounds only data at low 
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compound concentrations (≤ IC50) were used for the fitting and this affected the 

accuracy of the estimated IC50. For this reason the IC50 values of these inhibitors are 

given as an estimate () without the error. 

 

Cytotoxicity assay and CC50 determination. Cell culture 

Human monocytes THP-I cells were grown in suspension in RPMI 1640 (Euroclone, Italy) 

supplemented with 1% Sodium Pyruvate 100mM (Life Technologies, USA), 0.5% 

Gentamicin 10mg/mL (Sigma Aldrich, USA), 0.1% 2-Mercaptoethanol 50mM (Life 

Technologies, USA), Glucose (0,25 g/mL) and 10% Fetal Bovine Serum (FBS; Euroclone, 

Italy).  

THP-1 cells were seeded in 24-well plates (Sarstedt, Germany) in the presence of 

100ng/mL of phorbol 12‐myristate 13‐acetate (PMA; Sigma‐Aldrich, USA) for 72 hours 

to allow the cells to differentiate into macrophages. 

Cytotoxicity assay (MTT assay) 

MTT assay has been used to assess the cytotoxicity of synthesized compounds in THP-

derived macrophages by evaluating the ability of mitochondrial succinate 

dehydrogenase to catalyze the enzymatic reduction of yellow water-soluble 3-[4,5-

dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma Aldrich, USA) to 

insoluble purple formazan, index of cell viability. Differentiated macrophages were 

treated with synthesized compounds at increasing concentrations (25 μM, 50 μM, 100 

μM, and 200 μM; all compounds were tested as a triplicate) for 72 hours. 20 mM 

compounds solutions in DSMO were prepared, and consequentially diluted to obtain a 

final concentration up to 200 uM, corresponding to 1% v/v of DMSO. Afterwards, cells 

were incubated with a solution of 1mg/mL of MTT dissolved in RPMI 1640, 

supplemented with 5% FBS, at 37oC, 5% CO2 for 2 hours in dark. The solution was then 

removed, and resulting formazan crystals were dissolved in 0,2 mL DMSO under 

shaking for 10 minutes. Finally, absorbance was measured on an aliquot of 0.15mL at a 

wavelength of 570 nm using an absorbance microplate reader (Spark® Tecan, 

Switzerland).82 
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3.3. Synthesis of pyrazole derivatives as SAT inhibitors 

 

3.3.1. Aim of the project  

As previously reported (see 3.1), along with compound 1, the virtual screening on 

ChemiDiv libraries reported another interesting chemical series of hit compounds for 

SAT inhibition, namely D511-0063, with comparable IC50 to that of compound 1 (D511-

0063, IC50 = 52.8±2 µM; 1 IC50 = 48.6±8 µM), and D511-0060, the most active inhibitor 

of the series (D511-0060, IC50 = 13.6±2 µM), although, no measurable MIC was detected 

for these compounds when tested against E. coli (Table 1 and Figure 9). The lack of 

activity in the bacteria cell might be attributed to different causes, like cell defense 

mechanisms such as efflux pump or the poor propensity to penetrate the cellular 

membrane, although the latter hypothesis is more likely when Gram-negative bacteria 

are considered.83–85 Regardless, the two hits show an appreciable IC50, and we deemed 

of interest to explore further the potential of this chemical series.  

 

 
 

Figure 9. Chemical structure of compounds D511-0060 and D511-0063 

 

As for compound 1, we first resynthesized the hit compounds and then prepared a 

small set of derivatives to explore the SAR through biochemical investigation.  

First, a general protocol for synthesizing the hit compounds was set up, as reported in 

Scheme 5, then a small set of 8 derivatives was easily obtained. D511-0060 and D511-

0063 present the same structural features with a central pyrazole core and a phenyl 

sulfonamide moiety at the C-5 of the heterocycle. Moreover, the pyrazole ring presents 

an amide bond at the C-3. The hit compounds differed only for the aromatic portion 

linked to the amide, a 3-methoxyphenyl ring for D511-0060 and a benzyl moiety for 

D511-0063.  
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For this preliminary SAR investigation, the arylsulfonamide motif was kept intact as 

considered an essential part of the molecule since present in both the hits with a similar 

IC50. We then focused our attention on the moiety connected to the amide bond, since 

both compounds showed activity towards the target enzyme. Small modifications (p-

methoxyphenyl) and more drastic ones, such as the introduction of methyl piperazine 

to evaluate the presence of an aliphatic portion and a tertiary amide, were introduced. 

Also, the pyrazole was first N-methylated to evaluate if this position is prone to further 

substitutions and subsequently replaced with an isoxazole ring. Both the heterocycles 

contain a pyridine-like N, but the pyrazole 1-NH is replaced with an oxygen atom in the 

isoxazole ring, which lacks of a hydrogen bond donor (Figure 10).86,87 

 

 
 

Figure 10. Modifications of the hit compounds. 

 

3.3.2. Results and Discussion 

 

The resynthesized compounds (86 and 87) and the few analogues were evaluated for 

their inhibitory activity towards StSAT, following the procedure already reported in this 

chapter (see 3.2.2.) (Table 4). Out of all the compounds prepared, only compound 87 

showed a hint of appreciable IC50 ranging between 62 and 118 µM, a value comparable 

with that of the commercial sample (D511-063, IC50 = 52.8±2 µM). The observed 

fluctuation in the IC50 value for the synthetic compound may be ascribed to the low 

solubility of the compound in the assay conditions at concentrations higher than 50 

µM. In the case of compound 86, we found out an IC50 = 276 µM, a value remarkably 
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higher than that of the commercial sample (D511-060, IC50 = 13.6±2 µM), as already 

reported by us. Upon repetition of the experiment, obtaining the same values, we try 

to investigate the reason of this ambiguous result. It is quite common that hit 

compounds from chemical libraries, upon resynthesis, give discordant results. The 

reason of this behavior might be generally ascribed to the presence of impurities; 

therefore, we set up a series of experiments to evaluate the purity of the commercial 

and resynthesized samples.  

At this regard, HPLC analysis was performed for the resynthesized compounds 86 and 

87 to complete their characterization and assess the matching with the commercial 

batches. Since it would be supposed that the compounds were the same entities, no 

difference should be detected in the HPLC analysis. First, both the synthesized 

compounds and the commercial batches were analyzed individually. Compound 87 and 

D511-0063 showed the same retention time (6.44 min) and also the same mass 

spectrum (Figure 11). The same similarities were observed for 86 and D511-0060 

(Figure 12), although a negligible difference of 0.02 min was detected in the retention 

time of the peaks. Considering the inconsequential difference and the same mass 

spectrum, we can assume that the compounds are the same entity. 
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Figure 11. A) Full Scan HPLC Trace in Negative Ion Mode (ESI-) of a 10 µM solution in MeOH + 

0.1% DMSO of each analyte; 12-minute LC-gradient. B) Mass spectrum of peak at RT = 6.44 

min.  
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Figure 12. A) Full Scan HPLC Trace in Negative Ion Mode (ESI-) of a 10 µM solution in MeOH + 

0.1% DMSO of each analyte; 12-minute LC-gradient. B) Mass spectrum of peak at RT = 6.90 and 

6.92 min.  

Then, as additional proof of their matching, a mixture of the synthetic compound and 

the corresponding commercial sample was analyzed. As it is reported in Figure 13, 

when injected, the chromatogram profile of both the solutions with 86+D511-0060 and 

87+D511-0063 showed one peak, respectively. Moreover, no significant impurities 

were detected in both synthesized and commercial compounds. 
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Figure 13. Full Scan HPLC Trace in Negative Ion Mode (ESI-) of a 10 µM solution in MeOH + 0.1% 

DMSO of A) D511-060+86 and B) D511-063+87; 25 min-LC-gradient. 

 

After confirmation of the structure of the molecules, and the absence of impurities, at 

least according to the standard analytical methods, we speculated that the physical 

status of the molecule might be important for interacting with the enzyme. When 

compound 86 is tested utilizing a stock solution freshly prepared (10 mM), that is the 

conditions reported above, the IC50 is 276 µM. However, when a sample coming from 

a frozen stock solution (10 mM) is used, an IC50 of 39 µM was calculated, a value similar 

to that of the commercial sample (86, IC50 = 39 µM; D511-060, IC50 = 13.6±2 µM). This 

evidence might lead to the speculation that the compound solubility may be affected 

by freeze-thaw procedures, and the compound forms colloidal particles that may act 
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as aggregators affecting the potency of the inhibition determined. After an accurate 

literature search,88–92 we found out that one of the most common mechanisms 

reported for false-positive hits is the colloidal aggregation of small molecules. This 

phenomenon is concentration-dependent, then it occurs at a specific concentration 

called critical aggregation concentration (CAC). The formation of the colloidal aggregate 

may non specifically bind proteins or sequester protein targets, 93–95 and as a 

consequence, they showed activity towards the targets. This observation surely needs 

deeper investigations to be confirmed, however, these odd results made it difficult to 

consider these molecules as valuable hit compounds for further development, and the 

investigation was then stopped.  

Regarding the analogues 88-95, no one showed an improvement in the inhibitory 

activity (Table 4).  

 

Table 4. : StSAT Inhibitory activity (IC50) 

Cpd Compound 
IC50 

(µM) 
Cpd Compound 

IC50 

(µM) 

86 

 

39-276 91 

 

1100* 

87 

 

62-

118* 
92 

 

>1000 

88 

 

 650 93 

 

> 100* 

89 

 

> 500 94 

 

320 

90 

 

370* 95 

 

> 500 

* low-solubility compounds. The IC50 was calculated in a limited concentration range (usually 

highest tested concentration lower than or equal to IC50), and for this reason, only an estimate 

is given.   
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3.3.3. Chemistry 

 

The final compounds characterized by a pyrazole core were synthesized according to 

the synthetic route reported in Scheme 5. Compound 97 was obtained in two 

subsequent steps, the in situ formation of 5-bromo-2-methoxybenzenesulfonyl 

chloride, via chlorosulfonation of 4-bromoanisole (96), and the following aminolysis 

using aqueous ammonium hydroxide solution (30%) in dioxane. Then, two sequential 

Suzuki Murayama cross-coupling reactions were performed to obtain the 

intermediates 101 and 102. 97 was converted in the corresponding boronate ester 

using bis(pinacolato)diboron, KOAc as the base, and PdCl2(dppf) as the catalyst, a 

classical procedure to obtain boronic derivatives.96 The corresponding boronic ester 98 

was reacted with the pyrazole 99 or 100, using Tetrakis(triphenylphosphine)palladium 

as the catalyst and Na2CO3 2M solution as the base. The first attempt to obtain 

intermediate 101 was carried out starting from the commercially available compound 

108, with an unprotected NH. Different combinations of Pd catalyst and base were used 

in order to isolate the desired intermediate, but all failed in allowing the formation of 

the product. The subsequent N-protection of the commercial pyrazole 108 with 2-

(Trimethylsilyl)ethoxymethyl chloride (SEM-Cl) and its reaction with 98 (step c, Scheme 

5) allowed to afford the desired intermediate compound 101. Likely, considering the 

pKa value of pyrazole NH (pKa = 14.21), under the standard condition of the Suzuki 

coupling, the unprotected pyrazole 108 existed mainly in its deprotonated form. This 

condition might have an important role in the decreased reactivity during the 

reaction,97 which can be easily corrected using a protecting group such as SEM-Cl.  
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Scheme 5. 

 

Scheme 5. Reagents and conditions: a) 1.HOSO2Cl, CHCl3, r.t; 2. NH4OH, dioxane, rt; 80%; b) 

Bis(pinacolato)diboron, KOAc, PdCl2(dppf), 1,4-Dioxane, reflux, on; 80%; c) Tetrakis, Na2CO3 2M, 

THF, reflux, on, 55-90%; d) LiOH, THF/H2O, reflux, 80-91%; e) CDI, DMF, 70 °C, on, 33-55%; f) 4 

N aq. HCl, EtOH, on, 20-85%; g) SEM-Cl, DIPEA, DCM, r.t.,on, 80%; h) MeI, K2CO3, DMF, r.t, on, 

70%. 

The carboxylic ester 101 and 102 were hydrolyzed to the corresponding carboxylic acid, 

using LiOH in THF/H2O. The subsequent acidification of the reaction mixture allowed 

the formation of a precipitate corresponding to the desired carboxylic acid, which was 
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filtered off and used in the next step without further purification. The acid must be 

added carefully, as an excess of acid may lead to the SEM-deprotection of the pyrazole, 

as occurred during the synthesis of the final compound 86. Then, the carboxylic acids 

were activated with CDI and reacted with the proper amine in an amidation reaction. 

The SEM-deprotection of the pyrazole intermediates 105, 106, and 107, using acid 

conditions in ethanol, afforded the final compounds 87-89.  

The N-methylation of the pyrazole 108 was achieved through an N-alkylation reaction 

with iodomethane in the presence of NaH in THF.  

The synthesis of the isoxazole derivatives (93-95) required a slightly different protocol 

from that described above, and it is reported in Scheme 6. The reaction started with a 

Sonogashira coupling of the synthesized compound 97 with (trimethylsilyl)acetylene 

109 to generate the intermediate alkyne 110. Sonogashira reaction is performed with 

a palladium catalyst, a copper(I) cocatalyst, and an amine base. In the case of step b, 

the reaction conditions needed to be set up in regard to the catalyst, eq of TEA, solvent, 

and temperature, as summarized in Table 5. Using Pd(PPh3)2Cl2 as palladium did not 

allow to isolate the intermediate, even with different equivalents of TEA, temperature, 

and solvent. A different Pd catalyst, Tetrakis(triphenylphosphine)palladium, with ten 

equivalents of TEA, in 1,4-dioxane at reflux, allowed to obtain the product in good yield 

(65%) (Table 5, entry 3). 

 

Scheme 6. 

 

Scheme 6. a Reagents and conditions: a) 1.HOSO2Cl, CHCl3, r.t; 2. NH4OH, dioxane, rt; on, 80%; 

b) 1. CuI, Pd(PPh3)4, TEA, N2, 70 °C; 2. K2CO3, MeOH; 65%; c) Na2CO3; ACN dry, r.t, 72 h; 85%; d) 

LiOH, THF/H2O, reflux; 90%; e) CDI, DMF, 70 °C, on; 56-33%. 
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Table 5. Conditions used for the Sonogashira reaction, step b Scheme 5. 

 

 Palladium Copper TEA Solvent Temperature 

1 Pd(PPh3)2Cl2 (0.1 eq) CuI 10 eq 1,4-Dioxane 50°C, on 

2 Pd(PPh3)2Cl2 (0.05 eq) CuI 15 eq Neat 70°C, on 

3 Tetrakis (0.1 eq) CuI 10 eq 1,4-Dioxane reflux, on 

 

The following cycloaddition of ethyl chlorooximidoacetate 111 to the alkyne 110 

afforded the arylisoxazole-3-carboxylic ethyl ester 112 in excellent yield (85%). This 

step also required to be set up regarding the equivalent of 111, the base, and the 

solvent, as reported in Table 6. The best conditions were granted by reacting 

compound 110 with 3 equivalent of 111, using NaHCO3 as the base and ANC as the 

solvent. The reaction takes 84 hours till the consumption of the starting material to 

obtain the product in a high yield. 

 

Table 6. Conditions used for the cycloaddition reaction, step c Scheme 6. 

 

 Eq of 111 Base Solvent 

1 2 TEA (2 eq) THF dry 

2 3 TEA (3eq) THF dry 

3 2.5 Na2CO3 THF/H2O (1:1) 

4 3 NaHCO3 ACN dry 

 
 
Hydrolysis of 112 followed by an amide coupling reaction of the resulting carboxylic 

acid 113 and the proper amine gave the final compounds 93-95, using analog conditions 

to the pyrazole derivatives already described in this chapter. 
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3.3.4. Conclusion  

The VS on ChemDiv libraries disclosed five potential SAT inhibitors. The principal aim of 

this project was to resynthesize two of the five compounds identified as promising new 

scaffolds against the target enzyme. The synthetic route was set up, and a few 

modifications were introduced to the scaffold to obtain preliminary information about 

the SAR. Unexpectedly, some discrepancies were found when the synthetic compounds 

were biochemically evaluated. Additionally, no one derivatives showed increased 

inhibitory activity towards SAT. Indeed, 86 showed a comparable IC50 to that of the 

commercial batch only if a frozen stock of 86 was used during the assays (86, IC50 = 39 

µM; D511-060, IC50 = 13.6±2 µM). 

Once ascertained the fact that the compounds synthesized were the same as the 

commercial molecules, we could only speculate that impurities from the synthesis, 

such as the content of a small amount of metals, hard to detect unless a deeper analysis 

is conducted, which is behind the scope of this thesis, might be the cause of the 

discrepancies detected. On the other hand, the hit compounds might act as a colloidal 

aggregator, leading to false positives (the so-called “compound interference”) in the 

biochemical assays, which are unavoidable in most virtual and High-Throughput 

screening assays formats, and, even in this case, further assays are needed to shed light 

on this aspect. 

 

3.3.5. Experimental Section 

 

5-bromo-2-methoxybenzenesulfonamide (97) 

 

 

 

Chlorosulfonic acid (1 mL, 16.04 mmol) was added dropwise to a cold solution (0 °C) of 

4-bromoanisole (500mg, 2.67 mmol) in CH3Cl. The reaction mixture was stirred at 0 °C 

for 1 hour and then at room temperature for 4 hours. After this time, ice was added to 

the reaction mixture, and it was extracted with CH3Cl (X3). The organic layers were 

dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure to 

afford 5-bromo-2-methoxybenzenesulfonyl chloride as a slightly grey powder. 

Subsequently, the arylsulfonyl chloride was dissolved in 1,4-dioxane and cooled to 0 °C, 
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then an aqueous solution of NH4OH (30% w/w) was added. The reaction mixture was 

stirred at room temperature overnight. The insoluble material was filtered off and 

washed with water. The organic layer was extracted with EtOAc (X3), dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure to afford the 

title compound as a white powder (yield: 80%). The product was used in the next step 

without further purification. 1H NMR (600 MHz, DMSO-d6): δ 7.79 – 7.79 (m , 1H); 7.76 

– 7.74 (m , 1H); 7.25 (s, 2H); 7.20 (d , J = 8.8 Hz, 1H); 3.90 (s, 3H). 

 

2-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzenesulfonamide (98) 

 

5-bromo-2-methoxybenzenesulfonamide (300 mg, 1.13 mmol), bis(pinacolato)diboron 

(429 mg, 1.69 mmol), and KOAc (442 mg, 4.5 mmol) were dissolved in anhydrous 1,4-

dioxane, the PdCl2(dppf) (82 mg, 0.11 mmol) was added under N2 atmosphere. After 

bubbling N2 for 15 minutes, the reaction mixture was heated to reflux for 2 hours. The 

reaction mixture was cooled to room temperature and filtered through a plug of celite. 

The crude material was purified by flash column chromatography eluting with 

Petroleum Ether/EtOAc from 7:3 to 1:1 to afford the title compound as a white powder 

(yield: 80%). 1H NMR (400 MHz, DMSO-d6): δ 8.05 (d, J = 1.6 Hz, 1H); 7.84 (dd, J1 = 8.3, 

J2 = 1.7 Hz, 1H); 7.22 (d, J = 8.4 Hz, 1H); 7.11 (s, 2H); 3.93 (s, 3H): 1.30 (s, 12H). 

 

Ethyl 5-bromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazole-3-

carboxylate and ethyl 3-bromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

pyrazole-5-carboxylate (99) 
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2-(Trimethylsilyl)ethoxymethyl chloride (121 µL, 0.68 mmol) was added to a mixture of 

ethyl 5-bromo-1H-pyrazole-3-carboxylate (100 mg, 0.46 mmol) and DIPEA (240 µL, 1.38 

mmol) in DCM 0 °C. Then, the reaction mixture was stirred at room temperature 

overnight. DCM was added, and the mixture was washed with saturated aqueous. 

NaHCO3 and water. The organic phase was dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure to obtain the desired compound as a mixture of 

two regioisomers (yield: 80%). 1H NMR of majority species (400 MHz, CDCl3): δ 6.90 (s, 

2H); 5.58 (s, 2H); 4.43 (d, J = 7.1 Hz, 2H); 3.65 (t, J = 8.0 Hz, 2H); 1.41 (q, J = 7.1 Hz, 2H); 

2.99 (s, 3H); 1.35 (t, J = 7.1 Hz, 3H) 0.92 (t, J = 8.2 Hz, 2H); -0.01 (s, 9H). 

 

Ethyl 5-bromo-1-methyl-1H-pyrazole-3-carboxylate (100) 

 

Sodium hydride 60 % dispersion in mineral oil (12 mg, 0.30 mmol) was dissolved in THF 

(0.8 mL), and the corresponding suspension was cooled to 0 °C, subsequentially a 

solution of ethyl 5-bromo-1H-pyrazole-3-carboxylate (50 mg, 0.3 mmol) in THF (0.5 mL) 

was added. The reaction mixture was warmed to 25°C and stirred at the same 

temperature for 1 hour. After this time, iodomethane (21 µL, 0.35 mmol) was added. 

The reaction was stirred at room temperature for 3 hours. The mixture was cooled to 

0 °C and quenched with an NH4Cl saturated solution added dropwise. The reaction 

mixture was extracted with EtOAc (X3), dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure to afford 5-the title compound as a white 

powder (yield: 70%). The product was used in the next step without further purification. 
1H NMR (400 MHz, CDCL3): δ 6.83 (s, 1H); 4.40 (q, J = 7.1 Hz, 2H); 3.96 (s, 3H); 1.39 (t, J 

= 7.1, 3H).  
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General procedure for the Suzuki-Miyaura Cross-Coupling Reaction 

Compound 99 or compound 100 (1 eq), compound 98 (1.2 eq), and a solution of sodium 

carbonate 2 M (3 eq) were dissolved in anhydrous THF and stirred for 10 minutes under 

N2 atmosphere. Then, tetrakis(triphenylphosphine)palladium(0) (0.10 eq) was added, 

and the reaction mixture was heated to reflux overnight. The mixture was cooled to 

room temperature and filtered through a plug of celite. The crude material was purified 

by flash by flash column chromatography eluting with DCM/MeOH. Purification 

methods, yields, and analytical data are reported below. 

Ethyl 5-(4-methoxy-3-sulfamoylphenyl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

pyrazole-3-carboxylate and Ethyl 3-(4-methoxy-3-sulfamoylphenyl)-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-pyrazole-5-carboxylate (101) 

 

The compound was obtained as a mixture of the two regioisomer (yield: 55%). 

Purification by flash chromatography eluting with DCM/MeOH 99:1. 1H NMR of 

majority species (400 MHz, CDCL3): δ 19 (d, J = 1.9 Hz, 1H); 7.91 (dd, J1 = 8.6, J2 = 1.9 Hz, 

1H ); 7.17 (d, J=8.7 Hz, 1H); 6.94 (s, 1H); 5.49 (s, 2H); 5.21 (s, 2H); 4.45 (d, J = 7.1 Hz, 

2H); 4.10 (s, 3H); 3.78 (d, J = 8.7 Hz, 1H); 1.43 (t, J = 7.1 Hz, 3H); 0.97 (t, J = 8.4 Hz, 2H); 

0.01 (s, 1H). 

Ethyl 5-(4-methoxy-3-sulfamoylphenyl)-1-methyl-1H-pyrazole-3-carboxylate (102) 

 

Purification by flash chromatography eluting with DCM/MeOH from 99.5:0.5 to 98:2  

(yield: 90%). 1H NMR (400 MHz, CDCL3): δ 7.98 (d, J = 2.3 Hz, 1H); 7.18 (d, J = 8.6 Hz, 

1H); 6.63 (s, 1H); 5.23 (s, 2H); 4.45 (d, J = 7.1 Hz, 2H); 3.96 (s, 3H); 1.81(t, J = 7.1 Hz, 3H). 
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General procedure for the hydrolysis of the carboxylic esters 

LiOH (8.00 eq) was added to a solution of the proper carboxylic ester (1.00 eq) in 

THF/H2O (1:1), and the reaction mixture was stirred at room temperature for 2 hours. 

1 N aq. HCl was added to the mixture until acid pH. When a precipitate occurs, it was 

filtered off. Otherwise, the mixture was extracted with EtOAc (x4), and the organic 

layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure. The product was used in the next step without further purification. Yields and 

analytical data are reported below. 

5-(4-methoxy-3-sulfamoylphenyl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazole-

3-carboxylic acid and 3-(4-methoxy-3-sulfamoylphenyl)-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-pyrazole-5-carboxylic acid (103) 

 

The title compound was obtained as a yellow powder as a mixture of two regioisomeres 

(yield: 80%). 1H NMR (400 MHz, DMSO-d6): δ 13.61 (s, 1H); 12.91 (s, 1H); 8.26 (s, 1H); 

8.05 (d, J = 8.5 Hz, 1H); 8.01 (s, 1H); 7.86 (d, J = 8.6 Hz, 1H); 7.38 – 7.35 (m, 2H); 7.28 (d, 

J = 8.7 Hz, 1H); 7.21 (s, 2H); 7.16 (s, 2H); 6.92 (s, 1H); 5.81 (s, 2H); 5.45 (s, 2H); 3.97 (s. 

3H); 3.95 (s, 3H); 3.66 – 3.59 (m, 4H); 0.89 – 0.81 (m, 4H); -0.04 (s, 9H); -0.08 (s, 9H). 

5-(4-methoxy-3-sulfamoylphenyl)-1-methyl-1H-pyrazole-3-carboxylic acid (104) 

 

The title compound was obtained as a slightly yellow powder (yield: 91%). 1H NMR (400 

MHz, DMSO): δ 12.72 (bs, 1H); 7.81 (m, 2H); 7.36 (d, J = 8.6 Hz, 1H); 7.25 (s, 2H); 6.81 

(s, 1H); 3.98 (s, 3H); 3.89 (s, 3H). 
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5-(4-methoxy-3-sulfamoylphenyl)isoxazole-3-carboxylic acid (113) 

 

The title compound was obtained as a slightly yellow powder (yield: 90%). 1H NMR (400 

MHz, DMSO-d6): δ 8.21 (d, J = 2.3 Hz, 1H); 8.16 (dd, J1 = 8.7, J2 = 2.3 Hz, 1H); 7.40 (d, J = 

8.8 Hz, 1H); 7.36 (s, 1H); 7.31 (s, 2H); 3.99 (s, 3H). 

 

General procedure for the amidation reaction  

Carbonyldiimidazole (CDI) (1.00 eq) was added to a solution of the proper carboxylic 

acid (1.00 eq) in dry DMF (2 mL/mmol) under N2 atmosphere. The reaction mixture was 

left stirring for 1h at room temperature, and then the amine (1.00 eq) was added. The 

reaction mixture was heated to 70 °C overnight. The reaction was quenched with water 

and extracted with EtOAc (x3). The organic layers were dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The crude was purified by flash 

column chromatography eluting with DCM/MeOH. Purification conditions, yields, and 

analytical data are reported below. 

5-(4-methoxy-3-sulfamoylphenyl)-N-(3-methoxyphenyl)-1H-pyrazole-3-carboxamide 

86 

 

Purification by flash column chromatography eluting with DCM/MeOH from 95:5 to 

90:10 allowed the isololation of the product as a white powder (yield: 35%).1H NMR 

(400 MHz, DMSO-d6): δ 13.86 (s, 1H); 8.21 (d, J = 1.9 Hz, 1H); 8.03 (d, J = 7.9 Hz, 1H); 

7.52 – 7.26 (m, 5H); 7.19 (s, 2H); 6.70 (s, 1H); 3.96 (s, 3H); 3.77 (s, 3H). HPLC-ESI-MS 

analysis: calculated for C18H18N4O4S: 402.10; found: 401.66 [M-H+]. 
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5-(4-methoxy-3-sulfamoylphenyl)-N-(4-methoxyphenyl)-1-methyl-1H-pyrazole-3-

carboxamide (90) 

 

Purification by trituration with DCM and diethyl ether allowed the isolation of the 

product as a white powder (yield: 45%). 1H NMR (400 MHz, DMSO-d6): δ 9.99 (s, 1H); 

7.87 (d, J = 2.1 Hz, 1H); 7.85 – 7.82 (m, 1H); 7.73 (bd, J = 9.0 Hz, 2H);7.38 (d, J = 8.6 Hz, 

1H); 7.26 (s, 2H); 6.92 – 6.89 (m, 3H); 3.99 (s, 3H); 3.95 (s, 3H); 3.75 (s, 3H). HPLC-ESI-

MS analysis: calculated for C19H20N4O5S: 416.12; found: 417.27 [M+H+]. 

N-benzyl-5-(4-methoxy-3-sulfamoylphenyl)-1-methyl-1H-pyrazole-3-carboxamide 

(91) 

 

Purification by trituration with DCM and diethyl ether allowed the isolation of the 

product as a white powder (yield: 45%). 1H NMR (400 MHz, DMSO-d6): δ 8.74 (s, 1H); 

7.84 – 7.79 (m, 2H); 7.38 – 7.32 (m, 5H); 7.25 (m, 3H); 6.78 (s, 1H); 4.44 (d, J=5.8, 1H); 

3.98 (s, 3H); 3.90 (s, 3H). HPLC-ESI-MS analysis: calculated for C19H20N4O4S: 400.12; 

found: 401.26 [M+H+]. 

2-methoxy-5-(1-methyl-3-(4-methylpiperazine-1-carbonyl)-1H-pyrazol-5-

yl)benzenesulfonamide (92) 

 

Purification by flash column chromatography eluting with DCM/MeOH from 97:3 to 

92:8 allowed the isolation of the product as a white powder (yield: 45%). 1H NMR (400 
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MHz, DMSO-d6): δ 7.83 – 7.79 (m, 2H); 7.36 (d, J = 8.3 Hz, 1H); 7.24 (s, 2H); 6.67 (s, 1H); 

6.78 (s, 1H); 3.98 (s, 3H); 3.93 (m, 2H); 3.87 (s, 3H); 3.62 (m, 2H); 2.34 (s, 4H); 2.21 (s, 

3H). HPLC-ESI-MS analysis: calculated for C17H23N5O4S: 393.15; found: 394.27 [M+H+]. 

5-(4-methoxy-3-sulfamoylphenyl)-N-(4-methoxyphenyl)isoxazole-3-carboxamide 

(93) 

 

Purification by trituration with DCM and EtOAc allowed the isolation of the product as 

a slightly yellow powder (yield: 56%). 1H NMR (400 MHz, DMSO-d6): δ 10.63 (s, 1H); 

8.24 (d, J = 2.2 Hz, 1H); 8.20 (dd, J1 = 8.6, J2 = 2.3 Hz, 1H); 7.63 – 7.69 (m, 2H); 7.46 (s, 

1H); 7.43 (d, J = 8.8 Hz, 1H); 7.31 (s, 2H); 6.98 – 6.93 (m, 2H); 4.01 (m, 2H); 3.76 (s, 3H). 
13C NMR (100.6 MHz, DMSO): δ 169.8; 160.6; 158.2; 157.2; 156.5; 132.6; 132.1; 131.5; 

125.3; 122.6; 118.7; 114.4; 100.0; 57.1; 55.7. HPLC-ESI-MS analysis: calculated for 

C18H17N3O6S: 403.08; found: 404.29 [M+H+]. 

N-benzyl-5-(4-methoxy-3-sulfamoylphenyl)isoxazole-3-carboxamide (94) 

 

Purification by trituration with DCM and EtOAc allowed the isolation of the product as 

a slightly yellow powder (yield: 56%). 1H NMR (400 MHz, DMSO-d6): δ 9.40 (t, J = 6.2 Hz, 

1H); 8.21 (d, J = 2.3 Hz, 1H); 8.17 (dd, J1 = 8.6, J2 = 2.3 Hz, 1H); 7.41 (d, J = 8.8 Hz, 1H); 

7.38 (s, 1H); 7.46 (s, 1H); 7.35 – 7.33 (m, 4H); 7.31 (s, 2H); 7.28 – 7.24 (m, 1H); 4.48 (d, 

J = 6.2 Hz, 2H); 4.00 (s, 3H). 13C NMR (100.6 MHz, DMSO-d6): δ 169.7; 160.2; 158.9; 

158.2; 139.4; 132.5; 132.1; 128.8; 127.8; 127.4; 125.3; 118.7; 114.3; 99.8; 55.1. HPLC-

ESI-MS analysis: calculated for C18H17N3O5S: 387.09; found: 388.11 [M+H+]. 
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2-methoxy-5-(3-(4-methylpiperazine-1-carbonyl)isoxazol-5-yl)benzenesulfonamide 

(95) 

 

Purification by flash column chromatography eluting with DCM/MeOH from 97:3 to 

92:8 allowed the isolation of the product as a white powder (yield: 33%).1H NMR (400 

MHz, DMSO-d6): δ 8.21 (d, J = 2.2 Hz, 1H); 8.14 (d, J1 = 8.7, J2 = 2.3 Hz, 1H); 7.41 (d, J = 

8.8 Hz, 1H); 7.30 (s, 2H); 7.27 (s, 1H); 4.00 (m, 3H); 3.68 – 3.58 (m, 4H); 2.39 –2.33 (m, 

4H); 2.22 (s, 3H). HPLC-ESI-MS analysis: calculated for C16H20N4O5S: 380.12; found: 

381.28 [M+H+]. 

5-(4-methoxy-3-sulfamoylphenyl)-N-(4-methoxyphenyl)-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-pyrazole-3-carboxamide and 3-(4-methoxy-3-

sulfamoylphenyl)-N-(4-methoxyphenyl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

pyrazole-5-carboxamide (105) 

 

Purification by flash column chromatography eluting with DCM/MeOH from 99.05:3 to 

99:1 allowed the isolation of the product as amixture of the two regioisomeres (white 

powder; yield: 33%).1H NMR (400 MHz, DMSO-d6): δ 10.30 (s, 1H); 10.02 (s, 1H); 8.24 

(d, J = 1.8 Hz, 1H); 8.04 – 8.02 (m, 2H); 7.89 (d, J = 8.6 Hz, 1H); 7.72 (d, J = 8.9 Hz, 2H); 

7.65 (d, J = 8.9 Hz, 2H); 7.52 (s, 1H); 7.38 (d, J = 8.6 Hz, 1H); 7.34 (d, J = 8.7 Hz, 1H); 7.23 

(s, 2H); 7.18 (s, 2H); 5.85 (s, 2H); 5.49 (s, 2H); 3.98 (s, 3H); 3.96 (s, 3H); 3.76 (s, 3H); 3. 

75 (s, 3H); 3.66 (t, J = 8.1 Hz, 2H) 3.60 (t, J = 8.1 Hz, 2H); 0.91 – 0.80 (m, 4H); -0.03 (s, 

9H); -0.09 (s, 9H).  
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N-benzyl-5-(4-methoxy-3-sulfamoylphenyl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

pyrazole-3-carboxamide and N-benzyl-3-(4-methoxy-3-sulfamoylphenyl)-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-pyrazole-5-carboxamide (106) 

 

Purification by flash column chromatography eluting with DCM/MeOH from 99.5:0.5 to 

99:1 allowed the isolation of the product as amixture of the two regioisomeres (yield: 

55%).1H NMR (400 MHz, DMSO-d6): δ 9.18 (t, J = 6.0 Hz, 2H); 8.82 (t, J = 6.3 Hz, 2H); 

8.18 (d, J = 2.3 Hz, 1H); 8.01 (d, J = 2.3 Hz, 1H); 7.97 (dd, J1 = 8.6, J2 = 2.3 Hz, 1H); 7.86 

(dd, J1 = 8.6, J2 = 2.3 Hz, 1H); 7.41 (s, 1H); 7.38 (s, 1H); 7.37 – 7.30 (m, 11H); 7.29 – 7.21 

(m, 4H); 7.19 (s, 4H); 7.18 (s, 2H); 6.89 (s, 1H); 5.85 (s, 2H); 4.47 (t, J = 6.4 Hz, 4H); 3.97 

(s, 3H); 3.95 (s, 3H); 3.76 (s, 3H); 3. 75 (s, 3H); 3.66 (t, J = 8.1 Hz, 2H) 3.58 (t, J = 7.9 Hz, 

2H); 0.89 – 0.79 (m, 4H); -0.05 (s, 9H); -0.08 (s, 9H).  

2-methoxy-5-(3-(4-methylpiperazine-1-carbonyl)-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-pyrazol-5-yl)benzenesulfonamide and 2-

methoxy-5-(5-(4-methylpiperazine-1-carbonyl)-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-pyrazol-3-yl)benzenesulfonamide (107) 

 

Purification by flash column chromatography eluting with DCM/MeOH from 99:1 to 

96:4 allowed the isolation of the product as amixture of the two regioisomeres (yield: 

43%).1H NMR of majority species (400 MHz, DMSO-d6): δ 8.23 (s, 1H); 8.02 (d, J = 7.1 

Hz, 1H); 7.28 (d, J = 8.3 Hz, 1H); 7.14 (s, 2H); 6.89 (s, 1H); 5.85 (s, 2H); (d, J = 2.3 Hz, 1H); 

7.97 (dd, J1 = 8.6, J2 = 2.3 Hz, 1H); 7.86 (dd, J1 = 8.6, J2 = 2.3 Hz, 1H); 7.41 (s, 1H); 7.38 (s, 

1H); 7.37 – 7.30 (m, 11H); 7.29 – 7.21 (m, 4H); 7.19 (s, 4H); 7.18 (s, 2H); 6.89 (s, 1H); 

5.85 (s, 2H); 3.95 (s, 3H); 3.65 – 3.54 (m, 6H); 2.36 (s, 4H); 2.22 (s, 2H); 0.86 – 0.82 (m, 

2H); -0.05 (s, 9H).  
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General procedure for the SEM deprotection 

The proper SEM-derivate (1 eq) was dissolved in EtOH, then 4 N aq.HCl was added. The 

reaction mixture was stirred at room temperature overnight. NaOH 1 N was added to 

the reaction mixture, and when a precipitate occurred, it was filtered off; otherwise, 

the mixture was extracted with EtOAc. Purification conditions, yields, and analytical 

data are reported below. 

N-benzyl-5-(4-methoxy-3-sulfamoylphenyl)-1H-pyrazole-3-carboxamide (87) 

 

Purification by trituration with EtOAc and DCM allowed the isololation of the product 

as a white powder (yield: 35%).1H NMR (400 MHz, DMSO-d6): δ 13.96 (s, 1H); 9.03 (s, 

1H); 8.17 (d, J = 2.1 Hz, 1H); 7.98 (dd, J1 = 8.6, J2 = 2.1 Hz, 1H); 7.34 – 7.29 (m, 5H); 7.27 

– 7.28 (m, 1H); 7.16 (s, 1H); 4.46 (d, J = 6.0 Hz, 2H); 3.95 (s, 3H). HPLC-ESI-MS analysis: 

calculated for C18H18N4O4S: 386.10; found: 385.04 [M-H+]. 

5-(4-methoxy-3-sulfamoylphenyl)-N-(4-methoxyphenyl)-1H-pyrazole-3-carboxamide 

(88) 

 

White powder (yield: 85%).1H NMR (400 MHz, DMSO-d6): δ 13.83 (s, 1H); 10.06 (s, 1H); 

8.21 (s, 1H); 8.02 (d, J = 8.1 Hz, 1H); 7.70 (d, J = 8.2 Hz, 1H); 7.33 (d, J = 8.5 Hz, 2H); 7.18 

(s, 2H); 6.94 (d, J = 8.4 Hz, 1H); 3.96 (m, 3H); 3.76 (s, 3H). HPLC-ESI-MS analysis: 

calculated for C18H18N4O5S: 402.10; found: 401.09 [M-H+].  
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2-methoxy-5-(3-(4-methylpiperazine-1-carbonyl)-1H-pyrazol-5-

yl)benzenesulfonamide (89) 

 

Purification by flash column chromatography eluting with DCM/MeOH from 95:5 to 

90:10 allowed the isolation of the product (yield: 20%).1H NMR (400 MHz, DMSO-d6): δ 

13.65 (s, 1H); 8.18 (d, J = 2.1 Hz, 1H); 8.00 (dd, J1 = 8.6, J2 = 2.2 Hz, 1H); 7.30 (d, J = 8.7 

Hz, 1H); 7.17 (s, 2H); 6.97 (s, 1H); 7.16 (s, 1H); 3.95 (s, 3H); 3.84 (m, 2H); 3.64 (m, 2H); 

2.37 – 2.34 (m, 4H); 2.21 (s, 3H). HPLC-ESI-MS analysis: calculated for C16H21N5O4S: 

379.13; found: 380.27 [M+H+]. 

5-ethynyl-2-methoxybenzenesulfonamide (110) 

 

LP275 (50mg, 0.19 mmol) was dissolved in anhydrous 1,4-dioxane, then 

tetrakis(triphenylphosphine)palladium(0) (22mg, 0.019 mmol), CuI (4 mg, 0.019 mmol), 

and TEA (0.265 mL, 1.19 mmol) were added under argon atmosphere. Subsequently, 

TMS acetylene was added. The reaction mixture was heated to reflux. After the 

consumption of the starting material according to TLC, EtOAc was added to the reaction 

mixture, and it was filtered through a plug of celite, then the organic phase was 

extracted with EtOAc (x3). The organic layers were dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The corresponding crude material 

was dissolved in MeOH, and potassium carbonate (51 mg, 0.38 mmol) was added. The 

reaction mixture was stirred at room temperature for 2 hours. The solvent was 

evaporated, and the crude material was extracted with EtOAc (X3). The organic layers 

were dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. 

The crude material was purified by flash column chromatography eluting with 

Petroleum Ether/EtOAc 60:40 to afford the title compound as a yellow powder (yield: 
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65%). 1H NMR (400 MHz, CDCl3): δ 8.06 (d, J = 2.5 Hz, 1H); 7.66 (dd, J1 = 8.7, J2 = 2.5 Hz, 

1H); 6.97 (d, J = 8.8 Hz, 1H); 5.08 (s, 2H); 4.06 (s, 1H); 4.03 (s, 3H). 

 

Ethyl 5-(4-methoxy-3-sulfamoylphenyl)isoxazole-3-carboxylate(112) 

 

Ethyl 2-chloro-2-(hydroxyimino)acetate (40 mg, 0.27 mmol), sodium bicarbonate 

(23mg, 0.27) and LP295 (20 mg, 0.09 mmol) were dissolved in anhydrous ACN. The 

reaction mixture was stirred at room temperature for 72 hours. Water was added to 

the reaction mixture, and it was extracted with EtOAc (X3). The organic layers were 

dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The 

crude material was purified by flash column chromatography eluting with Petroleum 

Ether/EtOAc 60:40 to afford the title compound as a slightly yellow powder (yield: 

80%). 1H NMR (400 MHz, DMSO-d6): δ 8.24 – 8.18 (m, 2H); 7.51 (s, 1H); 7.42 (d, J = 8.7 

Hz, 1H); 7.31 (s, 2H); 4.41 (q, J = 7.1 Hz, 2H); 2.99 (s, 3H); 1.35 (t, J = 7.1 Hz, 3H).  
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4. O-Acetylserine sulfhydrylase (OASS) inhibitors 
 

4.1. State of the art 

The discovery of molecules as cysteine inhibitors started from the evidence that SAT is 

the physiological inhibitor of OASS. Indeed, a study conducted in H. influenzae shows 

that the last five amino acids present in the SAT C-terminal chain play a crucial role in 

the inhibition of OASS.98 In particular, the carboxylic moiety of the Ile267, the last amino 

acid of the C-terminal chain, is essential for the interaction between SAT and OASS.99 

Starting from this evidence, the efforts of our research group in the development of 

cysteine inhibitors culminated with the development of UPAR415, which, to our 

knowledge, is the most potent synthetic OASS inhibitor known so far (Figure 14).  

Indeed, the analysis of a small pentapeptides library led to the disclosure of molecules 

with an affinity toward the enzyme in a micromolar range. The chemical issues usually 

showed to the peptides, such as the low stability and low bioavailability, prompted us 

to use these molecules as a template for the development of the first non-peptidic 

OASS inhibitor.43,100 The carboxylic acid moiety was kept intact due to the pivotal rule 

for the activity, and this moiety was linked to an alkyl chain through a suitable spacer 

such as a cyclopropane. The alkyl moiety mimics the isoleucine side chain, and the 

spacer was used to block the chain and the carboxylic acid in the favorable trans 

configuration. Compound A was found to be the most active of these cyclopropane 

inhibitors, with a Kd towards OASS-A of 1.45 µM. Despite the promising activity, this 

compound suffered from several drawbacks, like harsh synthesis, being highly volatile, 

and poor chemical stability in the stock solution used in the biological assays. With the 

aim to bypass these issues and find new molecules able to inhibit both the OASS 

isoforms, the vinyl moiety of compound A was embodied into a phenyl ring (compound 

B). The trans configuration was retained. Structure-Activity Relationship study led to 

the optimization of compound B and the discovery of the most potent OASS inhibitor 

known so far, namely UPAR415.101 This compound showed a Kd in the nanomolar range 

toward both the OASS isoforms, ensuring the complete inhibition of cysteine 

biosynthesis. Despite the potent activity of UPAR415 in vitro, UPAR415 was virtually 

inactive in the cellular assay, although we have demonstrated that this compound acts 

as an adjuvant when used in combination with colistin, a last resort antibiotic that acts 

by disrupting the bacterial membranes.102,103 However, it seems there is a lack of 

correlation between the remarkable affinity towards the enzyme and the high 
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concentrations used in the cellular assay, leading to the speculation that this compound 

likely suffers from poor cellular penetrability, limiting its potential use as an 

antibacterial adjuvant. 

 

 
 

Figure 14. Expansion of cyclopropane scaffold.  
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4.2. Exploration of carboxylic acid fragments in the search of novel 

chemotypes with OASS inhibitory properties 

 

4.2.1. Background  

Despite excellent inhibitory activity towards the OASS enzyme, UPAR415 showed only 

modest activity in the cellular assay. Therefore its structure was used as the template 

in a scaffold hopping approach to identify new chemical entities that may enhance the 

permeability of the membrane and bypass the synthetic challenges of the cyclopropane 

ring. Taking in mind the SAR information acquired so far about the cyclopropane 

derivatives, keeping the carboxylic acid portion intact was considered essential due to 

the pivotal role this moiety plays in inhibitory activity. Among the different potential 

molecules identified, compound 114 was selected for biochemical evaluation on the 

target enzyme (Figure 15 A). Indeed, this compound showed a binding pattern with the 

OASS backbone similar to UPAR415 (Figure 15, B, and C). Furthermore, it was possible 

to envisage a structural similarity of a compound with a cyclopropane core and the 

identified compound 115 (figure 15 D). 

 

 

Figure 15. (A) Chemical structure of compound 114 (B) Interactions of StOASS-A with the 

cyclopropane (C) and compound 114. (D) Visual comparison of the structure of UPAR415 and 

compound 114.  
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Compound 114 showed a 50% inhibition of OASS-A activity at 1mM, a result 

encouraging enough to suggest further investigation. A small set of analogues was 

synthesized, and both the N-1 and the N-2 positions of the pyrazole were substituted 

to identify which position was the most prone to be substituted. Surprisingly, despite 

the different electronic characters of the substituents introduced (EDG or EWG) on the 

pyrazole scaffold, the most active derivate was the unsubstituted 1-H-pyrazole-5-

carboxylic acid (compound 115). This fragment showed a 90% inhibition at 1mM and a 

Kd of 122 µM on OASS-A and a higher Kd of 272 ± 10 µM towards OASS-B, in compliance 

with the general trend. This result prompted us to evaluate the activity of other 5-

membered heterocycles bearing carboxylic acid function. As it is reported in Table 7, 

compound 116 and compound 118 showed increased inhibitory activity compared to 

compound 115.104  

 

Table 7. Activity of compounds 115-118. 

 

Cpd Structure 
MW 

(g/mol) 

Kd  
OASS-

A 
(μM) 

Kd  
OASS-

B 
(μM) 

LE (OASS-A)a 

kcal/mol/HA 
LE (OASS-B) a 
kcal/mol/HA 

ClogPb TPSAb 

UPAR 
415 

 

266.33 0.03 0.049 0.52 0.50 3.60 37.30 

115 
 

112.09 
122 ± 

5 
272 ± 

10 
0.67 0.61 0.13 65.98 

116 
 

111.1 
59 ± 
11 

465 ± 
50 

0.72 0.60 0.66 53.09 

117 
 

113.07 
120 ± 

12 
548 ± 

59 
0.67 0.60 0.04 63.33 

118 
 

129.14 52 ±6 
338 ± 

14 
0.74 0.60 0.17 50.19 

aLE=(1.37/HA). pIC50 where HA refers to heavy atoms. 
bClogP and TPSA were calculated using molinspiration website (http://www.molinspiration.com/). 
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4.2.2. Aim of the project 

Many molecules have been developed following a fragment-based drug design (FBDD) 

approach, which has assumed an important role in target-based drug discovery.105 The 

aim of FBDD is to generate potent small-molecule compounds working around small 

fragments which are characterized by low molecular weight, simple chemical structure, 

easiness of synthesis, and a low but encouraging binding affinity towards the 

target.106,107 

Compounds 116 and 118, with a two-fold increase of the Kd towards OASS-A compared 

to the pyrazole 115, although not standard fragments, embodied all the characteristics 

to represent suitable fragment-like derivatives to work on the analysis of the inhibitory 

activity showed by the 5-membered heterocycles tested, leads us to speculate that 

compounds bearing carboxylic acid moiety at the C-2 may bring to derivatives with an 

improved Kd (Table 7). Considering this, the carboxylic moiety in position C-2 was kept 

during the first round of optimization.  

With only this hint in hand, the project went on expanding the fragments with the aim 

of improving their affinity towards StOASS. Compounds 116 and 118 were used as 

plausible templates for this optimization. During this preliminary round of 

modifications, lipophilic substituents, such as substituted phenyl rings, were 

introduced to enlarge the fragments. The pyrrole derivatives were synthesized bearing 

the lipophilic substituents in two positions, namely at the C-4 and C-5. On the contrary, 

the thiazole derivatives were synthesized with substituents at the C-4. Additionally, to 

be seen as a modification of the pyrrole ring, we deemed of interest also to synthesize 

indole-2-carboxylic acid analogues. In this case, the pyrrole fragment is embodied in a 

more rigid and bulky structure, and valuable hints might be obtained regarding the 

activity of the molecule inside the pocket. As for the pyrrole, indole derivatives were 

synthesized bearing substituents in two positions, at C-5 and C-6. The phenyl moiety 

introduced in the structure of the acid fragments was decorated with small EWGs or 

EDGs, arbitrarily introduced in the para position in this first series of modifications. 

Furthermore, a small set of N-substituted pyrrole and indole derivatives was 

synthesized to evaluate whether the capability of donating H-bond of these moieties 

might affect the activity of the compounds (Figure 16). 
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Figure 16. Fragment modifications. 

 

4.2.3. Results and Discussions 

The straightforward synthetic route established to synthesize the fragment derivatives 

(Scheme 7 and 8) allowed us to obtain a variously substituted set of molecules. Three 

fragments bearing a carboxylic moiety on the C-2 with a pyrrole, thiazole, or indole core 

were chosen as a starting point for the fragment optimization. Moreover, a phenyl 

appendage, suitably substituted with EWGs (F, Cl, CF3, COMe) and EDG (Me) in the para 

position, was introduced on each heterocyclic fragment. This way, the designed 

compounds have an MW ranking between 187 and 305 Da and a ClogP between 3 and 

5, allowing the placement of additional moieties to optimize the hit discovery process. 

The binding affinity of the analogues was evaluated through fluorimetric titration 

(Table 8). Quite unexpectedly, the large majority of the attempts to expand the 

structure of the fragments were unsuccessful, as most of the compounds synthesized 

did not bind the enzyme. In particular, none of the pyrrole and indole derivatives 

substituted with a phenyl ring was able to interact with the OASS isoforms. A weak 

affinity for the enzyme could be detected for four of the six thiazole derivatives (142, 

143, 146, 147), although only toward the OASS-A isoforms. In any case, none of these 

derivatives was found to be more affine than the original fragment compound 118.  
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Table 8. Dissociation constants of the synthesized compound determined for StOASS-

A and StOASS-B 

Cpd Structure 

Fluorescence KD 
(μM) Cpd Structure 

Fluorescence KD 
(μM) 

OASS-A OASS-B OASS-A OASS-B 

119 
 

N.b.* N.b. 136 
 

N.b. N.b. 

120 
 

N.b. N.b. 137 
 

N.b. N.b. 

121 
 

N.b. N.b. 138 
 

N.b. N.b. 

122 
 

N.b. N.b. 139 
 

N.b. N.b. 

123 
 

N.b. N.b. 140 
 

N.b. N.b. 

124 
 

N.b. N.b. 141 
 

N.b. N.b. 

125 
 

N.b. N.b. 142 
 

396±47 >600 

126 
 

N.b. N.b. 143 
 

230±19 N.b. 

127 
 

N.b. N.b. 144 
 

N.b. N.b. 

128 
 

N.b. N.b. 145 
 

N.b. N.b. 

129 
 

N.b. N.b. 146 
 

197±7 N.b. 

130 
 

N.b. N.b. 147 
 

140±37 N.b. 

131 
 

N.b. N.b. 148 

 

N.b. N.b. 

132 
 

N.b. N.b. 149 

 

N.b. N.b. 
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Cpd Structure 

Fluorescence KD 
(μM) Cpd Structure 

Fluorescence KD 
(μM) 

OASS-A OASS-B OASS-A OASS-B 

133 
 

N.b. N.b. 150 

 

5.0±0.6 20.2±0.4 

134 
 

N.b. N.b. 151 

 

116±9 6.7±0.4 

135 

 

N.b. N.b.     

*N.b= No binding  

 

Despite the small number of active compounds and the range of the activity that cannot 

be considered promising, a rough SAR can be proposed concerning the phenyl attached 

at the C-4. Thiazole bearing the unsubstituted phenyl moiety showed the highest Kd of 

the set (142, Kd OASS-A = 396±47µM). Introducing small groups on the phenyl moiety 

increase the activity, with a better propensity for EDGs. Indeed, the p-methyl moiety 

led to the most active compound of the series (147, Kd OASS-A = 140±37). Among the 

EWGs tested, chlorine and acetoxy groups are able to interact with the enzyme despite 

showing a weaker binding affinity compared to 147 (143, Kd OASS-A 230±19 µM; 146, Kd 

OASS-A = 197±7 µM). Its replacement with other EWGs such as trifluoromethyl (145), a 

group widely used in medicinal chemistry to replace the methyl, is detrimental to the 

binding affinity, as well as substitution with fluorine, likely due to their electronegative 

effect.  

These modifications all led to a set of compounds inactive on the OASS-B isoform and 

with a weak activity on the OASS-A.  

Concerning the substitution of the pyrrole and indole nitrogen, a phenyl ring was 

introduced with methylene and an ethylene bridge. The latter leads to derivatives with 

less structural rigidity, which may allow a favorable binging pose of the molecule inside 

the pocket, and thus an improved binding affinity.  

Whereas the indole derivatives 148 and 149 did not show any activity, the pyrrole 

analogues 150 and 151 showed a binding affinity that deserves further attention. N-

benzyl derivative 150 showed a Kd of 5.0±0.6 µM to OASS-A and a Kd of 20.2±0.4 µM 

towards OASS-B. Considering the small size, the low ClogP, and the easiness of 
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synthesis, 150 holds promise for further amelioration. Likely ways of intervention might 

be the spacer and the phenyl ring, which could be further modified, either through the 

addition of substituents or through its substitution with other heterocyclic rings. 

Regardless, also considering the activity of hit compound 114 and considering the 

small, but still detectable, affinity of the thiazole derivatives, the most important 

information disclosed after this first round of modification is that a hint of activity is 

obtained when the H-bond donor character of the fragment nitrogen is abolished. 

Concerning compound 151, it seems the affinity to OASS-A is significantly reduced (23-

fold decrease) when an ethylene carbon spacer was added between the phenyl and the 

pyrrole core (150, Kd OASS-A = 5.0±0.6 µM; 151 Kd OASS-A = 116±9 µM). However, this 

modification led to an improved activity toward OASS-B compared to 150, with a Kd OASS-

B of 6.7±0.4 µM. To our experience, this is the first time that a compound is more affine 

to the OASS-B isoform than the OASS-A, or at least with this difference in the 

experimental Kd. Despite the block of both the isoforms is desirable in case of infection, 

however blocking the inducible isoform might add further selectivity to the action of a 

potential drug and avoid the raise of resistance. In addition, this compound could be 

used to develop selective OASS-B inhibitors and represents a valuable chemical probe 

to gain insights into the difference between the two isoforms of the enzyme.  

 

4.2.4. Biophysical Binding Studies 

The synthesized fragments were biochemically evaluated on both the recombinant 

OASS isoforms to determine the binding affinity. The dissociation constant of the 

derivatives was measured by a fluorimetric method. This method allows the direct 

determination of the dissociation constant by exploiting the increase in the 

fluorescence emission of the cofactor PLP upon ligand binding at the active site. Indeed, 

when the ligand binds the OASS an increased fluorescence emission of the PLP cofactor 

at 505 nm occurs upon excitation at the 412 nm (Figure 17).66 

Measurements were carried out on solutions containing 1 μM OASS in 100 mM Hepes 

pH 7, and triturated with increasing concentrations of compounds at 20 °C. 
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Figure 17. Binding of 150 and 151 to StOASS-A (A and C) and StOASS-B (B and D) as probe by 

the increase in the fluorescence emission of the cofactor PLP. 

 

4.2.5. Chemistry  

The final compounds were obtained using a versatile and straightforward protocol, 

which allowed the synthesis of a series of carboxylic acid fragments with different cores 

and consisted of two main steps. The phenyl substituents were introduced on the 

scaffold via the Suzuki-Miyaura cross-coupling reaction. The indole, pyrrole, or thiazole 

bromo derivatives (152, 153, 155, 156, 158) were reacted with various borinic acids in 

a mixture of THF/H2O, using tripotassium phosphate as the base and XPhos PdG2 as the 

catalyst. The reaction allowed us to afford the desired intermediates in 2-3 hours and 

in a good yield (40-81%). Then the corresponding carboxylic ester intermediates were 

hydrolyzed to the final carboxylic acid compounds (Scheme 7). The ethyl 5-bromo-1H-

indole-2-carboxylate 152 and the ethyl 6-bromo-1H-indole-2-carboxylate 153 were 

commercially available. The thiophene analogues 158 was obtained from the 

commercially available 4-bromothiophene-2-carboxylic acid via prior conversion of its  
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Scheme 7. a;b 

 

 

 

Scheme 7. a Reagents and conditions. (a) K3PO4, X-Phos Pd G2, THF/H2O, 70°C, 2h, 40-81%; (b) 

LiOH, THF/ H2O, reflux, 2-12 h, 40-92%; (c) NBS, THF/MeOH, r.t., 40-38%; d) CH3I, K2CO3, 

DMF,r.t., on, 90%.b For complete structure, see Table 8.  
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methyl ester by reaction with iodomethane in DMF. Subsequentially, the obtained 

methyl ester 158 was submitted to the Suzuki-Miyaura cross-coupling reaction. 

Regarding the pyrrole derivates, ethyl 1H-pyrrole-2-carboxylate was purchased, and 

the subsequent bromination with N-Bromosuccinimide (NBS) allowed the isolation of 

both the bromo derivatives 155 and 156, which could be easily separated with flash 

chromatography according to a protocol already reported in the literature. 108,109 

The N-substituted derivates (148-151) were obtained in two steps. First, the 

commercially available ethyl 1H-indole-2-carboxylate (159) or ethyl 1H-pyrrole-2-

carboxylate (160) was alkylated with the proper bromo derivate (a or b) in the presence 

of a suitable base. Then the esters were hydrolyzed to afford the desired final 

compounds (Scheme 8). 

 

Scheme 8.  

 

 

Scheme 8. a Reagents and conditions. pyrrole detivateves: (a): NaH, DMF, r.t.; 45-85%; indole 

derivateves: (b) Cs2CO3, ACN, 60°C, o.n., 40-92%; (c) LiOH, THF/ H2O, reflux, 2-12 h, 68-87%.  
b For complete structure, see Table 8 

 

4.2.6. Conclusion 

 

A large set of compounds was synthesized, taking inspiration from the identified 

fragment compounds 116 and 118. Although most derivatives did not show activity 

towards the enzyme, a hint of SAR can be drafted. Embodying the pyrrole core in a 

bulky and rigid structure as the indole ring is detrimental to the activity. Moreover, the 

length of the spacer between the pyrrole ring and the phenyl substituent may affect 

the selectivity towards OASS isoforms. Indeed, increasing the length of the spacer 

seems to shift the affinity of the compound towards the OASS-B. It may be concluded 

that a short spacer is suitable for a compound with an appreciable binding affinity 
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towards both the isoforms, and further optimizations are needed to refine the SAR of 

this promising fragment. Additionally, we can speculate that the improved activity 

showed to 151 towards OASS-B may be attributed to the different sizes of the active 

site between the two isoforms. At this regard, it is worthwhile to remember that OASS-

B active site is bigger than that of OASS-A.42,101,110 The flexibility of the ethyl chain may 

lead to a better posing of the compound in the binding pocket, resulting in an increased 

affinity. Following this rationale, this might explain the drop of the activity toward 

OASS-A. The N-substituted pyrrole 150 is the most active compound of the series, with 

a remarkable improvement in the Kd compared to compound 116, the 1H-pyrrole-2-

carboxylic acid. Indeed, the affinity toward OASS-A was 12-fold increased and 23-fold 

to OAAS-B (116, Kd OASS-A = 59±11 µM, Kd OASS-B = 465±50 µM; 150, Kd OASS-A = 5.0±0.6, µM, 

Kd OASS-B = 20.2±0.4 µM) (Table 9).  

 

 

Table 9. Activity of compounds UPAR415, 116, 150 and 151. 

Cpd Structure 
MW 

(g/mol) 

Kd  
OASS-

A 
(μM) 

Kd   
OASS-
B (μM) 

LE (OASS-A)a 

kcal/mol/HA 
LE (OASS-B) a 
kcal/mol/HA 

ClogPb TPSAb 

UPAR 
415 

 

266.33 0.03 0.049 0.52 0.50 3.60 37.30 

116 
 

111.1 
59 ± 
11 

465 ± 
50 

0.72 0.60 0.66 53.09 

150 

 

201.22 
5.0± 
0.6 

20.2 ± 
0.4 

0.49 0.44 2.54 42.33 

151 

 

215.25 116±9 6.7±0.4 0.34 0.45 2.54 41.23 

aLE=(1.37/HA). pIC50 where HA refers to heavy atoms. 
bClogP and TPSA were calculated using molinspiration website (http://www.molinspiration.com/). 

 

 

 

 

http://www.molinspiration.com/
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Also, the thiazole derivatives showed some appreciable activity, despite being 

considerably less affine than the original fragment 114 and then hit compounds 150 

and 151. Also, for these derivatives, a few SAR considerations could be drafted based 

on the substituents at the phenyl ring attached at C-4. In conclusion, despite the large 

majority of the compounds prepared did not have activity toward the enzymes, 150 

and 151 offer can be considered intriguing derivatives to start a second round of 

modifications, in the hope to improve affinity and shed light on the active site of the 

OASS-A and OASS-B enzymes corroborate this information.  
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44.2.7. Experimental section 

Synthetic procedure to obtain Ethyl 4-bromo-1H-pyrrole-2-carboxylate (155) 

and Ethyl 5-bromo-1H-pyrrole-2-carboxylate (156) 

 

 

Ethyl 1H-pyrrole-2-carboxylate (150 mg, 1.07 mmol) was dissolved in THF/H2O (2/1, 5 

mL/mmol). Then, the solution was cooled at 0°C, and N-bromosuccinimide (211 mg, 

1.18 mmol) was added portion-wise over 2 hours. The reaction mixture was stirred at 

room temperature for 4 h. After this time, water was added to the reaction mixture, 

and it was extracted with EtOAc (3 X 20 mL), then the organic layers were dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The crude was 

purified by flash column chromatography eluting with Petroleum Ether/EtOAc to afford 

the title compounds. Ethyl 5-bromo-1H-pyrrole-2-carboxylate (yield: 40%). 1H NMR 

(400 MHz, CDCL3): δ 9.32 (s, 1H); 6.93 (dd, J1 = 3.8, J2 =2.7 Hz, 1H); 6.22 (dd, J1 = 3.8, J2 

= 2.6 Hz, 1H); 4.33 (q, J = 7.1 Hz, 2H); 1.36 (t, J = 7.1 Hz, 3H). Ethyl 4-bromo-1H-pyrrole-

2-carboxylate (yield: 35%). 1H NMR (400 MHz, CDCL3): δ 9.40 (s, 1H); 6.82 (dd, J1 = 3.0, 

J2 =1.6 Hz, 1H); 6.89 (dd, J1 = 2.6, J2 = 1.6 Hz, 1H); 4.32 (q, J = 7.1 Hz, 2H); 1.35 (t, J = 7.1 

Hz, 3H). Spectra data were consistent with those reported in literature. 108,109 

Synthetic procedure to obtain Methyl 4-bromothiazole-2-carboxylate (158) 

 

A mixture of 4-bromothiazole-2-carboxylic acid (500 mg, 2.42 mmol), K2CO3 (700 mg, 

5.07 mmol), and CH3I (0.451 mL, 1.25 mmol) in DMF (2 mL/mmol) was stirred at room 

temperature overnight. Water was added to the reaction mixture, and it was extracted 

with EtOAc (3 X 30 mL). The organic layers were dried over anhydrous Na2SO4, filtered, 

and concentrated under reduced pressure. The product was used in the next step 

without further purification (yield: 70%). 1H NMR (400 MHz, CDCL3): δ 7.55 (s, 1H); 4.02 

(s, 3H).   
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General procedure for the Suzuki-Miyaura Cross-Coupling Reaction 

To a solution of the proper Bromo derivates (1.00 eq) in THF/H2O (3:1, 10 mL/mmol) 

were added the appropriate boronic acid or ester (1.5 eq) and potassium phosphate 

tribasic (2.00 eq). The mixture was stirred under a nitrogen atmosphere for 10 minutes. 

After this time, X-Phos Pd G2 (0.15 eq) was added, and the reaction mixture was stirred 

at 70°C for 2 hours. After cooling to room temperature, the reaction mixture was 

filtered through a plug of celite. The filtrate was concentrated under reduced pressure, 

and the residue was extracted with EtOAc (3 X 25 mL), dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The crude was purified by flash 

column chromatography eluting with Petroleum Ether/EtOAc. Purification conditions, 

yields, and analytical data are reported below. 

Ethyl 5-phenyl-1H-indole-2-carboxylate (152 a) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 afforded the product as a orange powder (yield: 81%). 1H NMR (400 MHz, CDCL3): 

δ 8.97 (s, 1H); 7.90 – 7.88 (m, 1H); 7.66 – 7.63 (m, 2H); 7.59 (dd, J = 8.6, 1.7 Hz, 1H); 

7.50 - 7.43 (m, 3H); 7.37 - 7.31 (m, 1H); 7.28 – 7.27 (m, 1H); 4.49 (q, J = 7.1 Hz, 2H); 1.44 

(t, J = 7.1, 3H). 

Ethyl 5-(4-chlorophenyl)-1H-indole-2-carboxylate (152 b) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 afforded the product as a yellow powder (yield: 74%). 1H NMR (400 MHz, CDCL3): 

δ 9.01 (s, 1H); 7.87 – 7.84 (m, 1H); 7.57 – 7.52 (m, 3H); 7.48 – 7.47 (m, 1H); 7.42 - 7.39 

(m, 1H); 7.27 - 7.26 (m, 1H); 4.44 (q, J = 7.1 Hz , 2H); 1.44 (t, J = 7.1, 3H). 
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Ethyl 5-(4-fluorophenyl)-1H-indole-2-carboxylate (152 c) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 afforded the product as a light brown powder (yield: 77%). 1H NMR (400 MHz, 

CDCL3): δ 8.96 (s, 1H); 7.84 – 7.82 (m, 1H); 7.60 – 7.56 (m, 2H); 7.53 (dd, J1 = 8.6, 1.7 Hz, 

1H); 7.49 - 7.47 (m, 1H); 7.27 - 7.26 (m, 1H); 7.16 – 7.11 (m, 2H); 4.44 (q, J = 7.1 Hz, 2H); 

1.44 (t, J = 7.1 Hz, 3H). 

Ethyl 5-(4-(trifluoromethyl)phenyl)-1H-indole-2-carboxylate (152 d) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

95:5 to 90:10 afforded the product as a yellow powder (yield: 60%). 1H NMR (400 MHz, 

DMSO-d6): δ 12.04 (s, 1H); 8.07 – 8.03 (m, 1H); 7.92 (d, J = 8.1 Hz, 1H); 7.80 (d, J = 8.3 

Hz, 2H); 7.66 (dd, J1 = 8.7, 1.8 Hz, 1H); 7.25 – 7.24 (m, 1H); 4.37 (q, J = 7.1 Hz, 2H); 1.37 

(t, J = 7.1 Hz, 3H). 

Ethyl 5-(4-acetylphenyl)-1H-indole-2-carboxylate (152 e) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 afforded the product as a yellow powder (yield: 39%). 1H NMR (400 MHz, CDCL3): 

δ 8.95 (s, 1H); 8.05 – 8.03 (m, 2H); 7.97 – 7.93 (m, 1H); 7.75 – 7.22 (m, 2H);7.62 (dd, J1 

= 8.6, 1.8 Hz, 1H); 7.54 – 7.49 (m, 1H); 7.28 - 7.29 (m, 1H); 4.44 (q, J = 7.1 Hz, 2H); 2.65 

(s, 3H); 1.44 (t, J = 7.1 Hz, 3H).  
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Ethyl 5-(p-tolyl)-1H-indole-2-carboxylate (152 f) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

96:4 to 94:6 afforded the product as a pale yellow powder (yield: 74%). 1H NMR (400 

MHz, DMSO-d6): δ 11.92 (s, 1H); 7.91 – 7.89 (m, 1H); 7.59 – 7.50 (m , 4H); 7.29 (d, J = 

7.9 Hz, 2H); 7.18 - 7.17 ( m, 1H); 4.36 (q, J = 7.1 Hz, 2H); 2.35 (s, 3H); 1.36 (t, J = 7.1 Hz, 

3H). 

Ethyl 6-phenyl-1H-indole-2-carboxylate (153 a) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 

90:10 afforded the product as a white powder (yield: 67%). 1H NMR (400 MHz, DMSO-

d6): δ 11.97 (s, 1H); 7.75 (d, J = 8.4 Hz, 1H); 7.69 – 7.66 (m, 3H); 7.49 (t, J = 7.6 Hz, 2H); 

7.42 - 7.35 (m, 2H); 7.19 (s, 1H); 4.36 (q, J = 7.1 Hz, 2H); 1.36 (t, J = 7.1 Hz, 3H). 

Ethyl 6-(4-chlorophenyl)-1H-indole-2-carboxylate (153 b) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product as a pale yellow powder (yield: 71%). 1H NMR (400 MHz, DMSO-

d6): δ 12.00 (s, 1H); 7.76 (d, J = 8.4 Hz, 1H); 7.72 – 7.69 (m, 2H); 7.68 - 7.65 (m, 1H); 7.55 

– 7.52 (m, 2H); 7.40 (dd, J = 8.4, 1.6 Hz, 1H); 7.19 – 7.18 (m, 1H); 4.36 (q, J = 7.1 Hz, 2H); 

1.36 (t, J = 7.1 Hz, 3H).  
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Ethyl 6-(4-fluorophenyl)-1H-indole-2-carboxylate (153 c) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

96:4 to 92:8 afforded the product as a white powder (yield:67 %). 1H NMR (400 MHz, 

CDCL3): δ 8.92 (s, 1H); 7.74 (d, J = 8.4 Hz, 1H); 7.62 – 7.57 (m, 2H); 7.57 - 7.54 (m, 1H); 

7.36 (dd, J = 8.4, 1.6 Hz, 1H); 7.25 – 7.24 (m, 1H); 7.18 – 7.12 (m, 2H); 4.43 (q, J = 7.1 Hz, 

2H); 1.43 (t, J = 7.1 Hz, 3H). 

Ethyl 6-(4-(trifluoromethyl)phenyl)-1H-indole-2-carboxylate (153 d) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product as a pale yellow powder (yield: 78%). 1H NMR (400 MHz, CDCL3): 

δ 8.90 (s, 1H); 7.72 -7.63 (m, 6H); 7.57 – 7.55 (m, 1H); 7.34 (dd, J = 8.4, 1.6 Hz, 1H); 4.36 

(q, J = 7.1 Hz, 2H); 1.36 (t, J = 7.1 Hz, 3H). 

Ethyl 6-(4-acetylphenyl)-1H-indole-2-carboxylate (153 e) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product as a white powder (yield: 39%). 1H NMR (400 MHz, DMSO-d6): δ 

12.06 (s, 1H); 8.07 (d, J = 8.5 Hz, 2H); 7.84 (d, J = 8.5 Hz, 2H); 7.79 (d, J = 8.4 Hz, 1H); 

7.76 (s, 1H); 7.48 (dd, J = 8.4, 1.6 Hz, 1H); 7.21– 7.20 (m, 1H); 4.37 (q, J = 7.1 Hz, 2H); 

2.36 (s, 3H);  1.36 (t, J = 7.1 Hz, 3H).  
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Ethyl 6-(p-tolyl)-1H-indole-2-carboxylate (153 f) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

97:3 to 96:4 afforded the product as a pale yellow powder (yield: 62%). 1H NMR (400 

MHz, DMSO-d6): δ 11.93 (s, 1H); 7.73 (d , J = 8.4 Hz, 1H); 7.64 (s, 1H); 7.57 (d, J = 8.1 Hz, 

2H); 7.38 (dd, J = 8.4, 1.6 Hz, 1H); 7.29 (d, J = 7.9 Hz, 2H); 4.36 (q, J = 7.1 Hz, 2H); 2.36 

(s, 3H); 1.36 (t, J = 7.1 Hz, 3H). 

Ethyl 4-phenyl-1H-pyrrole-2-carboxylate (155 a) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

98:2 to 95:5 afforded the product as a yellow powder (yield: 74%). 1H NMR (400 MHz, 

DMSO-d6): δ 12.02 (s, 1H); 7.63 - 7.61 (m, 2H); 7.50 – 7.49 (m,  1H); 7.35 – 7.31 (m, 2H); 

7.19 – 7.15 (m, 2H); 4.26 (q, J = 7.1 Hz, 2H); 1.30 (t, J = 7.1 Hz, 3H). 

Ethyl 4-(4-chlorophenyl)-1H-pyrrole-2-carboxylate (155 b) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

97:3 to 92:8 afforded the product as a yellow powder (yield: 50%). 1H NMR (400 MHz, 

DMSO-d6): δ 12.08 (s, 1H); 7.66 (d, J = 8.4 Hz, 2H); 7.56 – 7.55 (m, 1H); 7.36 (d, J = 8.4 

Hz, 2H); 7.19 – 7.18 (m, 1H); 4.27 (q, J = 7.1 Hz, 2H); 1.31 (t, J = 7.1 Hz, 3H).  
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Ethyl 4-(4-fluorophenyl)-1H-pyrrole-2-carboxylate (155 c) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

97:3 to 90:10 afforded the product as a yellow powder (yield: 52%). 1H NMR (400 MHz, 

CDCL3): δ 9.17 (s, 1H); 7.49 - 7.44 (m, 2H); 7.17 – 7.16 (m, 1H); 7.14 – 7.13 (m, 1H); 7.08 

– 7.02 (m, 2H); 4.35 (q, J = 7.1 Hz, 2H); 1.38 (t, J = 7.1 Hz, 3H). 

Ethyl 4-(4-(trifluoromethyl)phenyl)-1H-pyrrole-2-carboxylate (155 d) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

97:3 to 90:10 afforded the product as a yellow powder (yield: 61%). 1H NMR (400 MHz, 

DMSO-d6): δ 12.20 (s, 1H); 7.86 (d , J = 8.1 Hz, 2H); 7.67 – 7.64 (m, 3H); 7.28 (t, J = 5.8 

Hz,1H); 4.27 (q, J = 7.1 Hz, 2H); 1.31 (t, J = 7.1 Hz, 3H). 

Ethyl 4-(4-acetylphenyl)-1H-pyrrole-2-carboxylate (155 e) 

 

  

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

97:3 to 95:5 afforded the product as a yellow powder (yield: 55%). 1H NMR (400 MHz, 

DMSO-d6): δ 12.21 (s, 1H); 7.91 (d , J = 8.5 Hz, 2H); 7.79 (d, J = 8.5 Hz, 2H); 7.69  - 7.68 

(m, 1H); 7.31 – 7.28 (m, 1H); 4.28 (q, J = 7.1 Hz, 2H); 2.57 (s, 3H); 1.31 (t, J = 7.1 Hz, 3H). 
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Ethyl 4-(p-tolyl)-1H-pyrrole-2-carboxylate (155 f) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

97:3 to 95:5 afforded the product as a yellow powder (yield: 35%). 1H NMR (400 MHz, 

DMSO-d6): δ 11.97 (s, 1H); 7.50 (d , J = 8.1 Hz, 2H); 7.44 (dd, J = 3.1, 1.8 Hz, 1H); 7.15 – 

7.12 (m, 3H); 4.25 (q, J = 7.1 Hz, 2H); 2.28 (s, 3H); 1.30 (t, J = 7.1 Hz, 3H). 

Ethyl 5-phenyl-1H-pyrrole-2-carboxylate (156 a) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

96:4 to 94:6 afforded the product as a yellow powder (yield: 64%). 1H NMR (400 MHz, 

DMSO-d6): δ 12.06 (s, 1H); 7.85 - 7.83 (m, 2H); 7.40 – 7.37 (m, 2H); 7.29 – 7.25 (m, 1H); 

6.85 (dd, J = 3.8, 2.3 Hz, 1H); 6.64 (dd, J = 3.8, 2.5 Hz, 1H); 4.26 (q, J = 7.1 Hz, 2H); 1.30 

(t, J = 7.1 Hz, 3H). 

Ethyl 5-(4-chlorophenyl)-1H-pyrrole-2-carboxylate (156 b) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

98:2 to 94:6 afforded the product as a light yellow powder (yield: 65%). 1H NMR (400 

MHz, DMSO-d6): 12.14 (s, 1H); 7.90 – 7.87 (m, 2H); 7.47 - 43 (m, 2H); 6.86 (dd, J = 3.8,  

2.1 Hz, 1H); 6.68 (dd, J = 3.8, 2.3 Hz, 1H); 4.27 (q, J = 7.1 Hz, 2H); 1.31 (t, J = 7.1 Hz, 3H).  
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Ethyl 5-(4-fluorophenyl)-1H-pyrrole-2-carboxylate (156 c) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

97:3 to 90:10 afforded the product as a slightly yellow powder (yield: 70%). 1H NMR 

(400 MHz, DMSO-d6): δ 12.08 (s, 1H); 7.92 - 7.87 (m, 2H); 7.26 – 7.20 (m, 2H); 6.85 (dd, 

J = 3.8, 2.3 Hz, 1H); 6.62 (dd, J = 3.8, 2.5 Hz, 1H); 4.27 (q, J = 7.1 Hz, 2H); 1.30 (t, J = 7.1 

Hz, 3H). 

Ethyl 5-(4-(trifluoromethyl)phenyl)-1H-pyrrole-2-carboxylate (156 d) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

98:2 to 94:6 afforded the product as a slightly yellow powder (yield: 61%). 1H NMR (400 

MHz, DMSO-d6): δ 12.33 (s, 1H); 8.09 (d, J = 8.2 Hz, 2H); 7.74 (d, J = 8.3 Hz, 2H); 6.91 – 

6.89 (m, 1H); 6.82 – 6.81 (m, 1H); 4.29 (q, J = 7.1 Hz, 2H); 1.32 (t, J = 7.1 Hz, 3H). 

Ethyl 5-(p-tolyl)-1H-pyrrole-2-carboxylate (156 f) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

98:2 to 94:6 afforded the product as an orange powder (yield: 79%). 1H NMR (400 MHz, 

DMSO-d6): δ 11.98 (s, 1H); 7.74 (d, J = 8.2 Hz, 2H); 7.20 (d, J = 8.0 Hz, 2H); 6.85 – 6.83 

(m, 1H); 6.59 – 6.58 (m, 1H); 4.26 (q, J = 7.1 Hz, 2H); 2.32 (s, 3H); 1.30 (t, J = 7.1 Hz, 3H).  
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Methyl 4-phenylthiazole-2-carboxylate (158 a) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product (yield: 72%). 1H NMR (400 MHz, DMSO-d6): δ 8.55 (s, 1H); 8.03 – 

8.00 (m , 2H); 7.52 – 7.48 (m, 2H); 7.44 – 7.40 (m, 1H); 3.96 (s, 3H). 

Methyl 4-(4-chlorophenyl)thiazole-2-carboxylate (158 b) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product as yellow powder (yield: 38%). 1H NMR (400 MHz, CDCL3): δ  7.91 

– 7.88 (m , 2H); 7.75 (s , 1H); 7.43 – 7.40 (m , 2H); 4.05 (s, 3H). 

Methyl 4-(4-fluorophenyl)thiazole-2-carboxylate LPA64 (158 c) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product (yield: 80%). 1H NMR (400 MHz, CDCL3): δ 7.96 – 7.90 (m , 1H); 

7.70 (s , 1H); 7.17 – 7.09 (m , 2H); 4.04 (s, 3H). 

Methyl 4-(4-(trifluoromethyl)phenyl)thiazole-2-carboxylate (158 d) 
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Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product as light yellow powder (yield: 67%). 1H NMR (400 MHz, CDCL3): δ 

8.08 (d , J = 8.1 Hz, 2H); 7.87 (s , 1H); 7.70 (d , J = 8.2 Hz, 2H); 4.06 (s, 3H). 

Methyl 4-(4-acetylphenyl)thiazole-2-carboxylate (158 e) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product (yield: 85%). 1H NMR (400 MHz, CDCL3): δ 8.08 – 8.02 (m , 4H); 

7.89 (s , 1H); 4.06 (s, 3H); 2.64 (s, 3H). 

Methyl 4-(p-tolyl)thiazole-2-carboxylate (158 f) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product as yellow powder (yield: 73%). 1H NMR (400 MHz, CDCL3): δ 7.84 

(d , J = 8.2 Hz, 2H); 7.24 (s , 1H); 7.24 (m , 2H); 4.03 (s, 3H); 2.39 (s, 3H). 

 

General procedure for the hydrolysis of the carboxylic esters 

LiOH (8.00 eq) was added to a solution of the proper carboxylic ester (1.00 eq) in 

THF/H2O (1:1), and the reaction mixture was stirred at reflux 2-12 hours. 1 N aq. HCl 

was added to the mixture until acid pH. When a precipitate occurred, it was filtered off. 

Otherwise, the mixture was extracted with EtOAc (x4), and the organic layers were 

dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. 

Purifications, conditions, yields, and analytical data are reported below. 
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5-phenyl-1H-indole-2-carboxylic acid (119) 

 

Purification by flash column chromatography eluting with DCM/MeOH 95:5 afforded 

the product as a yellow powder (yield: 97%). 1H NMR (400 MHz, DMSO-d6): δ 11.81 (s, 

1H); 7.92 (s, 1H); 7.68 (m, 2H); 7.57 (dd, J = 8.6, 1.7 Hz, 1H); 7.52 (d , J = 8.6 Hz, 1H); 

7.48 – 7.44 (m, 2H); 7.34 – 7.30 (m, 1H); 7.15 – 7.14 (m, 1H). HPLC-ESI-MS analysis: 

calculated for C15H11NO2: 237.08; found: 238.12 [M+H+]. 

5-(4-chlorophenyl)-1H-indole-2-carboxylic acid (120) 

 

Purification by flash column chromatography eluting with DCM/MeOH 95:5 afforded 

the product as a brown powder (yield: 33%). 1H NMR (400 MHz, MeOD): δ 7.75 (t , J = 

1.2 Hz, 1H); 7.55 – 7.50 (m, 2H); 7.41 (d , J = 1.2 Hz, 1H); 7.33 – 7.29 (m, 2H); 7.06 /s, 

1H). HPLC-ESI-MS analysis: calculated for C15H10ClNO2: 271.04; found: 272.29 [M+H+]. 

5-(4-fluorophenyl)-1H-indole-2-carboxylic acid (121) 

 

Purification by flash column chromatography eluting with DCM/MeOH/Acetic acid 

96.9:3:0.1 afforded the product as a brown powder (yield: 52%). 1H NMR (400 MHz, 

DMSO-d6): δ 13.05 (bs, 1H); 11.86 (s, 1H); 7.95 (s, 1H); 7.78 – 7.72 (m, 2H); 7.61 – 7.53 

(m, 2H); 7.37 – 7.29 (m, 2H); 7.18 (d, J = 1.6 Hz, 1H). HPLC-ESI-MS analysis: calculated 

for C15H10FNO2: 271.04; found: 272.16 [M+H+].  
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5-(4-(trifluoromethyl)phenyl)-1H-indole-2-carboxylic acid (122) 

  

Purification by flash column chromatography eluting with DCM/MeOH/Acetic acid 

97.9:2:0.1 afforded the product as a brown powder (yield: 68%). 1H NMR (400 MHz, 

DMSO-d6): δ 13.06 (bs, 1H); 11.91 (s, 1H); 8.04 (s, 1H); 7.92 (d, J = 8.2 Hz, 2H); 7.80 (d, J 

= 8.3 Hz, 2H); 7.64 (dd, J = 8.7, 1.6 Hz, 1H); 7.56 (d, J = 8.6 Hz, 1H); 7.18 (d, J = 1.2 Hz, 

1H). HPLC-ESI-MS analysis: calculated for C16H10F3NO2: 305.07; found: 306.33 [M+H+].  

5-(4-acetylphenyl)-1H-indole-2-carboxylic acid (123) 

 

Trituration with diethyl ether afforded the product as a brown powder (yield: 55%). 1H 

NMR (400 MHz, DMSO-d6): δ 11.81 (s, 1H); 8.07 – 8.00 (m, 3H); 7.85 (d, J = 8.4 Hz, 2H); 

7.64 (d, J = 8.7 Hz, 1H); 7.55 (d, J = 8.7 Hz, 1H); 7.13 (s, 1H); 2.62 (s, 3H). HPLC-ESI-MS 

analysis: calculated for C17H13NO3: 279.09; found: 280.36 [M+H+].  

5-(p-tolyl)-1H-indole-2-carboxylic acid (124) 

 

Pale yellow powder (yield: 82%). 1H NMR (400 MHz, DMSO-d6): δ 11.79 (s, 1H);7.89 (s, 

1H); 7.58 – 7.49 (m, 4H); 7.26 (d, J = 8.0 Hz, 2H); 7.14 (d, J = 1.7 Hz, 1H); 2.62 (s, 3H). 

HPLC-ESI-MS analysis: calculated for C16H13NO3: 251.09; found: 252.24 [M+H+].  
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6-phenyl-1H-indole-2-carboxylic acid (125) 

 

Purification by flash column chromatography eluting with DCM/MeOH/Acetic acid 

96.9:3:0.1 afforded the product as a pale yellow powder (yield: 68%). 1H NMR (400 

MHz, MeOD): δ 7.71 – 7.65 (m, 4H); 7.47 – 7.41 (m, 2H); 7.37 (dd, J = 8.4, 1.6 Hz, 1H); 

7.35 – 7.28 (m, 1H); 7.18 (d, J = 0.9 Hz, 1H). HPLC-ESI-MS analysis: calculated for 

C16H11NO2: 237.08; found: 238.25 [M+H+].  

6-(4-chlorophenyl)-1H-indole-2-carboxylic acid (126) 

 

Purification by flash column chromatography eluting with DCM/MeOH/Acetic acid 

9.95:3:0.05 afforded the product as a grey powder (yield: 90%). 1H NMR (400 MHz, 

DMSO-d6): δ 12.96 (s, 1H); 11.87 (s, 1H); 7.74 (d, J = 8.4 Hz, 1H); 7.72 – 7.68 (m, 2H); 

7.64 (m, 1H); 7.57 – 7.50 (m, 2H); 7.38 (dd, J = 8.4, 1.6 Hz, 1H);7.12 (d, J = 1.3 Hz, 1H). 

HPLC-ESI-MS analysis: calculated for C15H10ClNO2: 271.04; found: 272.10[M+H+].  

6-(4-fluorophenyl)-1H-indole-2-carboxylic acid (127) 

 

Purification by flash column chromatography eluting with DCM/MeOH/Acetic acid 

96.95:3:0.05 afforded the product as a pale yellow powder (yield: 76%). 1H NMR (400 

MHz, MeOD): δ 7.71 – 7.62 (m, 4H); 7.33 (dd, J = 8.4, 1.6 Hz, 1H); 7.20 – 7.13 (m, 1H). 

HPLC-ESI-MS analysis: calculated for C15H10FNO2: 255.07; found: 256.28 [M+H+].  
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6-(4-(trifluoromethyl)phenyl)-1H-indole-2-carboxylic acid (128) 

 

Purification by flash column chromatography eluting with DCM/MeOH/Acetic acid 

97.95:3:0.05 afforded the product as a grey powder (yield: 60%). 1H NMR (400 MHz, 

MeOD): δ 7.86(d, J = 8.2 Hz, 1H); 7.76 – 7.72 (m, 4H); 7.42 (dd, J = 8.5, 1.5 Hz, 1H);7.19 

(s, 1H). HPLC-ESI-MS analysis: calculated for C16H10F3NO2: 305.07, found: 306.33 

[M+H+].  

6-(4-acetylphenyl)-1H-indole-2-carboxylic acid (129) 

 

Yellow powder (yield: 78%). 1H NMR (400 MHz, DMSO-d6): δ 13.03 (s, 1H); 11.93 (s, 1H); 

8.06 (d, J = 8.4 Hz, 2H); 7.84 (d, J = 8.4 Hz, 1H); 7.78 (d, J = 8.4 Hz, 1H); 7.74 (s, 1H); 7.47 

(dd, J = 8.4, 1.6 Hz, 1H); 7.14 (d, J = 1.3 Hz, 1H); 2.63 (s, 3H). HPLC-ESI-MS analysis: 

calculated for C17H13NO3: 279.09; found: 280.29 [M+H+].  

6-(p-tolyl)-1H-indole-2-carboxylic acid (130) 

 

Light gray powder (yield: 91%). 1H NMR (400 MHz, DMSO-d6): δ 11.65 (s, 1H); 7.68 (d, J 

= 8.4 Hz, 1H); 7.62 (s, 1H); 7.56 (d, J = 8.1 Hz, 1H); 7.34 (dd, J = 8.4, 1.6 Hz, 1H); 7.28 (d, 

J = 7.94 Hz, 2H); 7.03 (s, 1H); 2.35 (s, 3H). HPLC-ESI-MS analysis: calculated for 

C16H13NO3: 251.09; found: 252.30 [M+H+].  
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4-phenyl-1H-pyrrole-2-carboxylic acid (131) 

 

Yellow powder (yield: 45%). 1H NMR (400 MHz, MeOD): δ 7.55 – 7.52 (m, 2H); 7.37 – 

7.29 (m, 3H); 7.18 – 7.13 (m, 2H). HPLC-ESI-MS analysis: calculated for C11H9NO2: 

187.06; found:188.25 [M+H+]. 

4-(4-chlorophenyl)-1H-pyrrole-2-carboxylic acid (132) 

 

Slightly pink powder (yield: 90%). 1H NMR (400 MHz, DMSO-d6): δ 12.40 (bs, 1H); 11.95 

(s, 1H); 7.66 – 7.62 (m, 2H); 7.49 (dd, J = 3.1, 1.8 Hz, 1H); 7.38 – 7.34 (m, 2H); 7.49 (dd, 

J = 2.4, 1.8 Hz, 1H). HPLC-ESI-MS analysis: calculated for C11H8ClNO2:221.02; 

found:222.17 [M+H+]. 

4-(4-fluorophenyl)-1H-pyrrole-2-carboxylic acid (133) 

 

Brown powder (yield: 97%). 1H NMR (400 MHz, DMSO-d6): δ 12.35 (bs, 1H); 11.89 (s, 

1H); 7.67 – 7.61 (m, 2H); 7.34 (dd, J = 3.0, 1.8 Hz, 1H); 7.18 – 7.11 (m, 2H); 7.10 – 7.09 

(m, 1H). HPLC-ESI-MS analysis: calculated for C11H8FNO2:205.05; found: 206.22 [M+H+]. 
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4-(4-(trifluoromethyl)phenyl)-1H-pyrrole-2-carboxylic acid (134) 

 

Yellow powder (yield:70%). 1H NMR (400 MHz, MeOD): δ 7.63 (d, J = 8.1 Hz, 2H); 7.50 

(d, J = 8.2 Hz, 2H); 7.34 (d, J = 1.7 Hz, 1H); 7.15 (d, J = 1.7 Hz, 2H). HPLC-ESI-MS analysis: 

calculated for C12H8F3NO2:255.05; found: 256.28 [M+H+]. 

4-(4-acetylphenyl)-1H-pyrrole-2-carboxylic acid (135) 

 

Purification by flash column chromatography eluting with DCM/MeOH 97:3 afforded 

the product as a yellow powder (yield: 49%). 1H NMR (400 MHz, DMSO-d6): δ 12.05 (s, 

1H); 7.91 (d, J = 8.1 Hz, 2H); 7.77 (d, J = 8.0 Hz, 2H); 7.62 (s, 1H); 7.23 (s, 1H); 2.56 (s, 

3H). HPLC-ESI-MS analysis: calculated for C13H11NO2: 229.09, found: 230.18 [M+H+]. 

4-(p-tolyl)-1H-pyrrole-2-carboxylic acid (136) 

 

Yellow powder (yield: 65%). 1H NMR (400 MHz, DMSO-d6): δ 12.35 (s, 1H); 11.82 (s, 1H); 

7.49 (d, J = 8.1 Hz, 2H); 7.39 (dd, J = 3.0, 1.8 Hz, 1H); 7.13 (d, J = 7.9 Hz, 2H); 7.07 – 7.06 

(m, 1H); 2.28 (s, 3H). HPLC-ESI-MS analysis: calculated for C12H11NO2: 201.08; found: 

202.24 [M+H+]. 
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5-phenyl-1H-pyrrole-2-carboxylic acid (137) 

 

Purple powder (yield: 80%). 1H NMR (400 MHz, MeOD): δ 7.60 – 7.58 (m, 2H); 7.29 (t, J 

= 7.7, 1H); 7.16 (m, 1H); 6.81 (d, J = 3.8 Hz, 1H); 6.44 (d, J = 3.8 Hz, 1H). HPLC-ESI-MS 

analysis: calculated for C11H9NO2: 187.06; found: 188.25 [M+H+]. 

5-(4-chlorophenyl)-1H-pyrrole-2-carboxylic acid (138) 

 

Slightly purple powder (yield:50%). 1H NMR (400 MHz, MeOD): δ 7.60 – 7.56 (m, 2H); 

7.30 – 7.27 (m, 2H); 6.81 (d, J = 3.9 Hz, 1H); 6.46 (d, J = 3.9 Hz, 1H). HPLC-ESI-MS analysis: 

calculated for C11H8ClNO2:221.02; found: 222.10 [M+H+]. 

5-(4-fluorophenyl)-1H-pyrrole-2-carboxylic acid (139) 

 

Purple powder (yield: 80%). 1H NMR (400 MHz, DMSO-d6): δ 11.97 (s, 1H); 7.92 – 7.85 

(m, 2H); 7.25 – 7.19 (m, 2H); 6.80 (dd, J = 3.7, 1.8 Hz, 1H); 6.59 (dd, J = 3.7, 2.1 Hz, 1H). 

HPLC-ESI-MS analysis: calculated for C11H8FNO2: 205.05; found: 206.22 [M+H+]. 

5-(4-(trifluoromethyl)phenyl)-1H-pyrrole-2-carboxylic acid (140) 
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Slightly pink powder (yield:61%). 1H NMR (400 MHz, MeOD): δ 7.78 (d, J = 8.1, 2H); 7.58 

(d, J = 8.2 Hz, 2H); 6.84 (d, J = 3.9 Hz, 1H); 6.59 (d, J = 3.9 Hz, 1H). HPLC-ESI-MS analysis: 

calculated for C12H8F3NO2:255.05; found: 256.21 [M+H+]. 

5-(p-tolyl)-1H-pyrrole-2-carboxylic acid (141) 

 

Purification by flash column chromatography eluting with DCM/MeOH 97:3: afforded 

the product as a purple powder (yield: 40%). 1H NMR (400 MHz, MeOD): δ 7.49 – 7.45 

(m, 2H); 7.11 (d, J = 7.9 Hz, 2H); 6.80 (d, J = 3.8 Hz, 2H); 6.39 (d, J = 3.8 Hz, 2H); 2.25 (s, 

3H). HPLC-ESI-MS analysis: calculated for C12H11NO2: 201.08, found: 202.24 [M+H+].  

4-phenylthiazole-2-carboxylic acid (142) 

 

Slightly yellow powder (yield: 48%). 1H NMR (400 MHz, DMSO-d6): δ 8.05 (s, 1H); 7.95 

(d, J = 7.0 Hz, 2H); 7.44 (t, J = 7.1 Hz, 2H); 7.34 (t, J = 7.2 Hz, 1H). 13C NMR (100.6 MHz, 

DMSO): 171.8; 162.2; 155.0; 134.9; 129.1; 128.32; 126.7; 118.12. HPLC-ESI-MS analysis: 

calculated for C10H7NO2S: 205.02; found: 206.03[M+H+]. 

4-(4-chlorophenyl)thiazole-2-carboxylic acid (143) 

 

Cream powder (yield: 67%). 1H NMR (400 MHz, DMSO-d6): δ 8.68 (s, 1H); 8.16 (d, J = 8.5 

Hz, 2H); 8.08 (d, J = 8.6 Hz, 2H); 2.63 (s, 3H). 13C NMR (100.6 MHz, DMSO): δ 170.8; 

161.8; 153.93; 133.8; 132.9; 129.18; 128.4; 119.05. HPLC-ESI-MS analysis: calculated 

for C10H6ClNO2S: 238.98; found: 240.02 [M+H+]. 
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4-(4-fluorophenyl)thiazole-2-carboxylic acid (144) 

 

Light yellow powder (yield: 54%). 1H NMR (400 MHz, DMSO-d6): δ 14.09 (bs, 1H); 8.08 

– 8.03 (m, 2H); 7.36 – 7.30 (m, 2H). HPLC-ESI-MS analysis: calculated for C10H6 FNO2S: 

223.01; found: 224.19 [M+H+]. 

4-(4-(trifluoromethyl)phenyl)thiazole-2-carboxylic acid (145) 

 

Slighly yellow powder (yield: 84%). 1H NMR (400 MHz, MeOD): δ 8.36 (s, 1H); 8.23 (d, J 

= 8.2 Hz, 2H); 7.78 (d, J = 8.2 Hz, 2H). HPLC-ESI-MS analysis: calculated for C11H6 F3NO2S: 

273.00; found: 274.24[M+H+]. 

4-(4-acetylphenyl)thiazole-2-carboxylic acid (146) 

 

Light brown powder (yield: 30%). 1H NMR (400 MHz, DMSO-d6): δ 8.68 (s, 1H); 8.16 (d, 

J = 8.5 Hz, 2H); 8.08 (d, J = 8.6 Hz, 2H); 2.63 (s, 3H). HPLC-ESI-MS analysis: calculated for 

C12H9NO3S: 247.03; found: 248.27 [M+H+]. 

4-(p-tolyl)thiazole-2-carboxylic acid (147) 
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Purification by flash column chromatography eluting with DCM/MeOH/Acetic acid 

96,95:3:0,05 afforded the product as light yellow powder (yield: 84%). 1H NMR (400 

MHz, DMSO-d6): δ 7.95 (s, 1H); 7.84 (d, J = 7.7 Hz, 2H); 7.24 (d, J = 7.3 Hz, 2H); 2.34 (s, 

1H). HPLC-ESI-MS analysis: calculated for C11H9 NO2S: 219.04; found: 220.21 [M+H+]. 

1-benzyl-1H-indole-2-carboxylic acid (148) 

 

Slightly yellow powder (yield: 66%). 1H NMR (400 MHz, DMSO-d6): δ 7.71 (d, J = 7.9 Hz, 

1H); 7.53 (dd, J = 8.5, 0.7 Hz, 1H); 7.32 (d, J = 0.7 Hz, 1H); 7.31 – 7.18 (m, 4H); 7.15 – 

7.11 (m, 1H); 7.04 – 7.02 (m, 1H); 5.89 (s, 2H). HPLC-ESI-MS analysis: calculated for 

C16H13NO2: 251.09; found: 252.30 [M+H+]. 

1-phenethyl-1H-indole-2-carboxylic acid (149) 

 

Yellow powder (yield: 90%). 1H NMR (400 MHz, DMSO-d6): δ 12.87 (bs, 1H); 7.67 (d, J = 

7.9 Hz, 1H); 7.55 (d, J = 8.5 Hz, 1H); 7.31 – 7.18 (m, 7H); 7.12 – 7.08 (m, 1H); 4.79 – 4.75 

(m, 2H); 2.99 – 2.96 (m, 2H). HPLC-ESI-MS analysis: calculated for C17H15NO2: 265.11; 

found: 266.30 [M+H+]. 

1-benzyl-1H-pyrrole-2-carboxylic acid (150) 

 

 

 

 



 

 

133 

Purification by flash column chromatography eluting with DCM/MeOH 97:3 afforded 

the product as a white powder (yield: 68%). 1H NMR (400 MHz, DMSO-d6): δ 12.12 (bs, 

1H); 7.32 – 7.28 (m, 2H); 7.26 – 7.21 (m, 2H); 7.09 – 7.07 (m, 2H); 6.86 (dd, J1 = 3.9, J2 = 

1.8 Hz, 1H); 6.15 (dd, J1 = 3.9, J2 = 2.6 Hz, 1H); 5.56 (s, 3H). 13C NMR (100.6 MHz, DMSO): 

δ 162.3; 139.7; 129.9; 128.9; 127.6; 127.1; 122.6; 118.4; 108.5; 51.3. HPLC-ESI-MS 

analysis: calculated for C12H12NO2: 201.07; found: 202.24 [M+H+]. 

1-phenethyl-1H-pyrrole-2-carboxylic acid (151) 

 

Yellow powder (yield: 87%). 1H NMR (400 MHz, DMSO-d6): δ 12.15 (s, 1H); 7.28 (t, J = 

7.3 Hz, 2H); 7.24 – 7.14 (m, 3H); 6.97 – 6.96 (m, 1H); 6.82 – 6. 81 (m, 1H); 6.03 – 6.01 

(m, 1H); 4.48 (t, J = 7.6 Hz, 2H); 2.97 (t, J = 7.5 Hz, 2H). 13C NMR (100.6 MHz, DMSO): δ 

170.8; 161.8; 153.93; 133.8; 132.9; 129.18; 128.4; 119.05. HPLC-ESI-MS analysis: 

calculated for C13H13NO2: 215.09; found: 216.18 [M+H+]. 

 

Synthetic procedure to obtain compounds 159 a and 159 b 

Ethyl 1H-indole-2-carboxylate (50 mg, 0.26 mmol) was dissolved in acetonitrile (7 

mL/mmol), the cesium carbonate (127 mg, 0.39 mmol) was added, and the reaction 

mixture was left stirring for 15 minutes at room temperature. Subsequently, benzyl 

bromide or (2-bromoethyl)benzene (1.5 eq) was added, and the reaction mixture was 

heated to reflux and stirred overnight. After this time, the reaction mixture was 

concentrated in vacuo, and the resulting crude material was dissolved in EtOAc. The 

organic phase was washed with water, dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude was purified by flash column 

chromatography eluting with Petroleum Ether/EtOAc. Purification conditions, yields, 

and analytical data are reported below. 
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Ethyl 1-benzyl-1H-indole-2-carboxylate (159 a) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product as a white powder (yield: 92%). 1H NMR (400 MHz, DMSO-d6): δ 

7.73 (d, J = 8.0 Hz, 1H); 7.58 (dd, J = 8.5, 0.7 Hz, 1H); 7.38 (d, J = 0.8 Hz, 1H); 7.34 - 7.31 

(m, 1H); 7.30 - 7.18 (m, 3H); 7.17 – 7.13 (m, 1H); 7.05-7.00 (m, 2H); 5.87 (s, 2H); 4.29 

(q, J = 7.1 Hz, 2H); 1.29 (t, J = 7.1 Hz, 3H). 

Ethyl 1-phenethyl-1H-indole-2-carboxylate (159 b) 

 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product as a white powder (yield: 40%). 1H NMR (400 MHz, DMSO-d6): δ 

7.70 – 7.67 (m, 1H); 7.60 – 7-57 (m, 1H); 7.34 – 7.29 (m, 1H); 7.28-7.24 (m, 3H); 7.21 - 

7.16 (m, 3H); 7.14 – 7.11 (m, 1H); 4.79 – 4.75 (m, 2H); 4.31 (q, J = 7.1 Hz, 2H); 3.00 – 

2.96 (m, 2H); 1.29 (t, J = 7.1 Hz, 3H). 

 

Synthetic procedure to obtain compounds 160 a and 160 b 

Ethyl 1H-pyrrole-2-carboxylate (70 mg, 0.52 mmol) was dissolved in anhydrous DMF (3 

mL/mmol) and cooled to 0 °C, then NaH (mineral oil 60%; 30 mg, 0.75 mmol) was 

added. The reaction mixture was left stirring for 30 minutes at room temperature. After 

this time, benzyl bromide or (2-bromoethyl)benzene (1.5 eq) was added, and the 

reaction mixture was stirred at room temperature until the consumption of starting 
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material Water was added to the reaction mixture, and it was extracted with EtOAc 

(X3). The organic phase was washed with brine (X3), dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The crude was purified by flash 

column chromatography eluting with Petroleum Ether/EtOAc. Purification conditions, 

yields, and analytical data are reported below. 

Ethyl 1-benzyl-1H-pyrrole-2-carboxylate (160 a) 

 

 

 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc 95:5 

afforded the product as a yellow oil (yield: 84%). 1H NMR (400 MHz, CDCL3): δ 7.35 – 

7.29 (m, 2H); 7.28 – 7.25 (m, 1H); 7.04 (dd, J = 3.96, 1.76 Hz, 1H); 6.92-6.88 (m, 1H); 

6.22 - 6.20 (m, 1H); 5.59 (s, 2H); 4.31 (q, J = 7.1 Hz, 2H); 1.31 (t, J = 7.1 Hz, 3H). 

Ethyl 1-phenethyl-1H-pyrrole-2-carboxylate (160 b) 

 

Purification by flash column chromatography eluting with Petroleum Ether/EtOAc from 

97:3 to 95:5 afforded the product as a yellow oil (yield: 43%). 1H NMR (400 MHz, CDCL3): 

δ 7.31 – 7.26 (m, 2H); 7.24 – 7.19 (m, 1H); 7.18 – 7.16 (m, 2H); 6.06 (dd, J = 3.92, 2.52 

Hz, 2H); 4.51 - 4.46 (m, 2H); 4.23 (q, J = 7.1 Hz, 2H); 2.98 – 2.94 (m, 2H); 1.28 (t, J = 7.1 

Hz, 3H).  
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4.3. Preliminary chemical investigation on 1H-

benzo[d][1,2,3]triazole carboxamide (BTA) as a scaffold for a new 

series of cysteine biosynthesis inhibitors  

 

4.3.1. Background 

Our previous efforts on the research of new potential OASS inhibitors were focused on 

the investigation of molecules bearing a carboxylic acid portion that was discovered to 

be essential for the inhibition of the enzymatic activity of OASS. This evidence led to 

the disclosure of UPAR415 as the hit compound of a series of cyclopropane inhibitors. 

Indeed, as previously reported (see 4.1), these molecules mimic the C-terminal tail of 

the SAT, the physiological inhibitor of OASS. After the manipulation of this scaffold and 

the subsequent research for a new carboxylic acid fragment to bypass the problems 

associated with the cyclopropane core, our interest was directed towards early 

evidence reported by Kredich N. et al., regarding the antimicrobial activity of 1,2,4- 

triazole on S. Typhimurium OASS-A.111 The authors found that OASS-A was able to 

catalyze a reaction between the natural substrate OAS and the 1,2,4-triazole, resulting 

in the formation of a false product, the 1,2,4-1-triazole-alanine (Figure 18A). The 

involvement of OAS in the formation of the false product leads to its lower intracellular 

concentration. OAS converts rapidly to NAS, an inducer of the enzymes involved in 

cysteine biosynthesis, and presumably, the inhibition of the cellular growth may be 

correlated to the resulting cysteine starvation caused by the lack of the L-cysteine 

precursors.  

Moreover, the effect of an N-(phenyl)thioacetamide-linked 1,2,3-triazoles (TAT) as a 

disruptor of cysteine biosynthesis was recently reported by Wallace et al..44 The 

authors find that the inhibition of the synthesis of cysteine by TAT is subsequent to the 

formation of a false product, as previously reported to Kredich Kredich N. et al. (Figure 

18B). Furthermore, the TAT described in this study has been found 64 times more 

potent than 1,2,4-triazole. 
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Figure 18. A) Effect of 1,2,4-Triazole on the cysteine biosynthetic pathway of S. typhimurium, 

adapt from ref 111 B) Putative mechanism of action for the false product, adapt from ref 44  

As previously reported in this thesis, compound 11 (see 3.2.1), characterized by a 1H-

benzo[d][1,2,3]triazole-5-carboxamide core (Figure 19A), was synthesized as a 

potential inhibitor of SAT enzyme. The investigation of this derivative has immediately 

been suspended due to its low activity towards the enzyme compared to the hit 

compound.  

Drug repurposing is a valuable tool used in drug discovery to find new applications for 

synthesized molecules and for which different information about their properties were 

collected. This approach can also be applied to academic research, wherein different 

potential molecules were dismissed due to their lack of activity in the enzymatic assay, 

as for 11.77,112 These considerations and the evidence reported in the literature 

regarding the ability of triazole ring to target OASS prompted us to initiate a preliminary 

investigation on the potential activity of the benzotriazole core (BTA) towards OASS 

instead of SAT enzyme. Indeed, benzotriazole is a benzo-fused azole, compound 
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characterized by a triazole portion, that has shown an increasing interest in 

pharmaceutical chemistry due to its wide potential application as medicinal drugs. 113 

 

 

Figure 19. A) Chemical structure of compound 11, a BTA derivate synthesized as potential 

SAT inhibitors. B) Replace the nitro group at the C-5 on the thiadiazole ring. 

 

4.3.2. Preliminary investigation of BTA derivatives mechanism of action 

(MOA) on the cysteine biosynthesis 

Compound 11 belongs to a series of 2-amino-5-nitrothiazole derivatives, and in 

particular, it is characterized by a BTA core linked to the thiazole ring through an amide 

bond. The presence of the nitro group, a structural alert, is often associated with 

cytotoxicity issues, as previously reported for this series of derivatives. Additionally, the 

nitro group derivatives are often characterized by a yellow color and strong UV/Vis 

absorption spectra, which may represent an issue during the biological evaluation. 

Taken these considerations into account, a derivative of 11 was synthesized (Figure 

19B). The nitro moiety was replaced with a methyl group, and both the derivatives were 

in vitro evaluated for their ability to interfere with the cysteine biosynthesis.  

The activity of 11 was of difficult interpretation due to the formation of a yellow 

solution able to interfere with the spectroscopic assay. On the contrary, the analog 161 

gave a colorless solution, and its absorption spectra is shown in Figure 20A.  

OASS is a PLP enzyme that possesses a different spectroscopic profile based on the 

state of the aldimine intermediates (Figure 21). OASS-A alone has an absorption 

maximum of around 412 nm, corresponding to the internal aldimine (black line, Figure 

20B). The addition of OAS and its subsequent interaction with OASS-A lead to the 

formation of an adduct, the α-aminoacrylate, with abs of 470 nm (red or green line, 

Figure 20B). When compound 161 is tested in combination with OAS, the peak 

absorbance at 470 nm was not observed. The interaction between compound 161 and 

the α-aminoacrylate led to the progressive decrease of the peak at 470 nm, and the 

gradual regeneration of the internal aldimine in a concentration-dependent manner. 
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This evidence suggests that the presence of the BTA derivative leads to the formation 

of a false product with OAS and the restoration of the internal aldimine (yellow and 

blue line, Figure 20B). The same result was observed when OASS-B was used (Figure 

20C), even though higher concentrations of the compound were needed to achieve the 

complete shift of the equilibrium towards the internal aldimine (412 nm). Compound  

11 is able to interact with both the OASS isoforms, a condition required to obtain the 

complete inhibition of the cysteine biosynthesis.114  
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Figure 20. A) Spectroscopic spectra of 11 alone; B) Spectroscopic spectra of OASS-A (black 

line), OASS-A + OAS (red and green line); and spectroscopic interaction of OASS-A+OAS+11 

(yellow and blu line);.C) Spectroscopic spectra of OASS-B (black line), OASS-B + OAS (red and 

green line); and spectroscopic interaction of OASS-B +OAS+11 (blu and turquoise line). 

 

 

 

Figure 21. General catalytic mechanism of OASS-A/OASS-B, adapted from ref 69.  
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4.3.3. Aim of the project and first round of optimization 

The preliminary results obtained through the above reported in vitro assays regarding 

the BTA activity towards OASS-A and OASS-B showed a comparable MOA of those 

reported for the triazole scaffolds. The encouraging evidence that compound 161 may 

inhibit cysteine biosynthesis via the formation of a false product mechanism prompted 

us to further explore the potentiality of this scaffold. At this regard, a small series of 

161 analogues were synthesized, and focused modifications, obtained through a 

medicinal chemistry approach, were introduced on the benzotriazole carboxamide 

scaffold to collect preliminary SAR information regarding the biological properties of 

these derivatives.  

In Figure 22 are summarized the main modifications introduced to the hit compound. 

Taking into account the crucial role of the BTA core for the activity, this portion was 

retained intact.  

The thiazole core was first replaced with a phenyl ring, a moiety easy to manipulate and 

prone to further modifications. Indeed two phenyl derivatives were synthesized 

bearing EDG or EWD groups, namely methoxy and trifluoromethyl groups, respectively. 

Then, isosteres of the phenyl moiety, such as the thiophene and the pyridine ring,115,116 

were introduced. Additionally, to enlarge the set of modified derivatives, the thiazole 

ring was replaced with an aliphatic portion, leading to secondary and tertiary amide, 

and evaluate whether these substituents, with a different chemical nature, were 

tolerated. 

 

 

Figure 22. First round of modifications on the BTA scaffold.  
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4.3.4. Biological evaluation of the first series of derivatives 

4.3.4.1. Antimicrobial activity 

The capability of the synthesized compounds and the hit compound 161 to inhibit the 

bacteria growth was evaluated. The activity of each compound was assessed against 

three different Gram-negative bacteria strains, E. coli, S. Typhimurium, and K. 

pneumoniae, and on two different growth media. No antimicrobial activity was 

detected when the compounds were tested in a rich medium (Mueller Hinton broth, 

MH). Indeed, cysteine is largely available in this medium, and its abundance makes 

cysteine biosynthesis “non-essential”, and consequently, its inhibition should not affect 

the bacteria cell growth. On the contrary, compounds 162, 165, 166, 167, and 168 

showed antimicrobial activity when tested in a minimal medium (M9), a poor medium 

in which precursors of cysteine are present but is deprived of preformed cysteine. 

Cysteine production becomes essential when the bacteria are facing harsh conditions, 

as in M9 broth, and inhibitors of this pathway may interfere with the bacterial growth. 

Surprisingly, compound 11 did not show any antimicrobial activity against E. coli. 

However, the replacement of the thiazole ring with different moieties proved to be 

beneficial for the activity. Indeed, compound 162, bearing a phenyl ring instead of the 

thiazole moiety, showed a weak activity against E.coli (162, MICE. coli = 64 µg/mL). The 

introduction of EDG or EWD groups at the C-3 of the phenyl ring led to a loss of activity 

(163, 164, MICE. coli. > 256 µg/mL). The activity was increased 2.5 fold when the phenyl 

ring was replaced with 2-pyridine and 16-fold with the thiophene moiety, a remarkable 

achievement considering the small numbers of tested compounds (165, MICE. coli = 

26.67 µg/mL; 166, MICE. coli = 4 µg/mL). An encouraging improvement in the 

antimicrobial activity was also detected for the analogs bearing aliphatic groups (167, 

MICE. coli = 14.67 µg/mL; 168, MICE. coli = 21.33 µg/mL). With regard to this group of 

derivatives, compound 169 did not show any ability to interfere with the cellular 

growth; likely, the increased hindrance of the adamantyl moiety is not beneficial for 

the biological activity (169, MICE. coli. > 256 µg/mL).  

The synthesized compounds were not able to inhibit the cellular growth in K. 

pneumoniae, whereas a weak antimicrobial activity was determined for 166 and 167 

against S. Typhimurium strain (166, MICS. Typhimurium = 64 µg/mL; 167, MICS. Typhimurium = 

106,67 µg/mL).   
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Table 10. MIC of the first series of BTA derivatives 

 

Cpd 
E. coli ATCC 25922 

S. Typhimurium ATCC 
14028 

K. pneumoniae ATCC 
13883 

M9 MH M9 MH M9 MH 

161 
>256 

µg/mL 
>256 

µg/mL 
N/D* N/D* N/D* N/D* 

162 
64 

µg/mL 
>256 

µg/mL 
N/D* N/D* N/D* N/D* 

163 
>256 
g/mL 

>256 
µg/mL 

>256 
µg/mL 

>256 
µg/mL 

>256 
µg/mL 

>256 
µg/mL 

164 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 

165 
26.67 
µg/mL 

>256 
µg/mL 

128 
µg/mL 

>256 
µg/mL 

128 
µg/mL 

>256 
µg/mL 

166 4 µg/mL 
>256 

µg/mL 
64 µg/mL 

>256 
µg/mL 

>256 
µg/mL 

>256 
µg/mL 

167 
14.67 
µg/mL 

>256 
µg/mL 

N/D* 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 

168 
21.33 
µg/mL 

>256 
µg/mL 

106,67 
µg/mL 

>256 
µg/mL 

>256 
µg/mL 

>256 
µg/mL 

169 
>256 

µg/mL 
>256 

µg/mL 
N/D* 

>256 
µg/mL 

>256 
µg/mL 

>256 
µg/mL 

*ND = Not determined 

 

4.3.4.2. Toxicity  

Considering the encouraging activity shown to this small set of derivatives, the 

cytotoxicity of some compound were evaluated through the cellular viability on Human 

monocytes THP-I cells. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay was performed at four different concentrations of 200, 100, 50, and 25 

µM, respectively, in a triplicates experiment. All the compounds showed an excellent 

cytotoxicity profile, even at the highest concentrations tested (Figure 23). 
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Figure 23. MTT charts of compounds 161, 162, 165, and 166. 

 

4.3.4.3. Spectroscopic assay of compounds 165, 170 and 171 

To validate the mechanism of action shown to the BTA derivate 161, compound 165, 

an analogue with promising activity in the cellular assay, was evaluated for its 

mechanism of action. Additionally, compounds 170 and 171 (Figure 24) were 

synthesized and tested to prove that the BTA core is essential for the activity, and in 

particular, the benzotriazole NH is involved in the formation of the false product. 

Indeed, compounds 170 and 171, analogues of 165 and 166, respectively, present a 

BTA-NH methylated, blocking the possibility of the nitrogen forming new bounds and 

interacting with other substrates.  

 

Figure 24. Chemical structure of compounds 170 and 171. 

 

As reported in Figure 25B, the analyzed compound 165 showed results comparable 

with those observed for the hit compound 161. Indeed, when 165 was tested in 
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combination with OASS-A (or OASS-B) and OAS, the absorbance peak at 412 nm, 

corresponding to the internal aldimine, was observed. Rather the peak at 470 nm, 

corresponding to the α -aminoacrylate, that can be observed in the OAS spectra (red 

line, Figure 24B), disappeared, a sign of the interaction of the compound with the α-

aminoacrylate.  

 

 

Figure 25. A) Absorbance spectra of compounds 165, 170, and 171. B) interaction of 165 with 

StOASS-A and C) StOASS-B. 

On the contrary, when compounds 170 and 171 were tested, the spectra corresponding 

to the mixture of OASS-A (or OASS-B) + OAS + BTA derivate (green, yellow, and blu line 

in Figure 26) overlap that observed for the solution without the inhibitor (OAS + OASS-



 

 

146 

A or OASS-B, red line in Figure 26). Indeed, only the a-aminoacrylate peak is observed, 

even at a high concentration of the compounds (1.12 mM or 1.3 mM, blu line, Figure 

9). Therefore, the N-methylation of the BTA seems to prevent the interaction between 

the compound and the substrate, OAS.  

The presence of an NH on the BTA core results crucial to interact with the α-

aminoacrylate to generate the false product and obtain the inhibition of the cysteine 

biosynthesis. Thus, it is clear that the BTA-NH should not be functionalized to preserve 

the activity of this potential class of inhibitors. 

 

 
 

 

Figure 26. interaction of 170 (A) and 171 (B) with StOASS-A and StOASS-B.  
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Furthermore, the minimum inhibitory concentration (MIC) of compounds 170 and 171 

was evaluated. As expected, the compound did not interfere with the bacterial growth 

in the minimal medium (M9) (Table 11). Indeed, the corresponding analogues 165 and 

166 showed an encouraging activity against E.coli, which is not be observed when the 

BTA-nitrogen is methylated, further evidence of the pivotal rule of the BTA core for the 

inhibitory activity (165, MICE. coli = 26.67 µg/mL; 170, MICE. coli > 256 µg/mL; 166, MICE. 

coli = 4 µg/mL; 171, MICE. coli > 256 µg/mL). 

 

Table 11. MIC of compounds 170 and 171. 

 

Cpd 
E. coli ATCC 25922 

S. Typhimurium ATCC 
14028 

K. pneumoniae ATCC 
13883 

M9 MH M9 MH M9 MH 

170 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 

171 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 
>256 

µg/mL 

 

 

4.3.5. Second series of optimization 

Despite the small set of BTA derivatives synthesized, several of them were able to 

inhibit bacterial growth, and valuable data about the biological properties of this new 

series of potential cysteine inhibitors were collected. These findings prompted us to 

start a second cycle of hit optimization to expand the SAR information and improve the 

in cell activity of BTA analogues. At this regard, new modifications were introduced to 

the BTA core, which are summarized in Figure 27. Namely, two substitutions sites were 

explored: I) the aromatic/aliphatic portion linked to the amide bond to research the 

best group as a substituent of the thiazole ring, and II) modification of the amide bond 

to investigate the effect of different linkers on the activity.  

I) Replace the thiazole moiety of the hit compound led to derivatives able to interfere 

with the bacterial growth. In particular, derivatives bearing pyridine or thiophene 

moiety showed encouraging activity (165 and 166), and they were considered 

privileged substituents for this second round of optimization.  
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Pyridine is a feasibility moiety that can be modified using a wide range of reactions and 

reagents. At this regard, to establish if the molecular structure was prone to further 

modification, two principal modifications were explored. Pyridine bearing an EDG or 

EWG group was linked to the BTA core to evaluate whether adding these groups to the 

structure may be detrimental to the activity, as was observed for the phenyl analogues 

163 and 164. Then, we deemed of interest to introduce a bulky group in the structure, 

and pyridine moiety bearing a phenyl ring at C-4 was synthesized. 

Considering the good results showed to the aliphatic derivatives, six new analogues, 

with both secondary and tertiary amide, were synthesized to explore further the impact 

of these groups on the structure and the biological activity.  

II) Different modifications were introduced to the amide bridge to explore the impact 

of the linker on the biological profile of the molecule. Firstly, four compounds were 

synthesized as a reverse amide, and then a spacer was introduced between the amide 

moiety and the aromatic substituent. In particular, ethylamino and ethyloxy linkers 

were used. Additionally, a fluorophore probe (NBD) was introduced, with a direct bond 

to the amide moiety and then with an ethyl amino spacer.  

 

 
Figure 27. Second round of modifications.  
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4.3.6. Chemistry 

The final compounds were obtained via an amidation reaction between the 

commercially available benzotriazole-5-carboxylic acid (197) and an appropriate 

aromatic or aliphatic amine, using 1,1'-carbonyldiimidazole (CDI) as the coupling agent. 

The protocol used for synthesizing the final compounds was slightly different according 

to the nature of the amine used. DMF was used as a solvent for the aromatic amines 

and the aliphatic amine linked to an aromantic group through an ethyl chain, and the 

reaction was heated at 70 °C overnight. Instead, THF was used as a solvent for most of 

the other aliphatic amines, and the reaction was conducted at room temperature for 

2-4 h. All the amine used were commercially available, except 200 and 202. The 

synthesis of intermediate 202 was accomplished by converting 4-Chloro-7-

nitrobenzofurazan (NBD-Cl; 201) to the corresponding amine using ammonium 

hydroxide solution in MeOH. Amine 200 was synthesized via Suzuki–Miyaurama cross-

coupling reaction, starting from 5-bromopyridin-2-amine and phenylboronic acid, using 

Pd(PPh3)4 as the palladium catalyst (Scheme 9). 

Scheme 9.a,b 

 

 

Scheme 9. a Reagents and conditions: a) CDI, DMF dry, 70 °C, on; b) CDI, THF dry, rt, 2-4 h; c) 

1)NaH, DMF dry, r.t, 30 min; 2) MeI, rt, 20 min-on, 20%; d) NaNO3, Pd(PPh3)4; ACN/H2O (3:1); 

reflux, on, 50%; e) NH4OH, MeOH, r.t, on, 61%. b For complete structures, see Table 12.  
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Table 12. Complete structures of compounds 161-169; 172-184; 189; 190; 193 and 196. 

  

 

Cpd R Cpd R 

161 
 

176 

 

162 
 

177 

 

163 
 

178 
 

164 
 

179 
 

165 
 

180 
 

166 
 

181 
 

167 
 

182 
 

168 
 

183 
 

169 
 

184  

172 
 

189 
 

173 
 

190 
 

174 
 

193 
 

175 
 

196 
 

 

The N-methylated benzotriazole compounds 170 and 171 were synthesized through an 

alkylation reaction with iodomethane in anhydrous DMF in the presence of sodium 

hydride (step c, Scheme 9). The reaction led to the formation of a mixture of isomers 

of benzotriazole: the 1- substituted and 2- substituted products.117,118 For compound 
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170 was necessary to use only 1 equivalent of iodomethane and quench the reaction 

after 20 min after the addition of the alkyl halide. Otherwise, the N-methylation of the 

amide was observed. The isomeres were separated by flash column chromatography 

and characterized by NMR analysis. For the biological purpose of the synthesis of these 

compounds, only one methylated isomer was used in the biological assays and fully 

characterized. Regio chemistry of methyl group was confirmed by HMBC correlation 

study and selective 1D NOESY experiment. For the 2-substituted isomer, the methyl 

group should not show any correlation in the HMBC spectra with the 13C spectra (Figure 

28). Even in the selective 1D NOESY experiment, the distance between the protons and 

the structural rigidity of the benzotriazole core render it difficult to see a correlation 

between the methyl group and the proton at 8.61 or 8.05 ppm (6 and 3 in Figure 28a). 

As reported in Figure 28b for compound 171, the methyl group at 4.57 ppm did not 

show any correlation with the 13C spectra in the HMBC. Moreover, no correlation was 

observed in the selective 1D NOESY when the methyl group was irradiated. In addition, 

the selective 1D NOESY experiment was also performed on a different isomer of 

compound 171. As reported in Figure 29, in this case, the irradiated methyl at 4.37 ppm 

showed a correlation with the doublet at 8.01 ppm (3), as is expected for 1-substituted 

derivative. Figure 30 reports the HMBC and the selective NOESY spectra of compound 

170. 
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Figure 28. NMR spectra of 171. a) 171 structure; b) HMBC spectra; c) selective 1D NOESY. 

 

 

 

Figure 29. 171 isomer selective 1D NOESY. 
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Figure 30. NMR spectra of 170. a) 170 structure; b) HMBC spectra; c) selective 1D NOESY. 

 

The reverse amides (185, 186, 187, 188) were obtained using the commercially 

available 1H-1,2,3-benzotriazol-5-amine (203), which was reacted with the appropriate 

carboxylic acids through a coupling reaction, following the procedure as described 

above (Scheme 10).  
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Scheme 10.a 

 

 

 

Scheme 10. a Reagents and conditions: a) CDI, DMF dry, 70 °C, on. 

 

The synthesis of the compounds characterized by the presence of the ethyl chain 

between the benzotriazole core and the aromatic substituents (191, 192, 193, and 194) 

required a protocol consisting of 4 steps (Scheme 11). However, the synthetic 

procedure followed for the second step, which allowed the introduction of the chain to 

the pyridine or the furazan fragments, was different for each intermediate, according 

to the nature of the reacted group.  

The protocol starts with the protection of the primary amine of 2 bromoethylamine 

hydrobromide 205 or ethylenediamine 204 with Boc2O, using TEA as the base and DCM 

or 1,4-dioxane as solvent. In the second step, compound 208 was synthesized via an 

Ullmann-type coupling reaction that required an α-amino acid to afford the desired 

compound.119 Intermediate 206 was reacted with 2-bromopyridine in anhydrous 

DMSO, using CuI as the catalyst and L-proline as a ligand. Instead, the intermediates 

209, 210, and 211 were synthesized through a substitution reaction. For the latter, 

anhydrous conditions were used, with TEA and DMF in DCM. The intermediates 209 

and 210, characterized by an ether bond between the pyridine and the aminoethyl 

chain, required different conditions, and using K2CO3 as a base and DMF as the solvent 

led to the formation of the desired intermediates. Then, the deprotection of a BOC-

protected amine, simple carbamate hydrolysis in acidic conditions, was carried out to 

afford the primary amine, which was subsequentially reacted with the benzotriazole 
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carboxylic acid through a coupling reaction to allow the isolation of the final 

compounds in the last step of this protocol.  

 

Scheme 11.a 

 

 

 

Scheme 11. a Reagents and conditions: a) Boc2O, TEA, DCM, rt, on, 100%; b) Boc2O, 1,4-dioxane, 

rt, on, 100%; c) L-proline, CuI, K2CO3, DMSO dry, 90 °C, on, 43%; d) K2CO3, DMF, rt, on, 51-49%; 

e) TEA, DCM dry, DMF dry, rt, on, 77%; f) TFA, DCM dry, rt, 3h-on, 100%; g) CDI, DMF dry, 70°C, 

on, 30-49%. 

 

4.3.7. Conclusion 

In the search of novel molecules able to inhibit the cysteine biosynthetic pathway, the 

evidence reported in the literature regarding the ability of the triazole ring to target 

OASS prompted us to initiate a preliminary investigation on the potential activity of the 

benzotriazole core (BTA) on the cysteine pathway. Starting from an in-house 

benzotriazole derivative, 11, a focused set of derivatives was synthesized. This small set 

of compounds allowed us to obtain preliminary hints regarding the biological 

properties of this new scaffold as a cysteine inhibitor.  

The in vitro assays proved the capability of the benzotriazole derivatives to interact 

with both the OASS-A and OASS- B isoforms and produce a false product, leading to 

lower concentrations of OAS, which is the direct precursor of cysteine. This evidence 

was also corroborated by the lack of activity shown to the benzotriazole derivatives 170 

and 171, which present the BTA-NH methylated, preventing the possibility to interact 
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with OASS and producing the false product. Thus, the BTA-NH proved to be crucial for 

inhibitory activity. Furthermore, several compounds were also able to inhibit bacterial 

growth when tested against E.coli, allowing us to speculate about the propensity of 

these molecules to penetrate the Gram-negative membrane. This is a worthwhile result 

in the search for novel antibiotic adjuvants, often affected by poor permeability 

through the cell envelope.  

The evidence of the ability of the BTA core to inhibit the cysteine biosynthesis in the in 

vitro assays, coupled with the growth inhibitory effects and the excellent cytotoxicity 

profile of the BTA derivatives, prompted us to pursue a second round of optimization 

to establish a SAR of this scaffold that could lead to improved inhibitory activity. 

Different modifications were introduced to the scaffold, such as the manipulation of 

the amide bridge and the investigation of the hindrance around the moiety linked to 

the BTA core, and a wide range of the derivatives was synthesized. 

Indeed, 23 new BTA derivatives as potential cysteine inhibitors were synthesized, and 

the biological assays are ongoing in the laboratory of Prof. Cabassi, at the University of 

Parma. 

 

4.3.8. Experimental Section 

4.3.8.2. Chemistry 

General procedure for the coupling reaction 

Method A: Carbonyldiimidazole (CDI) (1.00 eq) was added to a solution of the proper 

carboxylic acid (1.00 eq) in dry DMF (2 mL/mmol) under N2 atmosphere. The reaction 

mixture was left stirring for 1h at room temperature, and then the proper aromatic 

amine (1.00 eq) was added. The reaction mixture was heated to 70 °C. The reaction was 

quenched with water and extracted with EtOAc (3 x 30 mlà). The organic layers were 

dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The 

crude was purified by flash column chromatography eluting with DCM/MeOH or with 

trituration. Purification conditions, yields, and analytical data are reported below. 

Method B: Carbonyldiimidazole (CDI) (1.00 eq) was added to a solution of the proper 

carboxylic acid (1.00 eq) in dry THF (2 mL/mmol) under N2 atmosphere. The reaction 

mixture was left stirring for 1h at room temperature, and then the proper aliphatic 

amine (1.00 eq) was added. The reaction mixture was left stirring at room temperature 
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for 2 – 4 hours. After this time, the solvent was concentrated under vacuum, and the 

corresponding crude material was purified by flash column chromatography eluting 

with DCM/MeOH or with trituration. Purification conditions, yields, and analytical data 

are reported below.  

N-(5-methylthiazol-2-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (161) 

 

The title compound was obtained as a slightly yellow powder following the general 

method A (yield: 61%). Purification by flash chromatography eluting with DCM/MeOH 

from 99:1 to 90:10. 1H NMR (400 MHz, DMSO-d6): δ 16.07 (bs, 1H); 12.63 (s, 1H); 8.77 

(s, 1H); 8.14 (d, J = 8 Hz, 1H); 8.01 (d, J = 8.8 Hz, 1H); 7.25 (s, 1H); 2.40 (s, 3H). HPLC-ESI-

MS analysis: calculated for C11H9N5OS: 259.05; found: 260.26 [M+H+]. 

N-phenyl-1H-benzo[d][1,2,3]triazole-5-carboxamide (162) 

 

The title compound was obtained as a brown powder following the general method A 

(yield: 48%). Purification by trituration with DCM and diethyl ether. 1H NMR (400 MHz, 

DMSO-d6): δ 16.04 (bs, 1H); 10.44 (s, 1H); 8.04 – 7.99 (m, 2H); 7.83 (d, J = 7.9 Hz, 2H); 

7.40 (t, J = 7.7 Hz, 2H); 7.14 (t, J = 7.3 Hz, 1H); 2.40 (s, 3H). HPLC-ESI-MS analysis: 

calculated for C13H10N4O: 238.09; found: 239.32 [M+H+]. 

N-(3-methoxyphenyl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (163) 
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The title compound was obtained as a slightly brown powder following the general 

method A (yield: 40%). Purification by flash chromatography eluting with DCM/MeOH 

from 99:1 to 97:3. 1H NMR (400 MHz, DMSO-d6): δ 16.03 (bs, 1H); 10.4 (s, 1H); 8.62 (s, 

1H); 8.04 – 7.99 (m, 2H); 7.52 – 7.51 (m, 1H); 7.42 (bd, J = 8.8 Hz, 1H); 7.30 (t, J = 8.2 Hz, 

1H); 6.71 (dd, J1=8.12, J2=2.2 Hz, 1H); 3.77 (s, 3H). HPLC-ESI-MS analysis: calculated for 

C14H12N4O2: 268.10; found: 269.22 [M+H+]. 

N-(3-(trifluoromethyl)phenyl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (164) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 29%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 

to 98:2. 1H NMR (400 MHz, DMSO-d6): δ 16.08 (bs, 1H); 10.73 (s, 1H); 8.68 (s, 1H); 8.30 

(s, 1H); 8.11 – 8.02 (m, 3H); 7.65 (t, J = 7.7 Hz, 1H); 7.49 - 7.48 (d, J = 7.7 Hz, 1H). HPLC-

ESI-MS analysis: calculated for C14H9F3N4O: 306.0; found: 307.20 [M+H+]. 

N-(pyridin-2-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (165) 

 

The title compound was obtained as a slightly yellow powder following the general 

method A (yield: 24%). Purification by flash chromatography eluting with DCM/MeOH 

from 99:1 to 98:2. 1H NMR (400 MHz, DMSO-d6): δ 16.04 (bs, 1H); 11.01 (s, 1H); 8.71 (s, 

1H); 8.42 (d, J = 8.3 Hz, 1H); 8.22 (d, J = 8.3 Hz, 1H); 8.08 (d, J = 8.5 Hz, 1H); 7.98 (d, J = 

8.5 Hz, 1H); 7.89 - 7.85 (m, 1H); 7.21 – 7.18 (m, 1H). HPLC-ESI-MS analysis: calculated 

for C12H9N5O: 239.08; found: 240.15 [M+H+]. 
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N-(thiophen-3-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (166) 

 

The title compound was obtained as a pink powder following the general method A 

(yield: 45%). Purification by flash chromatography eluting with DCM/MeOH 95:5. 1H 

NMR (400 MHz, DMSO-d6): δ 16.03 (bs, 1H); 10.87 (s, 1H); 8.62 (s, 1H); 8.06 – 8.02 (m, 

1H); 7.78 (s, 1H); 7.52 (m, 1H); 7.37 – 7.35 (m, 1H). HPLC-ESI-MS analysis: calculated for 

C12H14N4O: 244.27; found: 245.27 [M+H+]. 

N-cyclohexyl-1H-benzo[d][1,2,3]triazole-5-carboxamide (167) 

 

The title compound was obtained as a brown powder following the general method A 

(yield: 33%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 

to 98:2. 1H NMR (400 MHz, DMSO-d6): δ 15.87 (bs, 1H); 8.46 (s, 1H); 8.40 (d, J = 7.8 Hz, 

1H); 8.22 (d, J = 8.3 Hz, 1H); 7.95 – 7.91 (m, 2H); 3.83 – 7.78 (m, 1H); 1.87 - 1.85 (m, 2H); 

1.77 – 1.75 (m, 2H); 1.64 – 1.61 (m, 1H); 1.40 – 1.27 (m, 4H); 1.19 – 1.11 (m, 1H). HPLC-

ESI-MS analysis: calculated for C13H16N4O: 244.13; found: 245.34 [M+H+]. 

(1H-benzo[d][1,2,3]triazol-5-yl)(piperidin-1-yl)methanone (168) 

 

 

The title compound was obtained as a brown powder following the general method B 

(yield: 50%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 

to 98:2. 1H NMR (400 MHz, DMSO-d6): δ 16 (bs, 1H); 7.97 – 7.93 (m, 2H); 7.44 (d, J = 8.4 
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Hz, 1H); 3.61 – 3.33 (m, 3H); 1.62 – 1.51 (m, 7H). HPLC-ESI-MS analysis: calculated for 

C12H14N4O: 230.12; found: 231.31 [M+H+]. 

N-(adamantan-2-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (169) 

 

The title compound was obtained as a slightly yellow powder following the general 

method B (yield: 50%). Purification by flash chromatography eluting with DCM/MeOH 

from 99:1 to 93:7. 1H NMR (400 MHz, DMSO-d6): δ 15.89 (bs, 1H); 8.42 (s, 1H); 7.88 – 

7.82 (m, 3H); 2.11 – 2.08 (m, 9H); 1.68 (m, 6H). HPLC-ESI-MS analysis: calculated for 

C17H20N4O: 296.16; found: 297.40 [M+H+]. 

N-(5-(trifluoromethyl)pyridin-2-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (172) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 15%). Purification by flash chromatography eluting with CHCl3/MeOH 99:1. 1H 

NMR (400 MHz, DMSO-d6): δ 16.02 (bs, 1H); 11.47 (s, 1H); 8.82 (s, 1H); 8.74 (s, 1H); 8.44 

(d, J = 8.8 Hz, 1H); 8.28 (dd, J1 = 8.9, J2 = 2.1 Hz, 1H); 8.08 (d, J = 8.7 Hz, 1H); 7.99 (d, J = 

8.7 Hz, 1H). HPLC-ESI-MS analysis: calculated for C13H8F3N5O: 307.07; found: 308.29 

[M+H+]. 

N-(5-methylpyridin-2-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (173) 

 

The title compound was obtained as a slightly yellow powder following the general 

method A (yield: 42%). Purification by flash chromatography eluting with CHCl3/MeOH 

99:1. 1H NMR (400 MHz, DMSO-d6): δ 16.02 (bs, 1H); 10.92 (s, 1H); 8.69 (s, 1H); 8.44 (d, 
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J = 1.4 Hz, 1H); 8.13 (d, J = 8.4 Hz, 1H); 8.09 (dd, J1 = 8.7, J2 = 1.1 Hz, 1H); 7.98 (d, J = 8.7 

Hz, 1H); 7.69 (dd, J1 = 8.4, J2 = 1.9 Hz, 1H); 2.33 (s, 3H). HPLC-ESI-MS analysis: calculated 

for C13H11N5O: 253.10; found: 254.30 [M+H+]. 

N-(3-methylpyridin-2-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (174) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 43%). Purification by trituration with DCM and EtOAc. 1H NMR (400 MHz, DMSO-

d6): δ 16.03 (bs, 1H); 10.71 (s, 1H); 8.67 (s, 1H); 8.34 (dd, J1 = 4.8, J2 =1.9 Hz, 1H); 8.08 

(d, J = 8.7 Hz, 1H); 8.00 (d, J = 8.7 Hz, 1H); 7.77 (dd, J1 = 7.8, J2 =1.9 Hz, 1H); 7.30 – 7.27 

(m, 1H); 2.24 (s, 3H). HPLC-ESI-MS analysis: calculated for C13H11N5O: 253.10; found: 

254.30 [M+H+]. 

N-(thiazol-2-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (175) 

 

The title compound was obtained as a slightly brown powder following the general 

method A (yield: 46%). Purification by trituration with EtOAc. 1H NMR (400 MHz, 

DMSO-d6): δ 16.06 (bs, 1H); 12.83 (s, 1H); 8.80 (s, 1H); 8.15 (d, J = 8.5 Hz, 1H); 8.03 (d, J 

= 8.5 Hz, 1H); 7.60 (d, J = 3.5 Hz, 1H); 7.32 (d, J = 3.6 Hz, 1H). HPLC-ESI-MS analysis: 

calculated for C10H7N5OS: 245.26; found: 246.23 [M+H+]. 

N-(5-phenylpyridin-2-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (176) 
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The title compound was obtained as a yellow powder following the general method A 

(yield: 25%). Purification by flash chromatography eluting with DCM/MeOH 98:2. 1H 

NMR (600 MHz, DMSO-d6): δ 11.08 (s, 1H); 8.71 (dd, J1 = 2.5, J2 = 0.8 Hz, 1H); 8.69 (s, 

1H); 8.28 (dd, J1 = 8.6, J2 = 0.7 Hz, 1H); 8.15 (dd, J1 = 8.6, J2 = 2.5 Hz, 1H); 8.05 (dd, J1 = 

8.7, J2 = 1.4 Hz, 1H); 7.95 (d, J = 8.7 Hz, 1H); 7.73 – 7.71 (m, 2H); 7.48 – 7.46 (m, 2H); 

7.39 – 7.36 (m, 1H). HPLC-ESI-MS analysis: calculated for C18H13N5O: 315.11; found: 

316.34 [M+H+]. 

N-(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide 

(177) 

 

The title compound was obtained as a yellow powder following the general method A 

(yield: 43%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 

to 98:2 and then trituration with diethyl ether. 1H NMR (400 MHz, DMSO-d6): δ 11.83 

(s, 1H); 8.82 (d, J = 8.4 Hz, 1H); 8.76 (s, 1H); 8.35 (d, J = 8.1 Hz, 1H); 8.07 (m, 2H); 7.30 – 

7.27 (m, 1H); 2.24 (s, 3H). HPLC-ESI-MS analysis: calculated for C13H7N7O4: 325.07; 

found: 326.35 [M+H+]. 

N-cyclopentyl-1H-benzo[d][1,2,3]triazole-5-carboxamide (178) 

 

The title compound was obtained as a white powder following the general method B 

(yield: 61%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 

to 98:2. 1H NMR (400 MHz, DMSO-d6): δ 15.93 (bs, 1H); 8.47 – 8.46 (m, 2H); 7.96 – 7.93 

(m, 2H); 4.32 – 4.23 (m, 1H); 1.96 – 1.88 (m, 2H); 1.77 – 1.68 (m, 2H); 1.62 – 1.54 (m, 

4H). HPLC-ESI-MS analysis: calculated for C12H14N4O: 230.12; found: 231.31 [M+H+].  
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(1H-benzo[d][1,2,3]triazol-5-yl)(pyrrolidin-1-yl)methanone (179) 

 

The title compound was obtained as a orange powder following the general method B 

(yield: 19%). Purification by flash chromatography eluting with DCM/MeOH 98:2. 1H 

NMR (400 MHz, CDCL3): δ 8.02 (s, 1H); 7.79 (d, J = 8.4 Hz, 1H); 7.57 (dd, J1 = 8.6, J2 = 1.1 

Hz, 1H); 3.75 (t, J = 6.9 Hz, 2H); 3.51 – 3.46 (m, 2H); 2.06 – 1.99 (m, 2H); 1.95 – 1.89 (m, 

2H). HPLC-ESI-MS analysis: calculated for C11H12N4O: 216.10; found: 217.28[M+H+]. 

N-cyclohexyl-N-methyl-1H-benzo[d][1,2,3]triazole-5-carboxamide (180) 

 

The title compound was obtained as a white powder following the general method B 

(yield: 20%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 

to 98:2. 1H NMR (400 MHz, DMSO-d6): δ 7.96 (d, J = 8.5 Hz, 1H); 7.91 (s, 1H); 7.42 (d, J 

= 8.3 Hz, 1H); 4.33 (s, 1H); 2.89 – 2.78 (m, 3H); 1.81 - 1.35 (m, 8H); 1.18 – 1.05 (m, 2H). 

HPLC-ESI-MS analysis: calculated for C14H18N4O: 258.15; found: 259.36 [M+H+]. 

N-cycloheptyl-1H-benzo[d][1,2,3]triazole-5-carboxamide (181) 

 

The title compound was obtained as a white powder following the general method B 

(yield: 49%). Purification by flash chromatography eluting with DCM/MeOH 98:2. 1H 

NMR (400 MHz, DMSO-d6): δ 15.91 (bs, 1H); 8.45 – 8.43 (m, 2H); 7.93 – 7.90 (m, 2H); 

4.05 – 3.97 (m, 1H); 1.91 – 1.87 (m, 2H); 1.70 – 1.42 (m, 10H). HPLC-ESI-MS analysis: 

calculated for C14H18N4O: 258.15; found: 259.23 [M+H+].  
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(1H-benzo[d][1,2,3]triazol-5-yl)(morpholino)methanone (182) 

 

The title compound was obtained as a white powder following the general method B 

(yield: 50%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 

to 93:7. 1H NMR (400 MHz, DMSO-d6): δ 15.87 (bs, 1H); 7.99 (s, 1H); 7.98 (d, J = 8.5 Hz, 

1H); 7.98 (dd, J1 = 8.5, J2 = 1.4 Hz, 1H); 3.62 – 3.40 (m, 8H). HPLC-ESI-MS analysis: 

calculated for C11H12N4O2: 232.09; found: 233.17 [M+H+]. 

(1H-benzo[d][1,2,3]triazol-5-yl)(4-methylpiperazin-1-yl)methanone (183) 

 

The title compound was obtained as a slightly yellow powder following the general 

method B (yield: 59%). Purification by flash chromatography eluting with DCM/MeOH 

from 95:5 to 93:7. 1H NMR (400 MHz, DMSO-d6): δ 15.84 (bs, 1H); 7.97 – 7.95 (m, 2H); 

7.45 (dd, J1=8.5, J2=1.4 Hz, 1H); 3.62 – 3.36 (m, 4H); 2.33 (m, 4H); 2.21 (s, 3H). HPLC-ESI-

MS analysis: calculated for C12H15N5O: 245.13; found: 246.17 [M+H+]. 

N-pentyl-1H-benzo[d][1,2,3]triazole-5-carboxamide (184) 

 

The title compound was obtained as a white powder following the general method B 

(yield: 54%). Purification by flash chromatography eluting with CH3Cl/MeOH 98:2. 1H 

NMR (400 MHz, DMSO-d6): δ 15.92 (bs, 1H); 8.63 (t, J = 5.2 Hz, 1H); 8.44 (s, 1H); 8.43 (s, 

1H); 7.94 (m, 2H); 3.32 – 3.27 (m, 3H); 1.60 – 1.52 (m, 2H); 1.34 – 1.30 (m, 4H); 0.90 – 

0.87 (m, 3H). HPLC-ESI-MS analysis: calculated for C12H16N4O: 232.13; found: 233.23 

[M+H+].  
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N-(thiophen-2-ylmethyl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (189) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 31%). Purification by flash chromatography eluting with CHCl3/MeOH from 99:1 

to 98:2. 1H NMR (400 MHz, DMSO-d6): δ 15.96 (bs, 1H); 9.34 (t, J = 5.8 Hz, 1H); 8.48 (s, 

1H); 7.99 – 7.94 (m, 2H); 7.41 (dd, J1 = 5.0, J2 = 1.2 Hz, 1H); 7.06 – 7.05 (m, 1H); 6.99 – 

6.97 (m, 1H); 4.69 (d, J = 5.8 Hz, 2H). HPLC-ESI-MS analysis: calculated for C12H10N5OS: 

258.30; found: 259.3O [M+H+]. 

N-(2-(thiophen-2-yl)ethyl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (190) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 33%). Purification by flash chromatography eluting with DCM/MeOH 98:2. 1H 

NMR (400 MHz, DMSO-d6): δ 15.95 (bs, 1H); 8.83 (d, J = 5.4 Hz, 1H); 8.44 (s, 1H); 7.94 

(m, 1H); 7.35 (dd, J1 = 5.0, J2 = 1.2 Hz, 1H); 6.98 – 6.94 (m, 2H); 3.56 (q, J = 5.7 Hz, 2H); 

3.11 (t, J = 7.12 Hz, 1H). HPLC-ESI-MS analysis: calculated for C13H12N4OS: 272.07; found: 

273.32 [M+H+]. 

N-(2-phenoxyethyl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (193) 

 

The title compound was obtained as a slightly pink powder following the general 

method A (yield: 80%). Purification by by flash chromatography eluting with 

CH3Cl/MeOH 98:2. 1H NMR (400 MHz, DMSO-d6): δ 15.89 (bs, 1H); 8.90 (d, J = 5.3 Hz, 

1H); 8.48 (s, 1H); 7.98 – 7.93 (m, 2H); 7.32 – 7.28 (m, 2H); 7.03 – 6.88 (m, 3H); 4.16 (t, J 
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= 8.6 Hz, 2H); 3.69 (d, J = 5.8 Hz, 1H). HPLC-ESI-MS analysis: calculated for C15H14N4O2: 

282.11; found: 283.38 [M+H+]. 

N-(pyridin-3-yl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (196) 

 

 

The title compound was obtained as a brown powder following the general method A 

(yield: 30%). Purification by trituration with diethyl ether. 1H NMR (400 MHz, DMSO-

d6): δ 15.99 (bs, 1H); 10.62 (s, 1H); 8.98 (d, J = 2.3 Hz, 1H); 8.67 (s, 1H); 8.34 (dd, J1 = 4.7, 

J2 = 1.4 Hz, 1H); 8.25 – 8.22 (m, 1H); 8.07 – 8.01 (m, 2H); 7.43 (dd, J1 = 8.3, J2 = 4.7 Hz, 

1H); 3.76 – 3.62 (m, 4H). HPLC-ESI-MS analysis: calculated for C12H9N5O: 239.08; found: 

240.28 [M+H+]. 

N-(1H-benzo[d][1,2,3]triazol-5-yl)thiazole-2-carboxamide (185) 

 

The title compound was obtained as a slightly yellow-orange powder following the 

general method A (yield: 55%). Purification by flash chromatography eluting with 

DCM/MeOH from 99:1 to 98:2. 1H NMR (400 MHz, DMSO-d6): δ 15.64 (bs, 1H); 11.08 

(s, 1H); 8.50 (d, J = 1.0 Hz, 1H); 8.19 (d, J = 3.1 Hz, 1H); 8.15 (d, J = 3.1 Hz, 1H); 7.94 (d, J 

= 8.9 Hz, 1H); 7.87 (dd, J1=9, J2=1.7 Hz, 1H). HPLC-ESI-MS analysis: calculated for 

C10H7N4OS: 245.04; found: 246.23 [M+H+]. 

N-(1H-benzo[d][1,2,3]triazol-5-yl)benzamide (186) 
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The title compound was obtained as a yellow powder following the general method A 

(yield: 8%). Purification by flash chromatography eluting with DCM/MeOH from 99:1 to 

98:2. 1H NMR (400 MHz, DMSO-d6): δ 15.56 (bs, 1H); 10.52 (s, 1H); 8.49 (s, 1H); 8.01 – 

7.98 (m, 2H); 7.95 (d, J = 8.8 Hz, 1H); 7.70 (dd, J1=8.9, J2=1.5 Hz, 1H); 7.65 – 7.61 (m, 

3H); 7.58 – 7.55 (m, 2H). HPLC-ESI-MS analysis: calculated for C13H10N4O: 238.09; found: 

239.25 [M+H+]. 

N-(1H-benzo[d][1,2,3]triazol-5-yl)picolinamide (197) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 50%). Purification by flash chromatography eluting with DCM/MeOH 99:1. 1H 

NMR (400 MHz, DMSO-d6): δ 15.61 (bs, 1H); 10.94 (s, 1H); 8.79 (d, J = 4.1 Hz, 1H); 8.60 

(s, 1H); 8.21 (d, J = 7.8 Hz, 1H); 8.11 (td, J1 = 7.7, J2 = 1.6 Hz, 1H); 7.95 (d, J = 8.9 Hz, 1H); 

7.88 (d, J1 = 8.9, J2 = 1.4 Hz, 1H); 7.73 – 7.70 (m, 1H). HPLC-ESI-MS analysis: calculated 

for C12H9N5O: 239.08; found: 240.28 [M+H+]. 

N-(1H-benzo[d][1,2,3]triazol-5-yl)thiophene-2-carboxamide (188) 

 

The title compound was obtained as a brown powder following the general method A 

(yield: 18%). Purification by flash chromatography eluting with DCM/MeOH from 98:2 

to 97:3. 1H NMR (400 MHz, DMSO-d6): δ 15.57 (bs, 1H); 10.30 (s, 1H); 8.45 (s, 1H); 8.41 

– 8.40 (m, 1H); 7.94 (d, J = 8.7 Hz, 1H); 7.71 – 7.61 (m, 3H). HPLC-ESI-MS analysis: 

calculated for C11H8N4OS: 244.04; found: 245.14 [M+H+].  
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N-(2-(pyridin-2-ylamino)ethyl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (191) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 32%). Purification by flash chromatography eluting with DCM/MeOH from 96:4 

to 93:7, and then trituration with DCM and diethyl ether. 1H NMR (400 MHz, DMSO-

d6): δ 15.98 (bs, 1H); 8.82 (s, 1H); 8.47 (s, 1H); 7.99 - 7.95 (m, 3H); 7.45 - 7.40 (m, 1H); 

6.86 (s, 1H); 6.56 - 6.51 (m, 2H); 3.48 (m, 4H). HPLC-ESI-MS analysis: calculated for 

C14H14N6O: 282.13; found: 283.38 [M+H+]. 

N-(2-(pyridin-4-yloxy)ethyl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (192) 

 

The title compound was obtained as a slightly brown powder following the general 

method A (yield: 49%). Purification by trituraztion with DCM. 1H NMR (400 MHz, DMSO-

d6): δ 15.74 (bs, 1H); 8.79 (t, J = 5.2 Hz, 1H); 8.38 (s, 1H); 7.95 (d, J = 7.6 Hz, 1H); 7.87 (d, 

J = 8.5 Hz, 1H); 7.63 (d, J = 7.2 Hz, 2H); 6.05 (d, J = 7.2 Hz, 2H); 4.05 (t, J = 5.3 Hz, 2H); 

3.63 (q, J = 5.3 Hz, 2H). HPLC-ESI-MS analysis: calculated for C14H13N5O2: 283.11; found: 

284.34 [M+H+]. 

N-(2-(pyridin-2-yloxy)ethyl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (194) 

 

The title compound was obtained as a white powder following the general method A 

(yield: 41%). Purification by flash chromatography eluting with DCM/MeOH from 96:4 

to 95:5, and then trituration with DCM and diethyl ether. 1H NMR (400 MHz, DMSO-

d6): δ 8.78 (t, J = 5.7 Hz, 1H); 8.38 (s, 1H); 7.94 (d, J = 8.7 Hz, 1H); 7.88 (d, J = 8.6 Hz, 1H); 

7.56 (dd, J1 = 6.7, J2 = 2.1 Hz, 1H); 7.41 (m, 1H); 6.40 (d, J = 9.1 Hz, 2H); 6.16 (m, 1H); 
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4.10 (t, J = 5.8 Hz, 2H); 3.16 (q, J = 5.8 Hz, 2H). HPLC-ESI-MS analysis: calculated for 

C14H13N5O2: 283.11; found: 284.27 [M+H+]. 

N-(2-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)ethyl)-1H-benzo[d][1,2,3]triazole-

5-carboxamide (195) 

 

The title compound was obtained as a orange powder following the general method A 

(yield: 30%). Purification by trituration with DCM and EtOAc. 1H NMR (400 MHz, DMSO-

d6): δ 8.90 (s, 1H); 8.52 (d, J = 8.7 Hz, 1H); 8.43 (s, 1H); 7.96 – 7.90 (m, 2H); 6.53 (d, J = 

9.0 Hz, 1H); 3.76 – 3.62 (m, 4H). HPLC-ESI-MS analysis: calculated for C15H12N8O: 368.10; 

found: 369.23 [M+H+]. 

 

2-methyl-N-(pyridin-2-yl)-2H-benzo[d][1,2,3]triazole-5-carboxamide (170) 

 

165 (200 mg, 0.84 mmol) was dissolved in anhydrous DMF (2.40 mL/mmol), then 

sodium hydride 60 % dispersion in mineral oil (33 mg, 0.84 mmol) was added under N2 

atmosphere at 0°C. The reaction mixture was left stirring for 30 min. After this time, 

iodomethane (52 µL, 0.84 mmol) was added, and the reaction mixture was stirred at 

room temperature for 20 minutes. The reaction was quenched with water and 

extracted with EtOAc (3 X 30 mL). The organic layers were dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The crude was purified by flash 

column chromatography eluting with DCM/MeOH 99:1 to afford the title compound as 

a slightly yellow powder (yield: 20%). 1H NMR (400 MHz, DMSO-d6): δ 11.00 (s, 1H); 

8.70 (s, 1H); 8.42 (dd, J1 = 4.8, J2 = 1.0 Hz, 1H); 8.22 (d, J = 8.4 Hz, 1H); 8.04 – 7.99 (m, 

2H); 7.89 – 7.85 (m, 1H); 7.21 – 7.18 (m, 1H); 4.57 (s, 3H). 13C NMR (100.6 MHz, DMSO-

d6): δ 166.2; 152.7; 148.4; 145.7; 143.7; 138.6; 132.5; 126.17; 120.38; 119.19; 118.09; 

115.27; 44.06. HPLC-ESI-MS analysis: calculated for C13H11N5O: 253.10; found: 254.30 

[M+H+].  
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2-methyl-N-(thiophen-3-yl)-2H-benzo[d][1,2,3]triazole-5-carboxamide (171) 

 

166 (82 mg, 0.34 mmol) was dissolved in anhydrous DMF (2.40 mL/mmol), then sodium 

hydride 60 % dispersion in mineral oil (27 mg, 0.67 mmol) was added under N2 

atmosphere at 0°C. The reaction mixture was left stirring for 30 min. After this time, 

iodomethane (42 µL, 0.67 mmol) was added and the reaction mixture was stirred at 

room temperature overnight. The reaction was quenched with water and extracted 

with EtOAc (3 X 30 mL). The organic layers were dried over anhydrous Na2SO4, filtered, 

and concentrated under reduced pressure. The crude was purified by flash column 

chromatography eluting with Petroleum ether/EtOAc 7:3 to afford the title compound 

(yield: 20%). Purification by flash chromatography eluting with Petroleum ether/EtOAc 

7:3. 1H NMR (400 MHz, DMSO-d6): δ 10.87 (s, 1H); 8.60 (s, 1H); 8.06 (d, J = 8.9 Hz, 1H); 

7.99 (dd, J1 = 8.9, J2 = 1.4 Hz, 1H); 7.79 (dd, J1 = 3.1, J2 = 1.1 Hz, 1H); 7.51 (m, 1H); 7.36 

(dd, J1 = 5.1, J2 = 1.6 Hz, 1H); 4.57 (s, 3H). 13C NMR (100.6 MHz, DMSO-d6): δ 164.6; 145.5; 

145.8; 137.4; 137.4; 132.8; 125.95; 125.07; 122.59; 118.28; 118.22; 110.22; 44.09. 

HPLC-ESI-MS analysis: calculated for C12H10N4OS: 258.06; found: 259.14 [M+H+]. 

 

5-phenylpyridin-2-amine (198) 

 

2-amino-5-bromopyridine 196 (50 mg, 0.29 mmol), phenylboronic acid 197 (49 mg, 

0.41 mmol), and Na2CO3 were dissolved in ACN/H2O (3:1, 7 mL/mmol), then Pd(PPh3)4 

(33 mg, 0.03 mmol) was added. The reaction mixture was heated at reflux overnight. 

After cooling to room temperature, the reaction mixture was filtered through a plug of 

celite. The filtrate was concentrated under reduced pressure, and the residue was 

extracted with EtOAc (3 X 20 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude was purified by flash column 

chromatography eluting with DCM/MeOH 99:1 to afford the title compound (yield: 



 

 

171 

61%). 1H NMR (400 MHz, DMSO-d6): δ 8.25 (d, J = 2.0 Hz, 1H); 7.70 (dd, J1 = 8.6, J2 = 2.5 

Hz, 1H); 7.57 (d, J = 7.3 Hz, 2H); 7.40 (d, J = 7.5 Hz, 2H); 7.27 (t, J = 7.4 Hz, 1H); 6.54 (d, 

J = 8.5 Hz, 1H); 6.04 (s, 2H). 

 

7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (200) 

 

4-chloro-7-nitrobenzofurazano (199) (100 mg, 0.56 mmol) was dissolved in anhydrous 

MeOH (17 mL/mmol), then NH4OH (2 mL) was added under N2 atmosphere. The 

reaction mixture was stirred at room temperature overnight. The solvent was then 

evaporated in vacuum, and the crude material was purified by flash column 

chromatography eluting with DCM/MeOH (from 99.5:0.5 to 98:2) to afford the title 

compound (yield: 51%). 1H NMR (400 MHz, DMSO-d6): δ 8.87 (s, 2H); 8.52 (d, J = 8.8 Hz, 

1H); 6.41 (d, J = 8.8 Hz, 1H).  

 

Tert-butyl (2-aminoethyl)carbamate (206) 

 

Ethylenediamine (205) (661 mg, 11.00 mmol) was dissolved in anhydrous 1,4-dioxane 

(0.350 mL/mmol), then a solution of di-tert-butylcarbonate (300 mg, 1.37 mmol) in 

anhydrous 1,4-dioxane (0.350 mL/mmol) was added dropwise over 1 hour under N2 

atmosphere. The reaction mixture was stirred at room temperature overnight. The 

solvent was then evaporated in vacuum, and water was added. The insoluble material 

was filtered off, and the filtrate was extracted with DCM (2 X 40 mL) and 

Isopropanol/CHCl3 (3 X 30 mL). The collected organic layers were dried over anhydrous 

Na2SO4, filtered, and concentrated under reduced pressure. The resulting oil product 

was used in the next step without further purification (yield: 90%). 1H NMR (400 MHz, 

CDCL3): δ 4.98 (s, 1H); 3.21 (m, 2H); 2.84 (m, 2H); 2.14 (s, 2H); 1.46 (s, 9H).   
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Tert-butyl (2-bromoethyl)carbamate (207) 

 

2-Bromoethylamine hydrobromide (205) (1g, 4.9 mmol) was dissolved in DCM (6 

mL/mmol), then triethylamine (0.9 mL, 6.5 mmol) was added. The reaction mixture was 

cooled to 0°C, and then a solution of di-tert-butylcarbonate (1 g, 5.88 mmol) in DCM 

was added dropwise over 15 minutes. The reaction mixture was stirred at room 

temperature overnight. After this time, water was added to the reaction mixture, and 

it was extracted with DCM (3 X 40 mL). The organic layers were dried over anhydrous 

Na2SO4, filtered, and concentrated under reduced pressure. The product was used in 

the next step without further purification (yield: 70%). 1H NMR (400 MHz, CDCL3): δ 

4.97 (s, 1H); 3.56 – 3.54 (m, 2H); 3.49 – 3.46 (m, 2H); 1.47 (s, 9H). 

 

T-butyl (2-(pyridin-2-ylamino)ethyl)carbamate (208) 

 

Tert-butyl (2-aminoethyl)carbamate 206 (320 mg, 1.99 mmol), L-proline (69 mg, 0.60), 

2-bromopyridine (473 mg, 2.99 mmol), CuI (76 mg, 0.40 mmol) and K2CO3 (550 mg, 3.98 

mmol) were dissolved in anhydrous DMSO under N2 atmosphere. The reaction mixture 

was heated at 90°C overnight. Then the reaction mixture was filtered through a plug of 

celite. The organic layer was washed with water (1 X 30 mL) and brine (3 X 30 mL). The 

collected organic layers were dried over anhydrous Na2SO4, filtered, and concentrated 

under reduced pressure. The crude was purified by flash column chromatography 

eluting with DCM/MeOH 98:2 to afford the title compound as a yellow oil (yield: 43%). 
1H NMR (400 MHz, CDCL3): δ 8.09 (d, J = 4.2 Hz, 1H); 7.44 - 7.39 (m, 1H); 6.61 – 6.57 (m, 

1H); 6.43 (d, J = 8.4 Hz, 1H); 5.07 (s, 1H); 4.82 (s, 1H); 3.51 – 3.46 (m, 2H); 3.40 – 3.36 

(m, 2H); 1.46 (s, 9H).  
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Synthetic procedure to obtain compounds 209 and 210  

Tert-butyl (2-bromoethyl)carbamate 207 (100 mg, 0.45 mmol) was dissolved in DMF, 

then a solution of 4-hydroxypyridine or 2-hydroxypyridine (63 mg, 0.67 mmol) in DMF 

was added, followed by oven-dried K2CO3 (93 mg, 0.67 mmol). After consumption of 

the starting material, a solution of NaOH 2N was added to the reaction mixture, and it 

was extracted with CH3Cl/isopropanol (8:2, 3 X 20 mL). The collected organic layers 

were dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. 

The crude was purified by flash column chromatography. eluting with DCM/MeOH. 

Tert-butyl (2-(pyridin-4-yloxy)ethyl)carbamate (209) 

 

The title compound was obtained as a white powder (yield: 51%). Purification by flash 

chromatography eluting with DCM/MeOH from 95:5 to 80:20. 1H NMR (400 MHz, 

DMSO-d6): δ 7.53 (d, J = 7.5 Hz, 2H); 6.97 (t, J = 5.4 Hz, 1H); 6.05 (d, J = 7.5 Hz, 2H); 3.85 

(t, J = 5.7 Hz, 2H); 3.23 (q, J = 5.8 Hz, 2H); 1.34 (s, 9H). 

Tert-butyl (2-(pyridin-2-yloxy)ethyl)carbamate (210) 

 

The title compound was obtained as a white powder (yield: 49%). Purification by flash 

chromatography eluting with DCM/MeOH from 97:3 to 96:4. 1H NMR (400 MHz, CDCL3): 

δ 7.39 – 7.34 (m, 1H); 7.28 - 7.24 (m, 1H); 6.59 (d, J = 9.1 Hz, 1H); 6.21 – 6.19 (m, 1H); 

5.02 (s, 1H); 4.11 (t, J = 6.0 Hz, 2H); 3.49 (q, J = 5.9 Hz, 2H); 1.45 (s, 9H). 

 

Tert-butyl (2-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)ethyl)carbamate (211) 

 

Compound 206 (60 mg, 0.38 mmol) was dissolved in anhydrous DMF (10 mL/mmol), 

then a solution of 4-chloro-7-nitrobenzofurazano (50 mg, 0.25 mmol) in anhydrous 
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DMF (3.5 mL/mmol) was added dropwise under N2 atmosphere. The reaction mixture 

was stirred at room temperature overnight. The solvent was then evaporated in 

vacuum, and the crude material was purified by flash column chromatography eluting 

with DCM/MeOH 99:1 to afford the title compound (yield: 77%). 1H NMR (400 MHz, 

DMSO-d6): δ 9.32 (s, 1H); 8.60 (d, J = 8.8 Hz, 1H); 6.50 (d, J = 8.9 Hz, 1H); 6.97 (t, J = 5.4 

Hz, 1H); 3.86 (m, 2H); 3.20 – 3.12 (m, 2H); 1.37 (s, 9H). 

 

Synthetic procedure to obtain compounds 212 and 214  

Compound 212 or 214 (1 eq) was dissolved in anhydrous DCM, and then TFA (7 eq) was 

added. The reaction mixture was stirred at room temperature overnight. The solvent 

was then evaporated in vacuum, and then 2 N aq. NaOH was added to the crude 

material, and it was extracted with CHCl3/isopropanol (8:2, 40 mL x 3). The organic 

layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure. The product was used in the next step without further purification  

N1-(pyridin-2-yl)ethane-1,2-diamine (212) 

 

Yield: quantitative. 1H NMR (400 MHz, DMSO-d6): δ 7.94 – 7.93 (m, 1H); 7.36 – 7.32 (m, 

1H);6.45 – 6.42 (m, 3H); 3.20 (q, J = 6.3 Hz, 2H); 2.67 (q, J = 6.4 Hz, 2H). 

2-(pyridin-2-yloxy)ethan-1-amine (214) 

 

Yeld: 97 %. 1H NMR (400 MHz, DMSO-d6): δ 7.93 – 7.85 (m, 1H); 7.30 – 7.24 (m, 1H); 

6.55 – 6.45 (m, 1H); 4.49 (d, J = 5.9 Hz, 2H); 3.34 (q, J = 6.0 Hz, 2H).   
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2-(pyridin-4-yloxy)ethan-1-amine (213) 

 

Tert-butyl (2-(pyridin-4-yloxy)ethyl)carbamate 209 (45 mg, 0.19 mmol) was dissolved 

in anhydrous DCM, and then TFA (72 µL, 0.94 mmol) was added. The reaction mixture 

was stirred at room temperature overnight. The solvent was then evaporated in 

vacuum, and the crude material was used in the next step without further purification 

(yield: quantitative). 1H NMR (400 MHz, DMSO-d6): δ 8.44 (d, J = 7.4 Hz, 2H); 8.09 (s, 

3H); 7.18 (d, J = 7.3 Hz, 2H); 4.49 (d, J = 5.9 Hz, 2H); 3.40 – 3.34 (m, 2H). 

 

N1-(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)ethane-1,2-diamine (215) 

 

Compound 211 (62 mg, 0.19 mmol) was dissolved in anhydrous DCM (7 mL/mmol), 

then TFA (92 µL, 1.23 mmol) was added dropwise. The reaction mixture was stirred at 

room temperature for 3 hours. The solvent was then evaporated in vacuum, and the 

crude material was used in the next step without further purification (yield: 100%). 1H 

NMR (400 MHz, DMSO-d6): δ 9.32 (s, 1H); 8.60 (d, J = 8.9 Hz, 1H); 7.93 (s, 3H); 6.50 (d, 

J = 8.8 Hz, 1H); 3.76 (m, 2H); 3.20 – 3.12 (m, 2H). 

 

4.3.8.2. Biology 

Evaluation of Minimal Inhibitory Concentration (MIC) by broth microdilution assays 

MIC values were evaluated following CLSI guidelines with some modifications (28), as 

referred in previous work.102 Twofold dilutions 25.6-0.05 mg/mL of the tested 

compounds were performed in DMSO in separate 96-well microtiter U-plates (Greiner, 

Milan, Italy). In a different 96-well microtiter U-plate, for each well of the replicates, 49 

µl of broth medium were added. Therefore, in each well of the plate, one microliter of 
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each compound at variable dilution in DMSO was added. For each test, three 

independent experiments with three replicates each were performed. 

Tested reference bacterial strains (E. coli ATCC25922; S. Typhimurium ATCC14028; K. 

pneumoniae ATCC13883) were brought to the logarithmic phase of growth in Müeller 

Hinton medium (MHB) by incubation at 37 °C for 24 hours. After incubation, bacterial 

suspensions were centrifuged (2000 rpm, 4 °C for 20 minutes), and then the pellets 

were resuspended in phosphate buffer (pH 7, 0.1 M) to reach a final bacterial 

concentration of 108 CFU/mL, adjusted by spectrophotometry (OD ranged between 

0.08-0.13 at 620 nm). The obtained suspensions were further diluted 1:100 in broth 

medium to reach a bacterial concentration of 106 CFU/mL. 50 µl of the bacterial 

suspension containing 106 CFU/mL were inoculated into each well within 30 minutes, 

to obtain a final concentration of 5x105 CFU/mL in a total volume of 100 µl. The final 

dilution range tested was 256-0.5 µg/mL. Growth and sterility controls were performed 

for each strain and for each tested compound. Plates were then incubated for 24 hours 

at 37 °C in aerobic atmosphere. After incubation, plates were read by unaided eye with 

a microtiter reading mirror and then the optical density (OD) of each well of the plates 

was measured spectrophotometrically at 620 nm. MIC values were calculated as the 

arithmetic mean ± standard deviation (SD) of the unaided eye reading and the 

inhibition of growth for each tested dilution was calculated from the OD values (mean 

± SD). A quality control microorganism (E. coli ATCC 25922) was tested periodically to 

validate the accuracy of the procedure. 

 

Cytotoxicity assay and CC50 determination. Cell culture 

Human monocytes THP-I cells were grown in suspension in RPMI 1640 (Euroclone, Italy) 

supplemented with 1% Sodium Pyruvate 100mM (Life Technologies, USA), 0.5% 

Gentamicin 10mg/mL (Sigma Aldrich, USA), 0.1% 2-Mercaptoethanol 50mM (Life 

Technologies, USA), Glucose (0,25 g/mL) and 10% Fetal Bovine Serum (FBS; Euroclone, 

Italy).  

THP-1 cells were seeded in 24-well plates (Sarstedt, Germany) in the presence of 

100ng/mL of phorbol 12‐myristate 13‐acetate (PMA; Sigma‐Aldrich, USA) for 72 hours 

to allow the cells to differentiate into macrophages.
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Cytotoxicity assay (MTT assay) 

MTT assay has been used to assess the cytotoxicity of synthesized compounds in THP-

derived macrophages by evaluating the ability of mitochondrial succinate 

dehydrogenase to catalyze the enzymatic reduction of yellow water-soluble 3-[4,5-

dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma Aldrich, USA) to 

insoluble purple formazan, index of cell viability. Differentiated macrophages were 

treated with synthesized compounds at increasing concentrations (25 μM, 50 μM, 100 

μM, and 200 μM; all compounds were tested as a triplicate) for 72 hours. 20 mM 

compounds solutions in DSMO were prepared, and consequentially diluted to obtain a 

final concentration up to 200 uM, corresponding to 1% v/v of DMSO. Afterwards, cells 

were incubated with a solution of 1mg/mL of MTT dissolved in RPMI 1640, 

supplemented with 5% FBS, at 37oC, 5% CO2 for 2 hours in dark. The solution was then 

removed, and resulting formazan crystals were dissolved in 0,2 mL DMSO under 

shaking for 10 minutes. Finally, absorbance was measured on an aliquot of 0.15 mL at 

a wavelength of 570 nm using an absorbance microplate reader (Spark® Tecan, 

Switzerland).82 
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Material and Methods  

 
All the reagents were purchased from Sigma-Aldrich, Alfa-Aesar, and Fluorchem at 

reagent purity and, unless otherwise noted, were used without any further purification. 

Dry solvents used in the reactions were obtained by distillation of technical grade 

materials over appropriate dehydrating agents. Reactions were monitored by thin-

layer chromatography on silica gel-coated aluminum foils (silica gel on Al foils, SUPELCO 

Analytical, Sigma-Aldrich) at 254 and 365 nm. MCRs were conducted using CEM CEM 

Discover Synthesis Unit (CEM Corp., Matthews, NC). Where indicated, intermediates 

and final products were purified through silica gel flash column chromatography (silica 

gel, 0.040-0.063 mm) or Combiflash® Rf 200, using appropriate solvent mixtures. 1H 

NMR and 13C NMR spectra were recorded on a BRUKER AVANCE spectrometer (1H at 

300 or 400 MHz and 13C at 75 or 101 MHz respectively) or a JEOL spectrometer (1H at 

600 and 13C at 125), with TMS as an internal standard. 1H NMR spectra are reported in 

this order: δ ppm (multiplicity, number of protons). Standard abbreviations indicating 

the multiplicity were used as follows: s = singlet, d = doublet, dd = doublet of doublets, 

t = triplet, q = quadruplet, m = multiplet, and br = broad signal. Low-resolution mass 

spectrometry measurements were performed on quattromicro API tandem mass 

spectrometer (Waters, Milford, MA, USA) equipped with an external APCI or ESI ion 

source. ESI-mass spectra are reported in the form of (m/z).  
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