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Preface 

The research activity of my PhD has been focused on two main projects. The first 

topic has started in my first year and its central core is the discovery of novel Store-

Operated Calcium Entry (SOCE) modulators as potential treatments for calcium 

related diseases. The second, involving the development of indoleamine 2,3-

dioxygenase (IDO) inhibitors in cancer immunotherapy, has started in my second 

year thanks to a Fondazione AIRC (Associazione Italiana per la Ricerca sul Cancro) 

research fellow that I was awarded. The two-year individual fellowship has helped 

me to finish my PhD, since I have not benefited from an Italian Ministry of Education 

fellowship and I was previously paid by funds of my supervisor’s lab deriving from 

industrial commissions. For this reason, Fondazione AIRC is deeply acknowledged.  

Given that the two topics are not related to each other, this thesis has been divided 

in two parts, named Part I and II. Despite unrelated, the leitmotif of both projects can 

be found in the role played by modern medicinal chemistry in the process of drug 

discovery and development. Therefore, while a brief introduction on each topic can 

be found at the beginning of Part I and II, the introduction of my Thesis is focused 

on the different techniques that a medicinal chemist can rely upon in the search of 

novel drugs and that have been applied in my research activity. 

The compounds described in this Thesis have been synthesized first-hand by me or 

have been the object of co-supervision of Master students that have carried out their 

Thesis project in Prof. Pirali’s laboratory. 

The efforts described herein have resulted in several publications listed at the end of 

the Thesis. Some of these publications are related to Part I and II and therefore 

compose the different Chapters. All of these results have been achieved thanks to a 

number of collaborations both inside the University of Piemonte Orientale and 

outside. In particular, Prof. Genazzani and Dr. Fallarini’s groups from University of 

Piemonte Orientale, Prof. Ugel from University of Verona, Dr. Pallotta from 

University of Perugia and their respective research units are deeply acknowledged.  

 



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1  

Introduction  
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1.1 The changing landscape of medicinal chemistry 

The role of medicinal chemists in the process of drug R&D has dramatically changed 

in the past years.1 First of all, new technologies have appeared, allowing the synthesis 

and the in vitro screening of large libraries of compounds. A recent review, for 

example, analyses the lead generation strategies that have led to clinical candidates 

described in the Journal of Medicinal Chemistry: the majority of them (43%) have 

been designed from previously known molecules, while random high-throughput 

screening (HTS) has led to the identification of the 29% of the candidates. Structure-

based drug design, fragment-based lead generation and DNA-encoding library 

screening are other important approaches nowadays.2 At the same time, the 

techniques that allow the identification of new targets, such as genomics, proteomics, 

small interfering RNA, have made their appearance, arising the quest for novel 

compounds able to target them.3 Besides the increase of both drug targets and 

available techniques for the design and synthesis of compounds, the knowledge 

required in drug discovery has enormously expanded as well, increasing the 

challenge that a modern medicinal chemist has to deal with during his/her everyday 

life.  

The high degree of complexity in drug R&D is reflected in the fact that the number 

of newly approved drugs has suffered a setback in the last decade, mostly due to a 

low clinical success rate.4 However, this trend does not find a counterpart in the 

investments that pharmaceutical industry made in developing new entities, but is 

more likely associated with the lower quality of clinical candidates. A powerful tool 

to gain insight into the direction in which drug R&D is moving today is represented 

by the lists of International Non-proprietary Name (INN) by World Health 

Organization (WHO), which clearly demonstrate that the pharmaceutical market is 

thriving more than ever. For a new molecular entity, it is mandatory to receive an 

INN before being approved by the regulatory agencies. When a company applies to 

the WHO to receive an INN for a new molecule, a name might be proposed by the 

applicant, following the rules of drug nomenclature. The proposed name is evaluated 
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by the INN Committee and might be changed before the publication of the official 

name. The publication of the assigned INN5 is made online, in a volume that is 

downloadable and in which additional information are present, such as the chemical 

structures, the IUPAC names and the CAS numbers. Therefore, the publication of 

the assigned INN might represent the first public disclosure of the structure of the 

candidate being developed by a company. In the last twenty years, the Committee of 

the WHO in charge of this process has assigned 3456 INNs, with the number of INNs 

dramatically increased over time, raising from an average of 120 names published 

per year in the 2000s to a number of 307 INNs in 2020. 

Another issue that draws attention by analyzing the structures listed in the INN 

volumes is represented by the fact that the number of organic drugs listed has been 

halved from 2000 to 2020 (from 79% of organic drugs on all the INNs to only 41%). 

At the same time, the percentage of biologic drugs and monoclonal antibodies has 

increased, and, since 2007, DNA/RNA based and other advanced therapies (e.g. gene 

and cell therapies, oncolytic viruses or bacteria) have made their appearance. 

Overall, the contribution of these entities accounts for the 52% of all the listed INNs 

in 2020.    

In this changing landscape, therefore, medicinal chemists should reinvent 

themselves, repurposing their skills in a world in which further actors are now 

“creating” drugs. While the medicinal chemist has always been part of a 

multidisciplinary team, participation in a tight network of different disciplines, 

spanning from biophysics to regulatory affairs, has become more and more important 

to achieve the goal and develop a successful drug. Besides being obviously experts 

in organic and medicinal chemistry, other complementary skills include a deep 

understanding of the biology and of the literature focused on the target disease, a 

comprehension of the pharmacological tests set up to evaluate the compounds, a 

knowledge of the factors that influence ADMET profiles of candidates, and the 

awareness of what is the clinical need associated with the disease, what are the 
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medicines already in use and, as a consequence, what are the competitive standards 

of care and what would be the regulatory requirements for the approval.1  

Medicinal chemists are obviously the protagonists in the early phases of drug 

discovery and the success of a drug largely relies upon the choice made in these early 

phases, with an eye on the future development of the drug. Indeed, while medicinal 

chemists are often perceived as “compound makers”, the real mission that should be 

pursued is to address an unmet clinical need and bring a drug to the approval with 

the aim to provide a benefit to patients.  Indeed, not all medicines are equal, and 

some drugs stand over the others for the clinical benefits they provide to patients. On 

this concept, during the lockdown imposed by the COVID-19 pandemic at the 

beginning of March 2020, I participated in writing a Perspective article published in 

the Journal of Medicinal Chemistry, analysing the medicinal chemistry of Essential 

Medicines (EMs) through a number of systematic analyses.6 EMs are a very selected 

group of medicines listed by WHO in the Essential Medicines List (EML)7 and 

chosen among all the approved drugs for their highest benefit/risk ratio, as well as 

their pivotal role for the worldwide health. Today, four States out of five possess a 

National EML, ensuring that the population of a specific country has access to a drug 

considered crucial for satisfying their healthcare needs. In analyzing the medicinal 

chemistry features of this cluster of medicines, it emerged that the requirements 

usually said to be necessary to make a compound a good candidate are not always 

fulfilled. While maybe obvious, our analysis concludes that no rules in drug R&D 

seem to exist: the rules of thumb usually followed in medicinal chemistry serve just 

to reduce the failure associated with the development of a molecule. For example, 

we found out that there are EMs bearing 21 stereocenters and are still blockbuster 

drugs for heart failure treatment (i.e. digoxin), that are administered per os even if 

failed 4 Lipinski’s parameters out of 4 (i.e. rifapentine), that include multiple 

structural alerts but are safe enough to be in the market (e.g. valproic acid, 

isoniazide), that are predicted not to cross the blood brain barrier but have been used 

for decades as general anesthetics (i.e. isoflurane, halothane). Therefore, many 
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exceptions to the known rules exist, no prediction can be easily made on paper and 

more than ever there is a need for effective strategies that help medicinal chemists to 

reduce the high degree of attrition in drug R&D.  

Among the new available technologies that have enriched the arsenal of medicinal 

chemists, some of them have been largely explored in my research activity, such as 

the virtual screening approach to identify new scaffolds, the click chemistry reaction 

to synthesize large libraries of compounds and the use of deuterium as a strategy to 

improve the pharmacokinetic and toxicological profiles of a candidate. The 

application of these techniques in the everyday laboratory life has resulted in a strong 

knowledge of the latter two fields, stemming in a Book Chapter submitted under 

invitation to Advances in Heterocyclic Chemistry8 focused on click chemistry and in 

a Perspective article published in the Journal of Medicinal Chemistry on the use of 

deuterium in medicinal chemistry.9  

 

1.2 Virtual screening approach  

In the last decades, two techniques applied in the earlier stages of drug discovery 

campaigns have contributed to minimize the cost and time associated with 

identification of candidates: high throughput screening (HTS) and virtual screening 

(VS). While the first, relying on the automatic testing of thousands of molecules on 

a specific biological target, has undoubtedly led to the discovery of important 

drugs,10 VS provides the advantage of processing millions of compounds without the 

need to physically synthesize them, enormously expanding the analysed chemical 

space.11  

The term VS was coined in 1997,12 in spite of the fact that the technique has been 

known since the ‘80s. Since then, VS has become very popular and has found wide 

application in the field of medicinal chemistry. There are two different approaches 

in VS, ligand-based (LBVS) and structure-based (SBVS). The former is based on the 

similarity of the screened compounds with known active molecules or common 

pharmacophores,13 relying on the principle that similar compounds are endowed with 
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similar properties.14 On the other hand, SBVS exploits the complementary of the 

analysed compounds with the protein binding site, using docking procedures, scoring 

functions and computational algorithms, but necessarily requiring the 3D structure 

of the target protein.10 VS sees the automate evaluation of large databases, either as 

public or commercial or from vendors catalogues, allowing the fast screening of up 

to 10 million of structures. The considered molecules pass through a virtual funnel 

in which different filters are applied and candidates are scored at each step. 

Compounds that survive all the filters are predicted to be the most promising in 

binding to the target. However, while VS boosts the identification of a hit or lead 

compound, the molecule still needs to be synthesized or purchased in order to be 

biologically tested against the target of interest. Moreover, a molecule discovered by 

VS might require a hit-to-lead optimization to improve its potency or drug-likeness.  

Outcome of the application of virtual screening in my research activity  

The SBVS technique has represented the starting point of my research activity in the 

IDO field, thanks to the tight collaboration with Prof. Massarotti from UPO. Indeed, 

the screening of more than 8 million compounds on IDO1 active site (ZINC 

database) has allowed their ranking (Chapter 7 and 8).15 By purchasing and screening 

the top 50 scored compounds for their inhibitory activity on IDO1, we have 

discovered two promising hit compounds for our medicinal chemistry campaigns. 

One of them is a completely novel scaffold, never reported before and endowed with 

high potency (Chapter 7), while the other has been previously reported as iNOS 

inhibitor (Chapter 8).16  
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1.3 The click chemistry approach  

Since the discovery of the click chemistry concept by Kolb, Finn and Sharpless in 

2001,17 the copper catalysed azide-alkyne cycloaddition (CuAAC) has permeated 

many disciplines, spanning from chemistry to biology and appearing as a 

fundamental tool in chemical biology.18  

The possibility to synthesize molecules containing a 1,2,3-triazole ring in a simple 

and effective manner has indeed prompted medicinal chemists to prepare large 

libraries of triazole-displaying molecules in many early drug discovery programs. 

Triazole is a very popular heterocyclic ring group in the scientific literature, being 

the most exploited five-membered nitrogen-containing heterocycle.19 Two isomeric 

forms are possible: the 1,2,3- and the 1,2,4-triazole. While the latter is particularly 

abundant in antimycotic drugs due to its strong coordinating properties, the 1,2,3-

triazole has been much less exploited in marketed compounds. Nevertheless, since 

the discovery of the CuAAC reaction, the 1,2,3-triazole, and especially the 1,4-

disubstituted regioisomer, has received an ever-increasing attention and has found 

wide application.20  

In terms of intermolecular interactions, the 1,4-disubstituted 1,2,3-triazole has a 

preference for hydrophobic residues in the binding pocket.21 Moreover, since it is 

planar and possesses a strong aromatic character, it is potentially involved in edge-

face and face-face stacking, especially with Trp residues in the binding pocket. 

Furthermore, the triazole might serve as hydrogen bond acceptor in correspondence 

to the N(2) and N(3), while the C-H, due to the polarization given by the 1,2,3-trizole 

ring, might behave as hydrogen bond donator (Figure 1). Finally, 1,2,3-triazoles 

display marked stability towards acidic and basic hydrolysis, oxidative and reductive 

conditions (reflecting a high aromatic stabilization), and enzymatic degradation. This 

is the reason why triazole is often used in the isosteric replacement of amide group, 

the latter at times associated with poor hydrolytic stability.22  

In particular, 1,4-disubstituted triazoles are effective isosteres of trans-amides, while 

the 1,5-disubstituted regioisomers mimic cis-amides. Both isosteric replacements 
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suffer from a slight difference in the overall dipole moment and the spatial 

arrangements of substituents, as shown in Figure 1. Nevertheless, the similarities in 

planarity and hydrogen-bonding properties between the two groups have established 

the triazole as a useful non-classical bioisostere of the amide, with the advantage of 

being resistant to hydrolysis and protease-mediate cleavage. 

In particular: (i) the carbonyl oxygen lone pair of the amide bond is substituted by 

the N(3) lone pair; (ii) the polarized C-H bond (in the 5-position) acts as a hydrogen 

bond donator as the amide N-H bond; (iii) the electrophilic and polarized C4 is 

electronically similar to the carbonyl carbon.  

 

Figure 1. Intermolecular interactions and differences between amides and the 1,2,3-

triazole ring. 

 

Besides its exploitation in isosteric amide replacement, the triazole linker has also 

been extensively used to join two building blocks in the generation of hit compounds, 

twin drugs, both homodimers and heterodimers, and bidentate inhibitors, where the 

molecule interacts with two different binding sites of the target protein. For example, 

following the explosion of the Proteolysis Targeting Chimeras (PROTACs) 

technology, the click chemistry approach has been reported as a powerful tool to 

modulate the chemistry of the linker moiety.23 Briefly, PROTACs are bifunctional 

molecules in which one ligand binds to the protein of interest while the other binds 

to and recruits an E3 ubiquitin ligase. The recruited E3 ligase induces the transfer of 
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ubiquitin from the ubiquitin-conjugating enzyme E2 to the target protein and the 

polyubiquitination of the latter results in the degradation by the proteasome system.24 

Both the pharmacokinetic and the pharmacodynamic features of PROTACs heavily 

depend on linker length and structure. Indeed, the formation of the ternary complex 

between the ligase, the PROTAC and the target protein, a key element to ensure the 

efficient degradation of the protein of interest, relies upon the appropriate length of 

the linker. Moreover, the structural features of the linker are responsible for 

PROTACs solubility and metabolic stability.25 It is foreseen therefore that the 

exploitation of the click chemistry approach will boost the process of PROTACs 

optimization, leading to a straightforward and comprehensive study of linker 

length/activity relationship (Figure 2).  

 

Figure 2. The click chemistry approach applied to the design of PROTAC libraries. 

 

In this context, another example is represented by the use of the triazole ring in the 

design of antibody-drug conjugates (ADC).26 This has recently led to the approval 

of sacituzumab govitecan, the first marketed ADC synthesized by click chemistry.27  

By analysing the number of publications containing the “1,2,3-triazole” concept 

from 2002 to 2019, it appears undeniable that click chemistry has made an impact 

on the medicinal chemistry field (Figure 3). However, despite the increasing number 

of publications, only few triazoles have been approved by FDA and some others are 

under clinical development.  

 

 

 



19 

 

Figure 3. Number of publications that result in SciFinder searching “1,2,3-triazole” 

from 2002 to 2019 and filtering only journals and only English. 

 

Among the approved triazoles, only four 1,2,3-triazole-bearing drugs have been 

launched on the market so far and only one of them has been discovered through 

click chemistry approach, represented by the already cited sacituzumab govitecan.27 

The remaining three drugs are cefatrizine,28 bearing a 4-monosubstituted triazoles, 

tazobactam,29 in which a 1-monosubstituted triazole is displayed, and rufinamide,30 

containing a 1,4-disubstituted 1,2,3-triazole ring (Figure 4).  

 

Figure 4. Structures of the four approved 1,2,3-triazole-bearing drugs. 
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While not discovered through click chemistry, synthetic routes exploiting the 

CuAAC reaction have been further proposed for both tazobactam and rufinamide.31  

The lack of clinically approved triazoles is not so surprising, as it is well known that 

since the discovery of a lead compound, around 15-20 years are usually needed for 

that molecule to hit the market, and this corresponds to the time passed since the 

disclosure of the click chemistry concept.  

Nevertheless, on visual inspection of the INN volumes starting from 2002, it can be 

seen that there are at least 11 triazole-displaying compounds in clinical development, 

namely carboxyamidotriazole, mubritinib, solithromycin, tradipitant, molidustat, 

bomedemstat, radezolid, seviteronel, milvexian, asundexian and tilpisertib.  

While the rate of success of the molecules published in the INN lists is around 18% 

of all the molecules that applied to the WHO to receive an INN, it is likely that in 

the future we will witness the launching on the market of at least some of these 

triazole-containing clinical candidates, strengthening the utility of the click 

chemistry approach in drug R&D.  

Outcome of the application of click chemistry in my research activity  

In my research activity the click chemistry approach has been extensively used in 

the search of SOCE modulators32,33 (Chapter 3) and in the synthesis of a class of 

imidazothiazoles as IDO1 inhibitors (Chapter 6).34 In particular, the application of 

this technique and the random synthesis of libraries of compounds are particularly 

suited to the field of SOCE modulators, as the key components of SOCE machinery 

have been identified only recently and scarce crystallographic data are available35 to 

allow the rational design of novel modulators. Moreover, by exploiting click 

chemistry, the amide shared by most of the reported SOCE inhibitors was substituted 

by the triazole ring, allowing to go beyond the prior art and to secure enough 

structural novelty to guarantee intellectual property. This resulted in a filed patent 

application where I appear as co-inventor.33b Overall, the synthetic efforts led to the 

generation of 160 triazole-bearing compounds and the identification of two 

promising lead compounds with in vivo efficacy in acute pancreatitis. The relatively 
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short time in which these goals have been achieved further demonstrated the utility 

and feasibility of the click chemistry approach.  

 

1.4 Deuterium applications in medicinal chemistry  

Very recently, a new isosteric replacement has made its appearance in the medicinal 

chemistry field. Deuterium (D), the heavy and non-radioactive isotope of protium, 

(herein named hydrogen (H) for the sake of simplicity), can be used to replace H in 

chemical compounds as a means of improving known active molecules and already 

approved drugs (i.e. deuterium switch) or as a tool in the generation of new lead 

compounds (i.e. without an hydrogenated counterpart on the market).36 Compared to 

H, D displays a smaller molar volume (by 0.140 cm3/mol per atom), less lipophilicity 

(Δ logPoct = - 0.006) and slightly different pKa.37 Most and foremost, C-D bonds are 

shorter by 0.005 Å compared to C-H bonds and therefore the transition state for bond 

cleavage requires a higher activation energy, with a reaction rate, indicated as the k 

constant, slower (kH > kD).  

The phenomenon, known as deuterium kinetic isotope effect (DKIE) and quantified 

as the ratio of the rate constants for the reaction rate (kH/kD),38 accounts for the 

difference in terms of stability of isotopically-substituted molecules. Typically 

values of DKIE range from 1, in case of reactions where deuterium has no effect, to 

7-9. It follows that DKIE can be exploited in reducing the rate of enzyme-catalysed 

transformations, if the C-H bond cleavage is at least partially rate-limiting.  

Indeed, the most straightforward application of deuterium is represented by the 

slowdown of drug metabolism, especially through oxidative processes such as those 

reactions mediated by cytochrome P450 family.39 In particular, high DKIE are 

detected for dealkylations of ethers and amides (>2), a lower DKIE is usually 

associated with amine N-dealkylation (<2), while DKIE for oxidation of alkyl groups 

is highly influenced by the rate-limiting step in the specific reaction involved. Last, 

heteroatom oxygenations, epoxidations and aryl hydroxylations, in which no C-H 

bond cleavage occurs in the enzyme catalysis, usually display DKIE close to 1. 
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Besides CYP family, also reactions catalysed by aldehyde oxidase (AO),40 involved 

in the oxidation of the formyl carbon of aldehydes and of α-carbons next to nitrogens 

in heteroaromatic ring systems, and monoamine oxidases (MAO)41 enzymes can be 

affected by DKIE.  

Therefore, on one hand the substitution of H with D can slowdown metabolism, 

improving the pharmacokinetic profile of a molecule. On the other, this isosteric 

substitution represents the most conservative example of isosteric replacement, since 

deuterium has the same 3D surface, shape and steric flexibility of hydrogen.37 It is 

not surprising that most of deuterium-substituted compounds retain the same 

biochemical potency and selectivity compared to the parent hydrogenated molecule.  

While the first deuterated compounds have been reported in the 1960s,42 the field 

has exploded in 2017, when the first deuterated drug, deutetrabenazine, was 

approved by FDA43 for Huntington’s disease chorea’s and tardive dyskinesias, the 

same indication of the parent hydrogenated drug tetrabenazine. This approval has 

represented a surprising breakthrough in the field, considering that the patent of 

tetrabenazine was still in force at the time and the trial on which deutetrabenazine 

relied was versus placebo, without a head-to-head comparison between the two 

molecules. Moreover, the only advantage ensured by the deuterated analogue was 

the reduction of the daily administration, from three to two.44 Nevertheless, the 

success of deutetrabenazine has encouraged the enthusiasm and the investments of 

the industry, with several companies having as their core business the development 

of novel deuterated compounds.45  

At least 14 different deuterated molecules have entered clinical trials: 10 of them 

derive from a deuterium switch of already marketed drugs, two are nutritional 

compounds and the remaining two are de novo deuterated molecules without a 

known hydrogenated counterpart. The latter two examples highlight that nowadays 

a common strategy is the inclusion of the deuterated forms of molecules on which 

industry had invested in in the Markush formula and in the claims of the related 
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patents. Deuterium will soon therefore establish its role in the routine process of drug 

R&D.   

In this respect, the most obvious advantage that this isosteric replacement provides 

is the optimization of the PK profile in the lead optimization process. Generally 

speaking, the slowdown of metabolism is reflected in an increase in AUC, Cmax and 

t1/2 and a reduction of clearance, while Tmax is less influenced and the increase in 

bioavailability occurs only sometimes, putatively depending on the importance of 

first-pass effect. However, the translation of the in vitro effect on metabolism into in 

vivo settings is not always straightforward due to several factors difficult to be 

predicted, such as the presence of competing elimination mechanisms (e.g. 

urinary/biliary excretion of unchanged drug). Another obstacle is represented by the 

differences among the animal species and indeed it often happens that an 

improvement in a species will not be reflected in another, or ultimately in humans. 

Another phenomenon to be taken into consideration is the possibility of metabolic 

switching. The deuterium incorporated in a soft spot enhances the rate of metabolism 

in other sites of the molecule, without leading therefore to an overall advantage in 

slowing down metabolism, or paradoxically leading to an enhanced metabolism. 

When this event occurs, simultaneous deuteration or pan-deuteration of the molecule 

is required to gain a significant effect on metabolism.36a  

Other less obvious applications of deuterium are (i) to avoid the formation of toxic 

metabolites (i.e. ifosfamide);46 (ii) to reduce drug-drug interactions (i.e. 

paroxetine);47 (iii) to increase the formation of active metabolites of prodrugs (i.e. 

clopidogrel);48 (iv) to slowdown chemical processes such as epimerization (i.e. 

thalidomide and analogues, telaprevir).49 

  

Outcome of the application of deuterium in my research activity  

In my research activity, deuterium switch has been largely applied as a means to 

improve PK profile of an already approved drug on the market. The project has been 

carried out within an industrial partnership and has resulted in a patent application, 
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in which I am one of the inventors, filed to the Italian Patent Office (N. 

102019000004341, 26/03/2019). While no further details can be disclosed in this 

thesis, this experience provided me with a deep knowledge of the field, resulting in 

a Perspective article on the use of deuterium in medicinal chemistry and leading to 

the application of the technique in the improvement of the metabolic liabilities of 

IDO1 inhibitors (Chapter 7 and 9).15 
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2.1 A brief introduction on Store-Operated Calcium Entry 

The ubiquitous second messenger calcium is a central regulator of a plethora of 

physiological processes, spanning from fertilization of oocytes, to cell death, 

mobility, secretion and gene expression. Infinitesimal oscillations of this ion 

concentration in the different cell compartments control these multitude of processes. 

This is the reason why every cell maintains a huge gradient between the plasma 

membrane or the intracellular calcium repository and the cytoplasm, with various 

pumps and exchangers in charge of finely regulating its levels.1 A central mechanism 

in calcium homeostasis is represented by the Store-Operated Calcium Entry (SOCE), 

i.e. the influx of calcium across the plasma membrane activated by the depletion of 

this ion in the Endoplasmic Reticulum (ER).2 SOCE is mediated mainly, although 

not exclusively, by two protein families: STIM and Orai. STIM1 and its homologue 

STIM2 are single-span membrane proteins residing on the ER membrane and act as 

sensors of calcium levels. Orai are a family of specialized ion channels (Orai1, Orai2 

and Orai3) located on the plasma membrane3 and also known as Ca2+ release-

activated Ca2+ (CRAC) channels. When a depletion of calcium from the ER stores 

occurs, STIM undergoes a conformational change leading to self-association into 

puncta and migration near the plasma membrane. There, interaction with Orai 

promotes the opening of the channel and the subsequent influx of calcium (Figure 

1). The empty ER stores are then refilled by SERCA pump.4  

Due to its prominent role in encoding calcium signals, SOCE is implicated in several 

human disorders, including cancer,5 inflammatory bowel diseases,6 allergy7 and 

acute pancreatitis.8 Therefore, it is not surprising that this cellular pathway has 

become a popular target for the therapeutic treatment of several pathological 

conditions. 
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Figure 1. Cellular mechanism of SOCE (Taken from Ma et al. 2015).9 

 

Over the years, many small molecules able to modulate SOCE have been reported.10 

The earliest modulators are SKF-96365,11 2-APB and its derivatives12 and 

bis(trifluoromethyl)pyrazoles compounds, initially named BTP (BTP1 (1), BTP2 

(2), Figure 2),13 followed by Pyrs (Pyr3 (3), Pyr6 (4), Pyr10 (5), Figure 2).14 Among 

others, GSK-7975A (6, Figure 2),15 RO2959 (7, Figure 2)16 and Synta66 (8, Figure 

2)7,8 have been extensively used as chemical probes. More recently, two compounds 

have entered clinical development, CM4620 (9, Figure 2) for acute pancreatitis 

(phase 2 completed)17 and PRCL-02 for psoriasis (phase 2 completed),18 whose 

structure has not been disclosed. These are not the only SOCE inhibitors that are in 

human use. Indeed, a virtual screening made on FDA-approved drugs recently 

unveiled that two approved drugs are also SOCE inhibitors with relevant activity at 

therapeutic doses,19 the pro-drug leflunomide (10, Figure 2),20 and its active form 

teriflunomide.21 The two compounds are approved for the treatment of rheumatoid 

arthritis and multiple sclerosis, respectively and teriflunomide is a DHODH 

inhibitor, while leflunomide is devoid of in vitro activity on this enzyme. 

Last, our group of research has contributed to the development of drug-like SOCE 

modulators by reporting pyrtriazoles, among which the most promising candidate is 

CIC-37 (11, Figure 2).22  
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Figure 2. Structures of SOCE inhibitors reported in the literature.  

 

2.1.1 Acute pancreatitis and SOCE 

Among the diseases caused by an hyperactivation of SOCE, acute pancreatitis (AP) 

has been extensively studied. This condition is an inflammatory life-threatening 

disorder, characterized by an auto-digestion of the pancreas that causes 

inflammation, oedema, vacuolization, necrosis, and, in the worst scenario, induces 

injury of remote extra-pancreatic organs. AP represents an urgent and unmet need 

since it affects about 35 individuals per 100,000 person-years worldwide,23 with a 

mortality rate between 1.5% and 4.2%, and no effective pharmacological treatment 

is available.23,24 

Among the triggers of AP is an intracellular Ca2+ overload in pancreatic acinar cells 

(PACs) that induces the uncontrolled release of intracellular digestive pro-enzymes. 

While there are numerous mechanisms that control intracellular Ca2+ concentrations, 

SOCE appears to have a pivotal role in the induction of Ca2+ overload in PACs.25 

Other crucial proteins known to participate in SOCE are transient receptor potential 

canonical (TRPC) channels,26 which were previously believed to be the primary 
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contributors of Ca2+ rise in PACs, and therefore the main responsible for AP.27 Yet, 

more recent studies have demonstrated that the metabolic alcohol products, that are 

among the mediators of acinar cell damage, induce the opening of IP3Rs, Ca2+ 

channels located in the ER, resulting in the depletion of the ER stores and in the 

activation of STIM1.28 This event leads to Ca2+ entry through Orai1 opening, 

sustaining toxic intracellular Ca2+ elevation and pointing to Orai1 as a key culpable 

for AP damage.28  

In the context of AP, Gerasimenko et al. demonstrated that the selective CRAC 

channel blocker, GSK-7975A (6, Figure 2), with no inhibitory activity on TRP-

channel currents, is able to decrease the overload of cytosolic Ca2+ in a 

concentration-dependent manner and to prevent the activation of the necrotic cell 

death pathway in both mouse and human PACs,9b confirming the involvement of 

Orai in AP and its druggability. Furthermore, GSK-7975A, together with CM4620 

(9, Figure 2), were demonstrated to be protective in three different murine models of 

chemically induced AP.9a, 29 As previously mentioned, CM4620 has entered clinical 

trials,17 with a Phase 2 trial for AP already completed and an ongoing Phase 1/2 trial 

for a rare condition in which AP is triggered by asparaginase treatment 

(asparaginase-associated AP). This rare condition (incidence between 7 and 18%) is 

a well-known complication of childhood acute lymphoblastic leukaemia treatment, 

that is often responsible for the early discontinuation of drug treatments.25b As the 

increase in Ca2+ induced by asparaginase and the related necrosis of PACs depend 

on CRAC channels, recent findings have described the inhibition of CRAC channels 

as the most promising therapeutic approach in this pathology.25a, 30 

 

2.1.2 Rare diseases related to SOCE proteins mutations 

There are some rare genetic diseases that arise as a consequence of mutations in 

genes encoding for Orai or STIM proteins. On one hand, mutations that lead to loss-

of-function activity of SOCE components cause a form of Severe Combining 

ImmunoDeficiency (SCID)-like disorder.31 On the other, mutations that lead to gain-
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of-function activity of either Orai or STIM have been connected to tubular aggregate 

myopathy (TAM), a disorder that affected skeletal muscle and platelets.32 This 

condition is an ultra-rare disease, currently without pharmacological treatments that 

heavily impairs the quality of life of patients. Considering the rarity of the disorder, 

its prevalence is still unknown and no patient registries are available, despite we are 

aware that in Italy there is a family in which a mutation has occurred and, as an 

estimation, at least 20 person are affected by the pathology.  

In TAM, the calcium overload that mainly affected muscles and platelets clinically 

leads to myalgias, cramps, muscle stiffness and coagulation disorders.33  

Prompted by the will of get better insight in the biology of this rare disease, our 

research group has previously developed and characterized a knock-in mouse model 

bearing one of the most frequent TAM mutations in Italy, STIM1I115F.34 This 

mutation is located in one of the two EF-hand motifs, the intraluminal STIM1 

structural domains that bind calcium in the ER, and has been clinically associated 

with TAM syndrome.  

The transgenic mice are fertile, and the mutation is inherited by the 50% of the 

offspring. Compared to wild-type mice, they are lighter, as a result of the decreased 

muscle weight, and their performance in motor coordination and speed activity are 

highly impaired. In myotubes, an overactivation of SOCE is observed and 

maintained for the entire lifespan. Moreover, the mouse model displays a platelet 

dysfunction, with a marketed reduction in the number of platelets leading to an 

increased bleeding time.    

While our model is not the only TAM model developed,35 it has never been proven 

that the restore of calcium entry to physiological levels in those compartments mostly 

affected might provide a clinical benefit in this pathology. Ultimately, therefore, the 

demonstration that a SOCE inhibitor might reduce the clinical signs of TAM would 

postulate a possible therapeutic approach in the disease, that is characterized by a 

strong unmet clinical need.   
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2.2 Outline of the project 

This project stems from a class of pyrtriazoles as SOCE modulators, synthesized 

using the click chemistry approach and published by our research group in 2018.22 

The most promising SOCE inhibitor identified among this class was compound CIC-

37 (11, Figure 2), displaying an IC5O value of 4.4 µM in Hek cells, a human 

embryonic kidney cell line in which Orai1 and STIM1 isoforms are highly expressed. 

CIC-37 also possesses a good in vitro plasma stability, with a residual substrate of 

97.8% after 30 minutes despite the presence of an ester moiety (Figure 3). Despite 

its good in vitro stability, the in vivo half-life of CIC-37 (mouse, i.p.) is 1.3 hours, 

with a clearance of 17 L/h/Kg and a volume of distribution of 32 L/kg. The plasma 

concentrations reached of around 1.2 µM and the PK profile makes the compound 

suitable for exerting a therapeutic potential in an acute condition. Therefore, to 

further validate the in vivo inhibition of SOCE, the efficacy of the compound was 

demonstrated in an animal model of acute pancreatitis induced by cerulein, in which 

the compound has proved to significantly ameliorate inflammation and oedema of 

pancreatic tissues.  

However, the main goal of the development of SOCE inhibitors resides in the 

identification of a compound compatible with the chronic treatment of TAM.  

Despite preliminary results show that CIC-37 is able to reduce Ca2+-entry ex vivo in 

a muscle biopsy obtained from the TAM mouse model, the PK profile is 

incompatible with the chronic treatment that this pathology requires.  

Therefore, with the objective to find more drug-like SOCE inhibitors, we undertook 

subsequent medicinal chemistry campaigns aimed at developing SOCE modulators 

with optimized features for the set-up of an in vivo chronic experiment lasting one-

to-twelve months in the mouse model of TAM.34  

In this context, a first class of modulators, represented by the biphenyl triazoles, has 

been synthesized and developed (Chapter 3). Very promisingly, the identified lead 

compound, CIC-39 (Figure 3), possesses in vitro IC50 value on SOCE in the 

nanomolar range, improved PK profiles and in vivo efficacy in a mouse model of 
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acute pancreatitis.36 Thanks to the prolonged half-life and the good volume of 

distribution, CIC-39 is a candidate to be evaluated in the mouse model of TAM. The 

class of biphenyl triazoles has been patented36b and published in Journal of 

Medicinal Chemistry.36a 

Moreover, among the features that hampered the future development of CIC-37 in 

the mouse model of TAM, the ester moiety remains the main drawback, being the 

hydrolysis of this group the metabolic transformation that occurs after in vivo 

administration. Therefore, in the search of more drug-like SOCE inhibitors, we have 

identified a class of pyrazoles bearing a 1,2,4-oxadiazole ring (Figure 3) as a stable 

isostere of the ester group37 (Chapter 4).  

 

Figure 3. Outline of the project. 
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3.1 The replacement of the arylamide of Synta66 afforded the 1st class 

of modulators  

The first class of SOCE modulators1 has been developed starting from the structure 

of Synta66, a SOCE inhibitor reported in the literature.   

Synta66 (1, Figure 1) is a CRAC channel blocker able to inhibit ICRAC (i.e. the Ca2+ 

current associated with the ion influx) with an IC50 of 1.4-3.0 μM.2 Despite the fact 

that its precise mechanism on SOCE remains unknown, assays performed in siRNA 

knock-down of Orai1 mast cells have suggested that Synta66 might be selective for 

the channel.2a Furthermore, experiments in vascular smooth muscle cells have 

demonstrated that it does not interfere with STIM1 clustering.3 Thanks to its 

inhibitory activity toward Orai1, an increasing number of in vitro and in vivo studies 

have seen Synta66 as a chemical probe to gain better insight in ICRAC biology. 

Moreover, the compound is selective over a panel of other ion channels or receptors, 

including Ca2+ ATPase pump, voltage-gated Ca2+ and Na+ channels and TRPC1/5 

channels,2,3 indicating this molecule as a reliable starting point to develop new SOCE 

modulators.  

Our class of modulators was designed by replacement of the arylamide moiety by a 

triazole ring,4 as depicted in Figure 1.  

 

Figure 1. Modifications of Synta66 moieties to synthesize biphenyl triazoles.  
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The SAR study around 3-fluoropyridine moiety gives less active compounds 

compared to Synta66 on SOCE 

Starting from the structure of Synta66, the amide moiety was substituted with a 1,4-

disubstituted 1,2,3-triazole ring by a click chemistry approach.5 To this aim, azide 5 

and alkyne 14 were prepared according to Scheme 1 and 2. Azide 5 was synthesized 

starting from (2,5-dimethoxyphenyl)boronic acid and 4-bromoaniline, that reacted 

in a Suzuki cross-coupling reaction to give intermediate 4 in almost quantitative 

yield. Compound 4 underwent a diazotization-azidation reaction to afford the desired 

azide 5 with a yield of 60%. Alkyne 14 was prepared from (2,5-

dimethoxyphenyl)boronic acid and 4-bromobenzaldehyde that, after a Suzuki cross-

coupling reaction, gave intermediate 13 in quantitative yield that reacted in the 

presence of Bestmann-Ohira reagent to give 14. 

 

Scheme 1. Synthesis of compounds 6-11 (series 1A).  

 

Reagents and conditions: (a) K2CO3, Pd(OAc)2,  EtOH, DMF, 80 °C, 3 h, 98%. (b) NaNO2, 

NaN3, HCl, H2O, rt, 5 h, 60%. (c) Sodium ascorbate, CuSO4•5H2O, t-BuOH, H2O, 50 °C, 16 

h, 31-65%. 

 

Scheme 2. Synthesis of compounds 15-20 (series 1B). 

Reagents and conditions: (a) K2CO3, Pd(OAc)2,  EtOH, DMF, 50 °C, 3 h, 99%. (b) 

Bestmann-Ohira reagent, K2CO3, MeOH, rt, 18 h, 82%. (c) Sodium ascorbate, CuSO4•5H2O, 

t-BuOH, H2O, 50 °C, 16 h, 60-99%. 
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With these two compounds in hand, two click reactions were performed and 

compounds 6 and 15 (Table 1), displaying the same substructures as the reference 

compound Synta66, were obtained with a yield of 31% and 60%, respectively. 6 and 

15 were tested for activity on SOCE in HEK cells, a human embryonic kidney cell 

line, at 10 µM by fluorescence microscopy, as described elsewhere.6 After 600 

seconds, Ca2+ was added and intracellular levels were measured. Compared to 

Synta66, that exhibits an inhibition of 90.8 ± 1.7%, compound 15 inhibited SOCE to 

a smaller extent (26.2 ± 6.5%), while 6 showed a percentage of -4.9 ± 21.3, indicating 

that the molecule slightly increased Ca2+ entry compared to control (Table 1). 

Therefore, the isosterical replacement of the aryl amide moiety with a triazole ring 

led to active molecules, albeit the activity was significantly reduced compared to the 

parent compound Synta66. This is not surprisingly though, since the isosteric 

replacement of the amide with the triazole slightly changes the topology of the 

molecules and a structure-activity relationship (SAR) study is usually needed to find 

the best combination in terms of triazole orientation and nature and position of 

substituents.  

Therefore, prompted by this initial observation, we decided to investigate the SAR 

around the 3-fluoropyridine ring. To this aim, ten additional molecules were 

designed and synthesized starting from azide 5 and alkyne 14 that were clicked with 

five different alkynes and azides, respectively, affording compounds 7-11 (series 1A, 

Figure 1) and 16-20 (series 1B, Figure 1). All the synthesized triazoles were tested 

at 10 µM in HEK cells, as described above. Five compounds (6, 7, 8, 16, 17) evoked 

a variable Ca2+ entry, leading to a remarkable standard error and suggesting that they 

were not able to reliably inhibit SOCE (Table 1). Moreover, only four molecules (10, 

11, 18, 20) out of twelve inhibited SOCE by a considerable level (arbitrarily chosen 

to be > 70%). The most active compound, 20 (87.8 ± 2.9% of inhibition) showed an 

inhibitory activity comparable to Synta66 (90.8 ± 1.7%). Next, we determined the 

IC50 value. 20 showed an IC50 of 1.79 ± 0.14 µM, revealing approximately a one 

order of magnitude lower potency compared to Synta66 (IC50 = 228 ± 33 nM). 



54 

 

Moreover, 20 was slightly cytotoxic, with a residual cell viability of 71.8% at 10 

µM, a characteristic shared by Synta66 (75.8 ± 8.0%). To assess the cytotoxicity 

profile of the biphenyl triazoles, viability assays were performed on other molecules 

of the first series (10 µM) and all the compounds showed a cell viability comparable 

to 20 (data not shown). 

 

The SAR study around 2,5-dimethoxyphenyl gives compounds as active as Synta66 

on SOCE 

The above data demonstrate that all the synthesized biphenyl triazoles showed a 

reduced activity on SOCE compared to Synta66. We therefore synthesized a second 

series of compounds (series 2A and 2B, Figure 1) where the 2,5-dimethoxyphenyl 

ring, the only structural motif that had been kept fixed in our preliminary SAR, was 

extensively modified (Table 2). Given that the most potent compound in the first 

series featured a 3-carboxyphenyl ring, we decided to select this moiety as the one 

to keep fixed. The choice was also guided by the fact that this substructure was the 

preferred substitution in our previous paper reporting pyrtriazoles (CIC-37) and by 

the perception that the 3-carboxyphenyl substrate is a privileged scaffold in SOCE 

modulation.6   

To obtain the second series of biphenyl triazoles, a Suzuki cross-coupling reaction 

was exploited, starting from two aryl bromides, 23 and 40, that were coupled with 

different boronic acids. 23 and 40 were synthesized as depicted in Scheme 3 and 4. 

Click chemistry reaction between azide 21, prepared from 4-bromoaniline by 

diazotization-azidation protocol, and alkyne 22 afforded the aryl bromide 23, with a 

yield of 81%. Similarly, 40 was obtained by clicking alkyne 38, synthesized by 

reacting 4-bromobenzaldehyde in the presence of Bestmann-Ohira reagent, with 

azide 39.  
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Table 1. First series of compounds and their biological activity in HEK cells. 

  

Cpd,  

Yield (%) 
R1 

% SOCE 

inhibition               

(10 µM) 

% Viability             

(10 µM) 
IC50 (nM) 

Cpd,  

Yield (%) 
R1 

% SOCE 

inhibition               

(10 µM) 

% Viability              

(10 µM) 
IC50 (nM) 

1, Synta66 - 90.8 ± 1.7 75.8 ± 8.0 228 ± 33      

6, 31% 

 
-4.9 ± 21.3 - - 15, 60% 

 
26.2 ± 6.5 - - 

7, 37% 
 

-12.8 ± 14.4 - - 16, 79% 
 

-1.7 ± 12.6 - - 
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Cpd,  

Yield (%) 
R1 

% SOCE 

inhibition               

(10 µM) 

% Viability             

(10 µM) 
IC50 (nM) 

Cpd,  

Yield (%) 
R1 

% SOCE 

inhibition               

(10 µM) 

% Viability              

(10 µM) 
IC50 (nM) 

8, 65%  
 

-14.0 ± 31.9 - - 17, 78% 
 

1.2 ± 33.4 - - 

9, 50%  
 

0.0 ± 1.5 - - 18, 61% 

 
73.5 ± 1.4 - - 

10, 58% 

 
79.9 ± 4.1 - - 19, 75% 

 
57.2 ± 8.3 - - 

11, 42% 

 
76.2 ± 5.2 - - 20, 99% 

 
87.8 ± 2.9 71.8 ± 0.5 1790 ± 143 
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Scheme 3. Synthesis of compounds 24-37 (series 2A). 

 

Reagents and conditions: (a) NaNO2, NaN3, HCl, H2O, rt, 5 h, 81%. (b) Sodium ascorbate, 

CuSO4•5H2O, t-BuOH, H2O, 50 °C, 48 h, 87%. (c) K2CO3, Pd(OAc)2,  EtOH, DMF, 80 °C, 

6 h, 18-86%. 

 

Scheme 4. Synthesis of compounds 41-53 (series 2B). 

 

Reagents and conditions: (a) Bestmann-Ohira reagent, K2CO3, MeOH, rt, 18 h, 54%. (b) 

Sodium ascorbate, CuSO4•5H2O, t-BuOH, H2O, 50 °C, 16 h, 65%. (c) K2CO3, Pd(OAc)2,  

EtOH, DMF, 80 °C, 6 h, 22-99%. 

 

Starting from these two intermediates, twenty-eight Suzuki reactions were performed 

and compounds 24-37 (series 2A, Figure 1) and 41-53 (series 2B, Figure 1) were 

synthesized. The reaction between intermediate 40 and (3-hydroxyphenyl)boronic 

acid was instead not successful and the analogue of compound 29 was not obtained.  

As described above, all the compounds were initially tested at 10 µM in HEK cells. 

This second series was significantly more potent compared to the first, and several 

molecules showed a noteworthy inhibitory activity, with percentage above 80% (data 

not shown). Therefore, in order to better discriminate between the different 

candidates, we decided to evaluate the effect of the compounds at 3 µM on SOCE. 

For those compounds that displayed SOCE inhibitory activity ≥ 70%, cell viability 

assays, this time at 10 µM, were then performed. For those molecules showing an 
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inhibitory activity ≥70% and a cell viability ≥85%, the IC50 values were calculated 

(Table 2).  

The biological results highlighted that removal of both the methoxy substituents 

from positions 2' and 5' (24, 51.0 ± 31.9%; 41, 1.8 ± 3.1%), or the presence of the 

solely 2'-methoxy substituent (25, 45.9 ± 14.5%; 42, 12.0 ± 18.9%) caused a 

significant reduction of activity compared to Synta66 with a remarkable variability. 

On the other hand, the additional methoxy group at position 4' made the inhibition 

rise to 50% (26, 56.4 ± 21.0%; 43, 53.0 ± 3.8%). When the same insertion was 

performed at position 6', for one compound a drop in inhibitory activity occurred 

(27, 25.8 ± 22.3%), while for the other one (44) an increase in SOCE was surprisingly 

observed (-22.8 ± 0.9%). The compound, tested at a concentration of 3 μM, 

significantly increased the AUC of calcium entry and the peak amplitude, i.e. 

represents a positive modulator of SOCE (more details on SOCE activators are 

provided in Chapter 4).  

Compound 28 in which the methoxy group is removed from position 2', while 

bearing a 3'-methoxy substituent, was more active (85.1 ± 9.0%; Figure 2A) 

compared to Synta66, while the counterpart 45 was less active (29.5 ± 22.7%). The 

substitution of the methoxy group with a hydroxyl (29, 0.0 ± 13.1%) or with a 

thioether (30, 23.6 ± 33.7%; 46, 0.0 ± 0.7%) was instead not tolerated. Compounds 

31 and 47 with a 2',3'-dimethoxy phenyl substituent also showed a good activity 

(96.5 ± 2.4% and 93.3 ± 5.1, respectively; Figure 2A), while, if the two methoxy 

groups were fused together to form a 1,4-dioxanyl ring, the activity was lower (32, 

70.9 ± 7.9% Figure 2A; 48, 44.1 ± 17.1%). The 3',5'-dimethoxy phenyl substituent 

provided a good inhibitory activity, as in the case of 33, that induced an inhibition of 

73.8 ± 11.3% (Figure 2A). On the other hand, 49 had a good inhibitory activity, but 

due to its remarkable variability (75.4 ± 28.8%), the compound was not selected for 

further studies. The inhibition of SOCE was also observed with the 3',4'-dimethoxy 

phenyl substituent, but to a less extent (34, 54.3 ± 6.3%; 50, 39.6 ± 7.6%). When the 

substituents in 3' and 4' were fused together in a 6-member 1,4-dioxanyl ring, the 
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activity rose (35, 77.5 ± 8.2%, Figure 2A; 51, 81.1 ± 7.0%), while the 1,3-dioxolanyl 

was not tolerated in the case of 52 (0.0 ± 4.3%) and led to a less active compound 

with a high standard error in the case of 36 (67.3 ± 44.6%). Finally, a 2'-fluoro-5'-

methoxy phenyl ring provided two compounds with remarkable SOCE inhibitory 

activity, 37 (74.7 ± 6.3%) and 53 (88.9 ± 7.5%), both reported in Figure 2A.   

In summary, in the second series we were able to discover eight molecules with IC50 

values in the high nanomolar range (Figure 2B, Table 2). 

 

Figure 2. Effect of Synta66 and selected biphenyl triazoles on SOCE in HEK cells. 

(A) Average Ca2+-traces of SOCE in the absence or presence of Synta66 or biphenyl 

triazoles (3 µM). Traces are the average of 200 cells. (B) Concentration-response 

curves.  
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Table 2. Second series of compounds and their biological activity in HEK cells. 

 

  

R2 
Cpd,  

Yield (%) 

% SOCE 

inhibition               

(3 µM) 

% Viability              

(10 µM) 
IC50 (nM) 

Cpd,  

Yield (%) 

% SOCE 

inhibition               

(3 µM) 

% Viability              

(10 µM) 
IC50 (nM) 

- 1, Synta66 86.7 ± 3.7 75.8 ± 8.0 228 ± 33     

 
24, 55%  51.0 ± 31.9 - - 41, 55% 1.8 ± 3.1 - - 

 

25, 67% 45.9 ± 14.5 - - 42, 22% 12.0 ± 18.9 - - 

 

26, 86%  56.4 ± 21.0 - - 43, 98% 53.0 ± 3.8 - - 

 

27, 52% 25.8 ± 22.3 - - 44, 46% -22.8 ± 0.9 - - 
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R2 
Cpd,  

Yield (%) 

% SOCE 

inhibition               

(3 µM) 

% Viability              

(10 µM) 
IC50 (nM) 

Cpd,  

Yield (%) 

% SOCE 

inhibition               

(3 µM) 

% Viability              

(10 µM) 
IC50 (nM) 

 

28, 68%  85.1 ± 9.0 85.1 ± 1.9 807 ± 216  45, 61% 29.5 ± 22.7 - - 

 

29, 18%  0.0 ± 13.1 - - - - - - 

 

30, 80%  23.6 ± 33.7  - - 46, 99% 0.0 ± 0.7 - - 

 

31, 76% 96.5 ± 2.4 85.6 ± 1.3 851 ± 54 47, 76% 93.3 ± 5.1 93.1 ± 2.4  781 ± 37 

 

32, 76% 70.9 ± 7.9 90.5 ± 1.6 1621 ± 463 48, 91% 44.1 ± 17.1 - - 
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R2 
Cpd,  

Yield (%) 

% SOCE 

inhibition               

(3 µM) 

% Viability              

(10 µM) 
IC50 (nM) 

Cpd,  

Yield (%) 

% SOCE 

inhibition               

(3 µM) 

% Viability              

(10 µM) 
IC50 (nM) 

 

33, 86% 73.8 ± 11.3 94.3 ± 3.6 802 ± 160 49, 98% 75.4 ± 28.8 - - 

 

34, 43% 54.3 ± 6.3 - - 50, 56% 39.6 ± 7.6 - - 

 

35, 75% 77.5 ± 8.2 93.5 ± 4.4  1198 ± 154 51, 99% 81.1 ± 7.0 71.7 ± 0.3 - 

 
36, 33% 67.3 ± 44.6 - - 52, 58% 0.0 ± 4.29 - - 

 

37, 46% 74.7 ± 6.3 91.1 ± 2.9 361 ± 42 53, 41% 88.9 ± 7.5 92.3 ± 3.1 866 ± 301 
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The triazole is an indispensable feature of the new class of modulators and reduces 

off-target effects on DHODH 

To better elucidate the role of the triazole ring in the interaction with SOCE 

machinery, we synthesized analogues of 35 displaying the direct (61) and the inverse 

(66) amides, according to Scheme 5 and 6. Suzuki cross-coupling reaction between 

(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)boronic acid and 4-bromoaniline afforded 

amine 587 that, after coupling with 3-(methoxycarbonyl)benzoic acid and hydrolysis 

of the methyl ester, yielded compound 61.  (2,3-Dihydrobenzo[b][1,4]dioxin-6-

yl)boronic acid and methyl 4-iodobenzoate underwent a Suzuki cross-coupling 

reaction and, after deprotection of the carboxylic group, afforded intermediate 63. 

Then, 63 was coupled with methyl 3-aminobenzoate and the methyl ester hydrolysed 

to give compound 66.  

 

Scheme 5. Synthesis of compound 61. 

 

Reagents and conditions: (a) K2CO3, Pd(OAc)2,  EtOH, DMF, 80 °C, 6 h, 86%. (b) EDCI, 

DMAP, DIPEA, dry CH2Cl2, rt, 18 h, 77%. (c) NaOH, H2O, THF, 3 h, 60 °C, 81%.  

Scheme 6. Synthesis of compound 66. 

 

Reagents and conditions: (a) K2CO3, Pd(OAc)2,  EtOH, DMF, 80 °C, 6 h. (b) NaOH, H2O, 

THF, 4 h, 60 °C, 85%. (c) EDCI, DMAP, DIPEA, dry CH2Cl2, rt, 18 h, 63%. (d) NaOH, 

H2O, THF, 4 h, 60 °C, 61%. 
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The triazole ring is reputed as a non-classical bioisostere of amides,4,5 although we 

have shown in a number of occasions that this is not necessarily always the case.8 To 

investigate the function of the triazole in this setting, we evaluated the amides of 35 

(61 and 66). Both molecules displayed a significantly reduced activity compared to 

the parent compound (Table 3). It should be noticed that such difference was also 

observed when comparing Synta66 with its triazole-substituted close analogues (6 

and 15; Table 1). 

 

Table 3. Amide analogues of 35. 

 

Cpd, 

Yield (%) 
X 

% SOCE 

inhibition               

(3 µM) 

% Viability 

(10 µM) 

IC50 

61, 81% 

  

51.8 ± 9.5 50.3 ± 0.8 - 

66, 61% 

 

22.6 ± 5.6 95.3 ± 3.3 - 

 

Surprisingly, 61, despite its low activity on SOCE, showed a significant cytotoxicity, 

with a residual viability after 24 h of 50% at 10 µM in HEK cells, in contrast to its 

inverse amide 66 and 35, that did not affect cell viability. When attempting to 

rationalize this cytotoxicity, we noticed that 61 was structurally closely related to 

dihydroorotate dehydrogenase (DHODH) inhibitors.9 Indeed, a hDHODH inhibitor 

usually includes a lipophilic moiety that guarantees the interaction with subsite 1 of 

the enzyme, together with a carboxylate moiety that interacts with Arg136 residue 

located in subsite 2, two structural features that can be found in compounds 61 and 

66.    
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More surprisingly, a recent screening performed on an FDA database has highlighted 

that teriflunomide (67, Figure 3), a DHODH inhibitor approved for multiple 

sclerosis,10 is endowed with a considerable inhibitory activity on SOCE (IC50 = 4.3 

± 1.0 µM in HEK cells).11 This led to asking whether 61 was a DHODH inhibitor 

and whether triazole-bearing analogues shared this feature. To investigate the 

involvement of DHODH, the cytotoxic activities of the two compounds bearing an 

amide substructure, 61 and 66, were evaluated after 72 h at a high concentrations (50 

µM) in HEK cells. Also, according to both potency and cell viability of the second 

series of modulators, five biphenyl triazoles were selected (28, 31, 33, 35 and 37), 

excluding those molecules that differed from these candidates only for the 

orientation of the triazole ring (47 and 53) and these compounds were evaluated 

under the same conditions for their DHODH selectivity. Alongside, two well-

characterized DHODH inhibitors, teriflunomide itself (67, Figure 3) and brequinar 

(68, Figure 3)12 were used as reference compounds. Gratifyingly, the viability profile 

revealed that the biphenyl triazoles did not impair cell viability even at these high 

concentrations. For the arylamide-bearing molecules displaying a significant 

cytotoxicity (61 and Synta66), the involvement of the de novo pyrimidine synthesis 

pathway was evaluated by supplementing the medium with an excess of uridine that 

should counterbalance the effect of DHODH inhibition by triggering the de novo 

pathway.13 As expected, brequinar and teriflunomide were cytotoxic and their effect 

was reverted by uridine addition. The cytotoxic effect of 61 was also fully reverted 

by uridine, supporting our hypothesis that this is a DHODH inhibitor and that the 

substitution with the triazole ring reduces the off-target effects (Figure 3). While this 

observation deserves additional investigations, it questions whether other previously 

reported inhibitors bearing an aryl amide moiety might have promiscuous effects on 

this enzyme. Indeed, most SOCE inhibitors bear an amide-linkage as part of the 

pharmacophore.14 We preliminarily tested CM4620 and found that it was cytotoxic 

at 50 µM in HEK cells, but this cytotoxicity was not reverted by uridine, suggesting 
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that it is not a DHODH inhibitor (not shown). A similar lack of effect was also 

observable for Pyr6, while no other arylamide SOCE inhibitor was tested.  

Overall, these data corroborate previous evidence that the amide to triazole 

substitution is not a merely bioisosteric replacement, as the presence of the triazole 

prevents off-target effects on DHODH. 

 

Figure 3. Effects of the selected compounds on DHODH. HEK cells were treated 

for 72 h at the concentration 50 µM with or without uridine (100 µM). Graph shows 

average ± SEM of cell viability, peak amplitude and slope of the Ca2+-rise. Student 

T-test was performed on compounds vs control (**** p<4.27·10-06); (terif: 

teriflunomide, breq: brequinar). 

 

  

Biphenyl triazoles as sodium salts are more soluble than Synta66 

To assess the druggability of the five selected biphenyl triazoles, 28, 31, 33, 35, 37, 

their thermodynamic aqueous solubility was evaluated. Unfortunately, the biphenyl 

triazoles showed poor aqueous solubility (about 0.20 µg/mL, data not shown), 

comparable to that of Synta66 (0.28 µg/mL, Table 4). To overcome this limitation, 

the candidates were salified as sodium salts and their aqueous solubility was re-

assessed (Table 4). Briefly, except for 33, all the tested biphenyl triazoles salts were 
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soluble in water in the 0.67-1.53 mg/mL range. The presence of one or two methoxy 

substituents on the phenyl ring considerably increased the solubility compared to the 

1,4-dioxanyl moiety of 35, as well as the addition of a fluorine atom, that slightly 

improved the solubility of 37 compared to 28. Interestingly, the enhanced solubility 

given by the methoxy substituents is minimally driven by the decrease in 

hydrophobicity, but rather by the disruption of the molecular symmetry, as shown 

by the eighty-fold increase aqueous solubility of 31 compared to 33. In addition, to 

assess the solubilization of the selected candidates in the aqueous vehicle used for in 

vivo administration, compounds 31 and 37 were dissolved at the nominal 

concentration of 6 mg/mL in saline solutions containing cosolvents (see methods 

section). Only 31 gave a limpid solution in saline containing 10% DMSO + 20% 

PEG400, whose title was confirmed by LC-UV analysis, pointing to this compound 

as the best candidate for further in vivo evaluation.  

 

Biphenyl triazoles are more metabolically stable than Synta66 

Next, the in vitro metabolic stability of the five candidates (28, 31, 33, 35 and 37), 

was evaluated in mouse liver microsomes (MLM) activated by NADPH by 

measuring the substrate residual after one hour. For comparative purposes, Synta66 

was incubated in the same conditions. All the salified biphenyl triazoles resulted 

quite stable toward microsomal oxidation, with a residual substrate in the range 75-

94% after incubation (Table 4). By contrast, Synta66 resulted considerably less 

stable toward microsomal metabolism, with a substrate residual of only 15% after 

incubation, being amide hydrolysis and O-demethylation metabolites the most 

extensive transformations (data not shown). 
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Table 4. Aqueous solubility and metabolic stability of the selected biphenyl 

triazoles.  

 

R2 Cpd 
H2O solubility 

(µg/mL) 

Metabolic 

stabilityb 

- 1, Synta66 0.28 15% 

 

28_Na  855.57 91% 

 

31_Na 1528.18a 75% 

 

33_Na 18.72 92% 

 

35_Na 668.34 94% 

 

37_Na 1168.36 93% 

a Soluble at 6 mg/mL in saline containing 10% DMSO + 20% PEG400; b Residual substrate 

after 1-h incubation in MLM.  

 

Next, the structural characterization of the metabolites of 31 was performed by high 

resolution mass spectrometry (HRMS), processing the raw data with a workflow 

aimed at drug metabolites identification provided by Compound Discoverer 3.1 

software (Thermo Scientific). Overall, data analysis highlighted the occurrence of 



69 

 

three main transformations: O-demethylation (M1) followed by hydroxylation (M2 

and M3). Furthermore, incubation of 31 with MLM in the presence of uridine 

diphosphate glucuronic acid (UDPGA) gave the corresponding acyl glucuronide 

metabolite G1 (Figure 4). Interestingly, data analysis did not highlight the formation 

of glutathione (GSH) adducts, suggesting that metabolism is not driven toward the 

formation of reactive species.  

 

Figure 4. Metabolic biotransformation of compound 31 in MLM. 

 

31 is effective in vivo in acute pancreatitis  

To further characterize the compound, a pharmacokinetic (PK) analysis was 

performed in mice. Briefly, mice were injected with 31 (i.v., 7 mg/kg, once) and 

serial blood sampling was performed. 31 showed a half-life of 3.2 h, with a clearance 

of 0.5 L/h/Kg, a volume of distribution of 2.3 L/Kg and a Cmax of 16.8 mg/L. 

The PK profile of our candidate prompted us to investigate its efficacy in a cerulein-

induced murine model of AP. The compound was administered 30 and 150 minutes 

after the first cerulein injection at a dose of 10 mg/kg i.p. The haematoxylin/eosin 

(H&E) stainings of the pancreatic tissues collected 5 hours after the first cerulein 

injection demonstrated that the compound was able to significantly ameliorate the 

histological scores, with reduction of inflammation and edema typical of this disease 

(Figure 5), as expected from SOCE inhibitors with profiles compatible with systemic 

administration.6 
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Figure 5. Evaluation of compound 31 in acute pancreatitis. H&E sections of 

pancreatic tissues. Analysis were performed in a blinded manner and data represent 

the mean ± SEM of 10 mice for each group. ***p < 0.001 versus Sham; ###p < 0.001 

versus cerulein.  

 

In conclusion, the replacement of the amide with the triazole ring in Synta66, 

afforded a completely new class of modulators, named biphenyl triazoles.  

The synthetic strategy relied on a two-step process based on a click chemistry 

reaction, followed by a Suzuki coupling. The performed SAR study highlighted that 

the pharmacophore of this novel class of modulators includes the phenyl ring bearing 

a methoxyl or methylene ether group in meta position, the phenyl ring featuring a 

carboxylic group in meta position and the triazole ring. The latter, when switched 

into the direct or inverse amide, not only leads a decrease in SOCE inhibition (61 

and 66), but also to a significant cytotoxicity (61), which may in part be reconducted 

to the fact that arylamide substructures may act on DHODH. The summary of the 

SAR investigations is schematized in Figure 6. 

Our efforts resulted in compound 31 that, compared to Synta66: (i) displays a slightly 

decreased potency on SOCE (IC50 = 851 ± 54 nM vs 228 ± 33 nM) but, importantly, 

no detectable cytotoxicity in HEK cells up to 60 µM; (ii) shows a significantly higher 

in vitro metabolic stability in MLM (75% vs 15% of residual substrate after 1 hour); 
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(iii) is endowed with a carboxylic group that confers high aqueous solubility in the 

sodium salt form (1528 µg/mL vs 0.28 µg/mL). The high metabolic stability confers 

a favourable PK profile in mice (i.v., t1/2 of 3.2 hours) and efficacy in a mouse model 

of cerulein-induced acute pancreatitis.1  

 

Figure 6. Graphical representation of SAR study around Synta66.     

 

3.2 Experimental part  

General Experimental Methods. Reagents and solvents were used without further 

purification, although, if required, they were distilled and stored on molecular sieves. 

Column chromatography was performed on silica gel. The following instrumentation 

was used: Stuart scientific SMP3 apparatus (melting point), FT-IR Thermo-Nicolet 

Avatar, FT-IR Bruker Alpha II, Jeol ECP 300 MHz (1H-NMR), Bruker Avance Neo 

400 MHz or Jeol ECP 300 MHz (13C-NMR), Thermo Finningan LCQ-deca XP-plus 

equipped with an ESI source and an ion trap detector or mass spectrometry (Thermo 

Scientific Q-Exactive Plus) equipped with an HESI source. Chemical shifts are 

reported in parts per million (ppm). All lead compounds displayed a purity of 95% 

or higher, determined by HPLC. Boronic acids, azides and alkynes are commercially 

available or were synthesized following procedures reported in the literature. 

2',5'-Dimethoxy-[1,1'-biphenyl]-4-amine, (4).  
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4-Bromoaniline 3 (2 g, 11.63 mmol) was solubilized in DMF (23 mL) and ethanol 

(23 mL) under nitrogen atmosphere. 2,5-(Dimethoxyphenyl)boronic acid 2 (3.17 g, 

17.44 mmol), Pd(OAc)2 (26.1 mg, 0.116 mmol) and K2CO3 (3.2 g, 23.26 mmol) were 

added in order. The mixture was stirred at 80 °C for 3 h and at room temperature 

overnight. The reaction was then filtered under vacuo over a pad of celite, rinsed 

with ethanol and evaporated. The crude product was purified by column 

chromatography using PE/EtOAc 7:3 as eluent, afforded compound 4 as a yellow 

solid (2.61 g, 11.40 mmol, 98%); 1H-NMR (300 MHz, CDCl3): δ 7.39 (d, J = 6.9 

Hz, 2H), 6.97-6.88 (m, 2H), 6.84 (s, 1H), 6.70 (d, J = 6.9 Hz, 2H), 3.82 (s, 3H), 3.76 

(s, 3H). MS (ESI): m/z 230 [M+H]+. 

4'-Azido-2,5-dimethoxy-1,1'-biphenyl, (5).  

To a solution of 2',5'-dimethoxy-[1,1'-biphenyl]-4-amine (2 g, 8.73 mmol) in water 

(40 mL) HCl 37% (3.5 mL) was added dropwise and the resulting mixture was 

cooled down at 0 °C. Then, a solution of NaNO2 (0.60 g, 8.73 mmol) in water (2 mL) 

was added and, after 10 min, a solution of NaN3 (0.68 g, 10.48 mmol) in water (2 

mL) was added dropwise. The reaction was stirred at room temperature for 5 h, 

diluted with EtOAc and washed with water (2x). The organic layer was dried over 

sodium sulfate and the volatile was removed under vacuo. The crude material was 

purified by column chromatography using PE/EtOAc 98:2 as eluent, yielded 

compound 5 as an orange solid (1.33 g, 5.24 mmol, 60%); 1H-NMR (300 MHz, 

CDCl3): δ 8.31 (d, J = 7.1 Hz, 2H), 7.75 (d, J = 7.1 Hz, 2H), 6.92-6.83 (m, 3H), 3.85 

(s, 3H), 3.79 (s, 3H). 

General procedure A 

Compounds 6-11 were prepared from a suspension of 5 (74 mg, 0.29 mmol, 1 eq) in 

water (320 µL) and t-BuOH (320 µL) and the relative alkyne (0.29 mmol, 1 eq). 

Reactions were carried out overnight under vigorous stirring at 50 °C in the presence 

of sodium ascorbate 1M (29 µL) and copper sulfate pentahydrate (0.0029 mmol, 0.01 

eq). Evaporation of the volatile and purification by silica gel column chromatography 

was performed.  
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4-(1-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)-3-

fluoropyridine, (6). 

Following the general procedure A, the reaction of 5 and 4-ethynyl-3-fluoropyridine, 

after purification (PE/EtOAc 6:4 as eluent), yielded 6 as a yellow solid (34 mg, 0.09 

mmol, 31%); mp: 165-166 °C. 1H-NMR (300 MHz, CDCl3): δ 8.60-8.50 (m, 3H), 

8.31 (d, J = 6.1 Hz, 1H), 7.85 (d, J = 8.5 Hz, 2H), 7.73 (d, J = 8.5 Hz, 2H), 6.97-6.89 

(m, 3H), 3.83 (s, 3H), 3.75 (s, 3H). IR (KBr): ṽ = 3159, 3058, 2939, 1620, 1490, 

1233, 1051, 842, 789 cm-1. MS (ESI): m/z 377 [M+H]+. 

4-(1-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)pyridine, (7).  

Following the general procedure A, the reaction of 5 and 4-ethynylpyridine, after 

purification (PE/EtOAc 4:6 as eluent), yielded compound 7 as a whitish solid (38 

mg, 0.11 mmol, 37%); mp: 185-186 °C. 1H-NMR (300 MHz, CDCl3): δ 8.36 (s, 1H), 

7.82 (d, J = 7.4 Hz, 2H), 7.73-7.64 (m, 4H), 7.52 (s, 1H), 6.97-6.90 (m, 4H), 3.82 (s, 

3H), 3.80 (s, 3H). IR (KBr): ṽ = 3110, 2930, 2858, 1726, 1499, 1215, 821, 752, 727 

cm-1. MS (ESI): m/z 359 [M+H]+. 

3-(1-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)pyridine, (8).  

Following the general procedure A, the reaction of 5 and 3-ethynylpyridine, after 

purification (PE/EtOAc 5:5, PE/EtOAc 3:7 and PE/EtOAc 2:8 as eluents), yielded 

compound 8 as a yellow solid (68 mg, 0.19 mmol, 65%); mp: 190-191 °C. 1H-NMR 

(300 MHz, CDCl3): δ 9.11 (s, 1H), 8.63 (s, 1H), 8.31-8.29 (m, 2H), 7.83 (d, J = 8.3 

Hz, 2H), 7.72 (d, J = 8.3 Hz, 2H), 7.43 (s, 1H), 6.97-6.91 (m, 3H), 3.94 (s, 3H), 3.79 

(s, 3H). IR (KBr): ṽ = 3108, 2996, 2838, 1777, 1501, 1394, 1220, 806, 706 cm-1. MS 

(ESI): m/z 359 [M+H]+.  

2-(1-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)pyridine, (9).  

Following the general procedure A, the reaction of 5 and 2-ethynylpyridine, after 

purification (PE/EtOAc 7:3 as eluent), yielded compound 9 as a yellow solid (52 mg, 

0.15 mmol, 50%); mp: 166-167 °C. 1H-NMR (300 MHz, CDCl3): δ 8.65-8.59 (m, 

2H), 8.26 (d, J = 8.0 Hz, 1H), 7.85-7.78 (m, 3H), 7.70 (d, J = 8.5 Hz, 2H), 7.25 (t, J 
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= 6.6 Hz, 1H), 6.95-6.86 (m, 3H), 3.82 (s, 3H), 3.77 (s, 3H). IR (KBr): ṽ = 3106, 

2998, 2827, 1761, 1610, 1397, 1289, 810, 704 cm-1. MS (ESI): m/z 359 [M+H]+.  

4-(1-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)picolinic acid, 

(10).  

Following the general procedure A, the reaction of 5 and methyl 4-ethynylpicolinate, 

after purification (PE/EtOAc 4:6 as eluent), yielded methyl 4-(1-(2',5'-dimethoxy-

[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)picolinate as a yellow solid (39 mg, 0.09 

mmol, 32%). The compound (39 mg, 0.09 mmol) was solubilized in acetone (390 

µL) and water (390 µL). NaOH (7.2 mg, 0.18 mmol) was added and the mixture was 

stirred at room temperature for 1 h. The volatile was then removed and the crude 

material was purified by column chromatography using EtOAc/MeOH 7:3 as eluent, 

yielding compound 10 as a pale yellow solid (21 mg, 0.05 mmol, 58%); mp: 162-

163 °C. 1H-NMR (300 MHz, DMSO-d6): δ 9.72 (s, 1H), 8.70-8.56 (m, 3H), 8.01 (d, 

J = 8.0 Hz, 2H), 7.75 (d, J = 8.0 Hz, 2H), 7.75 (s, 1H), 6.96 (m, 2H), 3.76 (s, 3H), 

3.73 (s, 3H). IR (KBr): ṽ = 3158, 2932, 2858, 1726, 1499, 1225, 1075, 812, 758, 716 

cm-1. MS (ESI): m/z 403 [M+H]+. 

3-(1-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, 

(11). 

Following the general procedure A, the reaction of 5 and 3-ethynylbenzoic acid, after 

purification (PE/EtOAc 6:4 as eluent), yielded compound 11 as a pale yellow solid 

(49 mg, 0.12 mmol, 42%); mp: 177-178 °C. 1H-NMR (300 MHz, CDCl3): δ 9.20 (s, 

1H), 8.66 (s, 1H), 8.28 (d, J = 8.0 Hz, 1H), 8.04 (d, J = 6.6 Hz, 2H), 7.73 (d, J = 6.6 

Hz, 2H), 7.67-7.53 (m, 2H), 7.08 (d, J = 8.0 Hz, 1H), 7.01-6.92 (m, 2H), 3.82 (s, 

3H), 3.79 (s, 3H). IR (KBr): ṽ = 3155, 2961, 1727, 1497, 1263, 1217, 1073, 810, 756 

cm-1. MS (ESI): m/z 402 [M+H]+. 

2',5'-Dimethoxy-[1,1'-biphenyl]-4-carbaldehyde, (13).  

To a solution of 4-bromobenzaldehyde 12 (500 mg, 2.70 mmol) in DMF (8 mL) and 

water (2 mL) (2,5-dimethoxyphenyl)boronic acid 2 (540 mg, 2.97 mmol), Pd(OAc)2 

(11.2 mg, 0.05 mmol) and K2CO3 (933 mg, 6.75 mmol) were added in order under 
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nitrogen atmosphere and stirred at 50 °C for 3 h. The reaction was filtered under 

vacuo over a pad of celite, diluted with diethyl ether and washed three times with 

water. The organic phase was dried over sodium sulfate and evaporated. Purification 

by column chromatography (PE/EtOAc 98:2) yielded compound 13 as an orange 

solid (647 mg, 2.67 mmol, 99%). 1H-NMR (300 MHz, CDCl3): δ 10.06 (s, 1H), 7.89 

(d, J = 7.7 Hz, 2H), 7.69 (d, J = 7.7 Hz, 2H), 7.08-6.91 (m, 3H), 3.79 (s, 3H), 3.73 

(s, 3H). MS (ESI): m/z 243 [M+H]+. 

4'-Ethynyl-2,5-dimethoxy-1,1'-biphenyl, (14).  

To a solution of intermediate 13 (636 mg, 2.63 mmol) in MeOH (6 mL), K2CO3 (727 

mg, 5.26 mmol) and dimethyl (1-diazo-2-oxopropyl)phosphonate (759 mg, 3.95 

mmol) were added in order under nitrogen atmosphere. The mixture was stirred at 

room temperature overnight, then the solvent was removed, water was added and the 

aqueous layer was extracted with CH2Cl2 (3x). The organic phases were collected, 

dried over sodium sulfate and evaporated. Purification by column chromatography 

(PE/EtOAc 98:2 as eluent) yielded compound 14 as a white solid (514 mg, 2.16 

mmol, 82%). 1H-NMR (300 MHz, CDCl3): δ 7.59-7.49 (m, 4H), 6.93-6.85 (m, 3H), 

3.86 (s, 3H), 3.76 (s, 3H), 3.10 (s, 1H). MS (ESI): m/z 239 [M+H]+. 

General procedure B 

Compounds 15-20 were prepared from a suspension of 14 (0.29 mmol, 1 eq) in water 

(320 µL) and t-BuOH (320 µL) and the relative azide (0.29 mmol, 1 eq). Reactions 

were carried out overnight under vigorous stirring at 50 °C in the presence of sodium 

ascorbate 1M (30 µL) and copper sulfate pentahydrate (0.0029 mmol, 0.01 eq). 

Evaporation of the volatile and purification by silica gel column chromatography 

was performed. 

4-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)-3-

fluoropyridine, (15). 

Following the general procedure B, the reaction of 14 and 4-azido-3-fluoropyridine, 

after purification (PE/EtOAc 7:3 as eluent), yielded compound 15 as a yellow solid 

(95 mg, 0.25 mmol, 60%); mp: 176-177 °C. 1H-NMR (300 MHz, CDCl3): δ 8.75 (s, 
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1H), 8.64 (d, J = 6.0 Hz, 1H), 8.48 (s, 1H), 8.22 (d, J = 6.0 Hz, 1H), 7.96 (d, J = 8.3 

Hz, 2H), 7.66 (d, J = 8.3 Hz, 2H), 6.96-6.89 (m, 3H), 3.82 (s, 3H), 3.76 (s, 3H). IR 

(KBr): ṽ = 3135, 3002, 2837, 1735, 1488, 1216, 1022, 828, 805, 714 cm-1. MS (ESI): 

m/z 377 [M+H]+. 

4-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)pyridine, (16).  

Following the general procedure B, the reaction of 14 and 4-azidopyridine, after 

purification (PE/EtOAc 9:1 as eluent), yielded compound 16 as a yellow solid (119 

mg, 0.33 mmol, 79%); mp: 179-180 °C. 1H-NMR (300 MHz, DMSO-d6): δ 9.55 (s, 

1H), 8.85 (s, 1H), 8.04-8.01 (m, 2H), 7.99 (d, J = 8.3 Hz, 2H), 7.66 (d, J = 8.3 Hz, 

2H), 7.06 (d, J = 6.9 Hz, 1H) 6.94-9.93 (m, 3H), 3.77 (s, 3H), 3.74 (s, 3H). IR (KBr): 

ṽ = 3109, 2961, 2837, 1498, 1488, 1396, 1261, 819, 805, 753 cm-1. MS (ESI): m/z 

359 [M+H]+. 

3-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)pyridine, (17). 

Following the general procedure B, the reaction of 14 and 3-azidopyridine, after 

purification (PE/EtOAc 5:5 as eluent), yielded compound 17 as a yellowish solid 

(117 mg, 0.33 mmol, 78%); mp: 184-185 °C. 1H-NMR (300 MHz, CDCl3): δ 9.08 

(s, 1H), 8.72 (s, 1H), 8.27-8.21 (m, 2H), 7.95 (d, J = 8.3 Hz, 2H), 7.65 (d, J = 8.3 

Hz, 2H), 7.53 (t, J = 5.2 Hz, 1H), 6.96-6.88 (m, 3H), 3.82 (s, 3H), 3.78 (s, 3H). IR 

(KBr): ṽ = 3108, 2963, 2837, 1585, 1485, 1261, 1025, 820, 805, 700 cm-1. MS (ESI): 

m/z 359 [M+H]+. 

Methyl 4-(4-(2',5'-dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-

yl)picolinate, (18). 

Following the general procedure B, the reaction of 14 and methyl 4-azidopicolinate, 

after purification (PE/EtOAc 4:6 as eluent), yielded compound 18 as a yellowish 

solid (107 mg, 0.26 mmol, 61%); mp: 145.5-146.5 °C. 1H-NMR (300 MHz, 

(CD3)2CO): δ 9.38 (s, 1H), 8.93 (d, J = 4.6 Hz, 1H) 8.65 (s, 1H), 8.26 (d, J =9.0 Hz, 

1H) 8.05 (d, J = 8.3 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 7.05 (d, J = 9.0 Hz, 1H), 6.95-

6.91 (m, 2H), 4.03 (s, 3H), 3.81 (s, 3H), 3,77 (s, 3H). IR (KBr): ṽ = 3160, 2928, 
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2840, 1760, 1495, 1466, 1306, 1259, 1200, 828, 732 cm-1. MS (ESI): m/z 417 

[M+H]+. 

4-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)picolinic acid, 

(19). 

Compound 18 (49 mg, 0.12 mmol) was solubilized in acetone (490 µL) and water 

(490 µL). NaOH (9.6 mg, 0.24 mmol) was added and the mixture was stirred at room 

temperature for 2 h. The reaction mixture was diluted with water and HCl 3N was 

added until pH 4. The aqueous layer was extracted with EtOAc (5x) and the collected 

organic phases were dried over sodium sulfate and evaporated. Purification by 

column chromatography (EtOAc/MeOH 8:2 and EtOAc/MeOH 7:3 as eluents) 

yielded compound 19 as a pale yellow solid (36 mg, 0.09 mmol, 75%); mp: 158-159 

°C. 1H-NMR (300 MHz, DMSO-d6): δ 9.71 (s, 1H), 8.70-8.62 (m, 3H), 8.02 (d, J = 

8.0 Hz, 2H), 7.63 (d, J = 8.0 Hz, 2H), 7.09 (d, J = 9.6 Hz, 1H), 6.94-6.92 (m, 2H), 

3.80 (s, 3H), 3.76 (s, 3H). IR (KBr): ṽ = 3159, 2931, 2856, 1706, 1490, 1485, 1308, 

1260, 1206, 830, 742 cm-1. MS (ESI): m/z 403 [M+H]+. 

3-(4-(2',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic acid, 

(20).  

Following the general procedure B, the reaction of 14 and 3-azidobenzoic acid, after 

purification (PE/EtOAc 3:7 as eluent), yielded compound 20 as a yellowish solid 

(167 mg, 0.42 mmol, 99%); mp: 215-216 °C. 1H-NMR (300 MHz, (CD3)2CO): δ 

9.18 (s, 1H), 8.58 (s, 1H), 8,26 (d, J = 8.0 Hz, 1H), 8.15 (d, J = 8.0 Hz, 1H), 8.05 (d, 

J = 6.9 Hz, 2H), 7.77 (t, J = 8.0 Hz, 1H), 7.65 (d, J = 6.9 Hz, 2H), 7.04 (d, J = 9.0 

Hz, 1H), 6.97-6.89 (m, 2H), 3.80 (s, 3H), 3.76 (s, 3H). 13C-NMR (101 MHz; DMSO-

d6): δ 166.9, 153.9, 150.8, 147.9, 138.4, 137.3, 133.5, 130.9, 130.6, 130.3, 129.7, 

129.2, 125.5, 124.3, 120.8, 120.2, 116.4, 114.1, 113.7, 56.7, 56.0. IR (KBr): ṽ = 

3159, 2931, 1711, 1495, 1312, 1243, 1210, 839, 753 cm-1. MS (ESI): m/z 402 

[M+H]+. 

1-Azido-4-bromobenzene, (21).  
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To a solution of 4-bromoaniline (3 g, 17.44 mmol) in water (77 mL) HCl 37% (7 

mL) was added dropwise and the resulting mixture was cooled down at 0 °C. Then, 

a solution of NaNO2 (1.20 g, 17.44 mmol) in water (3 mL) was added and, after 10 

min, a solution of NaN3 (1.36 g, 20.92 mmol) in water (3 mL) was added dropwise. 

The reaction was stirred at room temperature for 3 h, diluted with EtOAc and washed 

with water (2x). The organic layer was dried over sodium sulfate and the volatile 

was removed under vacuo. Purification by column chromatography (PE/EtOAc 98:2 

as eluent) yielded compound 21 as an orange solid (4.86 g, 14.13 mmol, 81%); 1H-

NMR (300 MHz, CDCl3): δ 7.53-7.44 (m, 2H), 6.97-6.88 (m, 2H). 

3-(1-(4-Bromophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid, (23). 

To a suspension of 1-azido-4-bromobenzene 21 (2.78 g, 14.04 mmol) in water (26 

mL) and t-BuOH (26 mL) 3-ethynylbenzoic acid 22 (2.05 g, 14.04 mmol) was added. 

Then, 1.4 mL of an aqueous solution of sodium ascorbate 1M and copper sulfate 

pentahydrate (34.9 mg, 0.14 mmol) were added and the mixture was vigorously 

stirred for 48 h. Evaporation and purification by column chromatography (PE/EtOAc 

2:8 and EtOAc/MeOH 8:2 as eluents) yielded compound 23 as a yellow solid (4.22 

g, 12.27 mmol, 87%); 1H-NMR (300 MHz, DMSO-d6): δ 9.54 (s, 1H), 8.51 (s, 1H), 

8.14 (d, J = 7.7 Hz, 1H), 7.98-7.94 (m, 3H), 7.86-7.83 (d, J = 8.8 Hz, 2H), 7.60 (t, J 

= 7.7 Hz, 1H). MS (ESI): m/z 343 [M-H]-. 

General procedure C 

Compounds 24-37 were prepared from a solution of 23 (0.29 mmol, 1 eq) in DMF 

(750 µL) and ethanol (750 µL) under nitrogen atmosphere, in the presence of and 

the relative boronic acid (0.44 mmol, 1.5 eq). Reactions were carried out at 80 °C 

overnight in the presence of Pd(OAc)2 (0.0029 mmol, 0.01 eq) and K2CO3 (0.58 

mmol, 2 eq). After filtration of the reaction mixture under vacuo over a pad of celite 

and evaporation of the volatile, purification by silica gel column chromatography 

was performed.  

3-(1-([1,1'-Biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, (24).  
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Following the general procedure C, the reaction of 23 and phenylboronic acid, after 

purification (PE/EtOAc 4:6 as eluent), yielded compound 24 as a yellow solid (54.5 

mg, 0.16 mmol, 55%); mp: 232-234 °C dec. 1H-NMR (300 MHz, DMSO-d6): δ 9.52 

(s, 1H), 8.61 (s, 1H), 8.20 (d, J = 6.9 Hz, 1H), 8.09 (d, J = 8.3 Hz, 2H), 7.98-7.85 

(m, 3H), 7.77 (d , J = 8.3 Hz, 2H), 7.63 (t, J = 7.5 Hz, 1H), 7.54-7.50 (m, 2H), 7.43 

(d, J = 7.5 Hz, 1H). 13C-NMR (101 MHz; DMSO-d6): δ 167.7, 147.1, 140.9, 139.3, 

136.3, 134.5, 132.4, 131.1, 129.8, 129.5, 129.4, 128.5, 128.5, 127.2, 126.6, 120.9, 

120.5. IR (neat): ṽ = 2922, 2852, 1719, 1687, 1525, 1489, 1299, 1227, 1154, 814, 

158, 682 cm-1. MS (ESI): m/z 342 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for 

C21H16N3O2 342.1237, found 342.1234. 

3-(1-(2'-Methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, (25).  

Following the general procedure C, the reaction of 23 and (2-

methoxyphenyl)boronic acid, after purification (EtOAc as eluent), yielded 

compound 25 as a yellow solid (72 mg, 0.19 mmol, 67%); mp: 208-209 °C. 1H-NMR 

(300 MHz, DMSO-d6): δ 9.45 (s, 1H), 8.56 (s, 1H), 8.18 (d, J = 6.9 Hz, 1H), 8.03-

7.95 (m, 3H), 7.74 (d, J = 8.3 Hz, 2H), 7.53 (t, J = 6.9 Hz, 1H), (d,  J = 8.3 Hz, 2H), 

7.24-7.14 (m, 2H), 3.82 (s, 3H). 13C-NMR (101 MHz; DMSO-d6): δ 167.9, 156.6, 

147.1, 139.0, 135.7, 133.3, 131.1, 130.8, 129.9, 129.8, 129.5, 128.9, 126.6, 122.3, 

121.4, 120.6, 120.5, 120.1, 112.3, 56.0. IR (neat): ṽ = 3127, 2923, 2851, 1718, 1685, 

1595, 1487, 1227, 1024, 756, 745 cm-1. MS (ESI): m/z 372 [M+H]+. HRMS (ESI) 

m/z (M+H)+ calcd for C22H18N3O3 372.1343, found 372.1337. 

3-(1-(2',4'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, 

(26).  

Following the general procedure C, the reaction of 23 and (2,4-

dimethoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 as eluent), 

yielded compound 26 as a pale yellow solid (100 mg, 0.25 mmol, 86%); mp: 235-

236 °C. 1H-NMR (300 MHz, DMSO-d6): δ 9.47 (s, 1H), 8.56 (s, 1H), 8.17 (d, J = 

8.2 Hz, 1H), 7.99-7.95 (m, 3H), 7.69 (d, J = 9.2 Hz, 2H), 7.62 (t, J = 8.2 Hz, 1H) 

7.32 (d, J = 8.2 Hz, 1H), 6.71 (s, 1H), 6.66 (d, J = 6.2 Hz, 1H), 3.83 (s, 3H), 3.81 (s, 
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3H). 13C-NMR (75 MHz; DMSO-d6): δ 168.2, 161.1, 157.8, 147.2, 139.1, 135.4, 

133.4, 131.5, 131.1, 130.9, 129.7, 129.6, 129.5, 126.6, 121.6, 120.5, 120.1, 106.1, 

99.6, 56.2, 55.9. IR (neat): ṽ = 3406, 3020, 2929, 1687, 1605, 1499, 1414, 1279, 

1161, 1026, 803, 761 cm-1. MS (ESI): m/z 402 [M+H]+. HRMS (ESI) m/z (M+H)+ 

calcd for C23H20N3O4 402.1448, found 402.1441.  

3-(1-(2',6'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, 

(27).  

Following the general procedure C, the reaction of 23 and (2,6-

dimethoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 as eluent), 

yielded compound 27 as a pale yellow solid (60 mg, 0.15 mmol, 52%); mp: 248-250 

°C dec. 1H-NMR (300 MHz, DMSO-d6): δ 9.40 (s, 1H), 8.55 (s, 1H), 8.15 (d, J = 6.9 

Hz, 1H), 7.97-7.95 (m, 4H), 7.84 (d, J = 6.9 Hz, 1H), 7.62-7.58 (m, 1H), 7.47 (d, J 

= 8.2 Hz, 1H), 7.35 (t, J = 8.2 Hz, 1H), 6.79 (d, J = 8.2 Hz, 1H), 3.71 (s, 6H). 13C-

NMR (101 MHz; DMSO-d6): δ 168.3, 157.6, 147.4, 147.1, 135.5, 135.3, 133.3, 

132.7, 130.4, 129.6, 129.3, 126.6, 122.4, 120.5, 119.9, 117.8, 105.0, 56.3. IR (neat): 

ṽ = 3409, 2923, 2834, 1701, 1591, 1400, 1246, 1100, 825, 756 cm-1. MS (ESI): m/z 

402 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for C23H20N3O4 402.1448, found 

402.1441. 

3-(1-(3'-Methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, (28).  

Following the general procedure C, the reaction of 23 and (3-

methoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 as eluent), 

yielded compound 28 as a white solid (73 mg, 0.20 mmol, 68%); mp: 244-245 °C. 

1H-NMR (400 MHz, DMSO-d6): 9.57 (s, 1H), 8.56 (s, 1H), 8.23 (d, J = 7.4 Hz, 1H), 

8.09 (d, J = 8.2 Hz, 2H), 7.96-7.94 (m, 3H), 7.65 (t, J = 7.6 Hz, 1H), 7.43 (t, J = 7.6 

Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H), 7.30 (s, 1H), 6.99 (d, J = 7.4 Hz, 1H), 3.86 (s, 3H). 

13C-NMR (101 MHz; DMSO-d6): δ 167.5, 160.3, 147.1, 140.7 (2C), 136.3, 132.2, 

131.1, 130.6, 129.9, 129.8, 129.4, 128.7, 126.5, 120.7, 120.6, 119.5, 114.1, 112.7, 

55.7. IR (KBr): ṽ = 3450, 2837, 1909, 1513, 1244, 1033, 801, 677 cm-1. MS (ESI): 

m/z 372 [M+H]+. For biological evaluation, the sodium salt of 28 was prepared by 
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dissolving it in THF and adding a 50% aqueous solution of NaOH (1 eq). After 

stirring at 60 °C for 1 h, the solid precipitate was collected by filtration; mp 182-183 

°C dec.  

3-(1-(3'-Hydroxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, (29).  

Following the general procedure C, the reaction of 23 and (3-hydroxyphenyl)boronic 

acid, after purification (EtOAc/MeOH 9:1 and EtOAc/MeOH 8:2 as eluents), yielded 

compound 29 as a dark yellow solid (19 mg, 0.05 mmol, 18%); mp: 184-186 °C dec. 

1H-NMR (300 MHz, CD3OD): δ 8.96 (s, 1H), 8.59 (s, 1H), 8.15 (s, 1H), 8.03 (d, J = 

7.8 Hz, 1H), 7.92 (d, J = 7.4 Hz, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.18-7.15 (m, 3H), 

7.04-6.99 (m, 2H), 6.82 (d, J = 5.8 Hz, 2H). 13C-NMR (101 MHz, DMSO-d6): δ 

168.2, 157.0, 133.3, 130.9, 130.6, 130.4, 129.6, 129.4, 129.4, 129.2, 128.8, 128.4, 

126.6, 125.2, 122.4, 121.3, 120.8, 120.5, 117.4. IR (neat): ṽ = 3406, 2924, 1686, 

1613, 1303, 1229, 1034, 887, 757, 700, 683 cm-1. MS (ESI): m/z 356 [M-H]-. HRMS 

(ESI) m/z (M+H)+ calcd for C21H16N3O3 358.1186, found 358.1180.  

3-(1-(3'-(Methylthio)-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, 

(30).  

Following the general procedure C, the reaction of 23 and (3-

(methylthio)phenyl)boronic acid, after purification (EtOAc/MeOH 9:1 as eluent), 

yielded compound 30 as a white solid (89.8 mg, 0.23 mmol, 80%); mp: 258-259 °C. 

1H-NMR (300 MHz, DMSO-d6): δ 9.55 (s, 1H), 8.55 (s, 1H), 8.18 (d, J = 7.9 Hz, 

1H), 8.08 (d, J = 9.3 Hz, 2H), 7.97-7.95 (m, 3H), 7.60 (d, J = 9.3 Hz, 2H), 7.52 (d, J 

= 7.9 Hz, 1H), 7.45 (t, J = 7.9 Hz, 1H), 7.31 (d, J = 6.2 Hz, 1H), 2.58 (s, 3H). 13C-

NMR (75 MHz; DMSO-d6): δ 168.1, 147.3, 140.5, 140.1, 139.8, 136.5, 133.1, 131.1, 

130.5, 130.1, 129.8, 129.7, 129.5, 128.8, 126.6, 125.9, 124.5, 123.9, 120.8, 15.2. IR 

(KBr): ṽ = 3450, 3127, 2917, 1521, 1305, 1229, 1043, 838, 696 cm-1. MS (ESI): m/z 

388 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for C22H18N3O2S 388.1114, found 

388.1107. 

3-(1-(2',3'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, 

(31).  
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Following the general procedure C, the reaction of 23 and (2,3-

dimethoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 and 

EtOAc/MeOH 8:2 as eluents), yielded compound 31 as a yellow solid (88 mg, 0.22 

mmol, 76%); mp: 203-204 °C dec. 1H-NMR (400 MHz, DMSO-d6): δ 9.48 (s, 1H), 

8.58 (s, 1H), 8.18 (d, J = 7.2 Hz, 1H), 8.05 (d, J = 8.4 Hz, 2H), 7.98 (d, J = 7.2 Hz, 

1H), 7.74 (d, J = 8.4 Hz, 2H), 7.64 (t, J = 7.6 Hz, 1H), 7.20-7.11 (m, 2H), 7.00 (d, J 

= 7.2 Hz, 1H), 3.87 (s, 3H), 3.60 (s, 3H). 13C-NMR (101 MHz; DMSO-d6): δ 168.3, 

153.4, 147.3, 146.5, 138.7, 136.0 (2C), 134.2 (2C), 130.9, 129.6, 129.4, 129.3, 126.6, 

124.8, 122.4, 120.4, 120.2, 113.3, 60.7, 56.3. IR (neat): ṽ = 3165, 2933, 2837, 1700, 

1520, 1452, 1258, 1029, 791, 756 cm-1. MS (ESI): m/z 402 [M+H]+. HRMS (ESI) 

m/z (M+H)+ calcd for C23H20N3O4 402.1448, found 402.1440. Sodium salt of 31: mp 

178-179 °C dec. 

3-(1-(4-(2,3-Dihydrobenzo[b][1,4]dioxin-5-yl)phenyl)-1H-1,2,3-triazol-4-

yl)benzoic acid, (32).  

Following the general procedure C, the reaction of 23 and (2,3-

dihydrobenzo[b][1,4]dioxin-5-yl)boronic acid, after purification (PE/EtOAc 1:9 and 

EtOAc/MeOH 9:1 as eluents), yielded compound 32 as a pale yellow solid (88 mg, 

0.22 mmol, 76%); mp: 218-220 °C dec. 1H-NMR (400 MHz, DMSO-d6): δ 9.48 (s, 

1H), 8.56 (s, 1H), 8.17 (d, J = 5.9 Hz, 1H), 8.03 (d, J = 8.5 Hz, 2H), 7.97 (d, J = 7.5 

Hz, 1H), 7.76 (d, J = 8.5 Hz, 2H), 7.62 (t, J = 7.5 Hz, 1H), 6.96-6.93 (m, 3H), 4.31-

4.29 (m, 4H). 13C-NMR (101 MHz; DMSO-d6): δ 167.9, 147.1, 144.4, 141.2, 138.2, 

135.9, 133.1, 131.0, 130.4, 129.7, 129.6, 129.4, 129.3, 126.6, 122.6, 121.5, 120.5, 

120.1, 117.4, 64.7, 64.3. IR (neat): ṽ = 3164, 2922, 2874, 1700, 1467, 1402, 1257, 

1213, 1080, 758, 692 cm-1. MS (ESI): m/z 400 [M+H]+. HRMS (ESI) m/z (M+H)+ 

calcd for C23H18N3O4 400.1292, found 400.1283. 

3-(1-(3',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, 

(33).  

Following the general procedure C, the reaction of 23 and (3,5-

dimethoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 as eluent), 
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yielded compound 33 as a white solid (100 mg, 0.25 mmol, 86%); mp: 209-210 °C. 

1H-NMR (400 MHz, DMSO-d6): δ 9.46 (s, 1H), 8.59 (s, 1H), 8.13 (d, J = 7.6 Hz, 

1H), 8.06 (d, J = 8.2 Hz, 2H), 7.99 (d, J = 7.6 Hz, 1H), 7.94 (d, J = 8.2 Hz, 2H), 7.58 

(t, J = 7.6 Hz, 1H), 6.89 (s, 2H), 6.55 (s, 1H), 3.84 (s, 6H). 13C-NMR (101 MHz; 

DMSO-d6): δ 170.7, 161.5, 147.5, 141.4, 140.7, 136.5, 130.7, 129.5, 129.3 (2C), 

128.8, 128.7, 126.7, 120.7, 120.3, 105.4, 100.4, 55.8 (2C). IR (KBr): ṽ = 3558, 3489, 

3403, 3160, 2836, 1522, 1152, 1061, 825, 757 cm-1. HRMS (ESI) m/z (M+H)+ calcd 

for C23H20N3O4 402.1448, found 402.1441. MS (ESI): m/z 402 [M+H]+. Sodium salt 

of 33: mp 169-170 °C dec. 

3-(1-(3',4'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid, 

(34).  

Following the general procedure C, the reaction of 23 and (3,4-

dimethoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 and 

EtOAc/MeOH 8:2 as eluents), yielded compound 34 as a pale yellow solid (50 mg, 

0.12 mmol, 43%); mp: 244-246 °C. 1H-NMR (300 MHz, DMSO-d6): δ 9.47 (s, 1H), 

8.55 (s, 1H), 8.17 (d, J = 7.1 Hz, 1H), 8.03 (d, J = 8.2 Hz, 2H), 7.97-7.90 (m, 3H), 

7.62 (t, J = 7.9 Hz, 1H), 7.33-7.29 (m, 2H), 7.07 (d, J = 7.9 Hz, 1H), 3.99 (s, 3H), 

3.88 (s, 3H). 13C-NMR (101 MHz; DMSO-d6): δ 168.0, 149.7, 149.5, 147.1, 140.8, 

135.7, 133.1, 131.9, 131.0, 130.4, 129.7, 129.4, 128.1, 126.5, 120.7, 120.5, 119.5, 

112.9, 110.9, 56.2, 56.1. IR (neat): ṽ = 3407, 2924, 2851, 1686, 1504, 1227, 1139, 

1024, 810, 757 cm-1. MS (ESI): m/z 402 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd 

for C23H20N3O4 402.1448, found 402.1442. 

3-(1-(4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)-1H-1,2,3-triazol-4-

yl)benzoic acid, (35).   

Following the general procedure C, the reaction of 23 and (2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)boronic acid, after purification (EtOAc/MeOH 9:1 

as eluent), yielded compound 35 as a white solid (87 mg, 0.22 mmol, 75%); mp: 255-

256 °C. 1H-NMR (400 MHz, DMSO-d6): δ 9.48 (s, 1H), 8.56 (s, 1H), 8.18 (d, J = 

7.5 Hz, 1H), 8.02 (d, J = 8.4 Hz, 2H), 7.96 (d, J = 7.5 Hz, 1H), 7.86 (d, J = 8.4 Hz, 
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2H), 7.63 (t, J = 7.5 Hz, 1H), 7.27-7.24 (m, 2H), 6.97 (d, J = 8.2 Hz, 1H), 4.30-4.29 

(m, 4H). 13C-NMR (101 MHz; DMSO-d6): δ 168.0, 147.1, 144.3, 144.1, 140.3, 

135.8, 133.1, 132.5, 131.0, 129.7, 129.6, 129.4, 127.9, 126.6, 120.7, 120.4, 120.1, 

118.1, 115.7, 64.7, 64.6. IR (KBr): ṽ = 3124, 2873, 1862, 1504, 1302, 1230, 1069, 

812, 562 cm-1. MS (ESI): m/z 400 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for 

C23H18N3O4 400.1292, found 400.1286. Sodium salt of 35: mp 196-197 °C dec. 

3-(1-(4-(Benzo[d][1,3]dioxol-5-yl)phenyl)-1H-1,2,3-triazol-4-yl)benzoic acid, 

(36).  

Following the general procedure C, the reaction of 23 and benzo[d][1,3]dioxol-5-

ylboronic acid, after purification (EtOAc/MeOH 9:1 as eluent), yielded compound 

36 as a yellow solid (37 mg, 0.10 mmol, 33%); mp: 263-264 °C. 1H-NMR (300 MHz, 

DMSO-d6): δ 9.51 (s, 1H), 8.54 (s, 1H), 8.17 (d, J = 7.4 Hz, 1H), 8.03 (d, J = 8.5 Hz, 

2H), 7.95 (d, J = 7.9 Hz, 1H), 7.87 (d, J = 8.5 Hz, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.42 

(s, 1H), 7.27 (d, J = 7.9 Hz, 1H), 7.04 (d, J = 7.4 Hz, 1H), 6.09 (s, 2H). 13C-NMR 

(101 MHz; DMSO-d6): δ 168.3, 148.7, 147.8, 147.3, 140.8, 135.9, 133.6, 131.1, 

130.5, 129.7, 129.5, 128.3, 126.6, 121.1, 120.1, 120.5, 109.3, 107.7, 101.9, 79.8. IR 

(KBr): ṽ = 3930, 3552, 3480, 3414, 2922, 1501, 1228, 1041, 936, 812, 614 cm-1. MS 

(ESI): m/z 386 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for C22H16N3O4 386.1135, 

found 386.1129. 

3-(1-(2'-Fluoro-5'-methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-4-yl)benzoic 

acid, (37). 

Following the general procedure C, the reaction of 23 and (2-fluoro-5-

methoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 as eluent), 

yielded compound 37 as a white solid (52 mg, 0.13 mmol, 46%); mp: 223-225 °C. 

1H-NMR (400 MHz, DMSO-d6): δ 9.45 (s, 1H), 8.54 (s, 1H), 8.16 (d, J = 7.1 Hz, 

1H), 8.08 (d, J = 7.8 Hz, 2H), 7.95 (d, J = 7.1 Hz, 1H), 7.82 (d, J = 7.8 Hz, 2H), 7.64 

(t, J = 7.8 Hz, 1H), 7.29 (t, J = 9.2 Hz, 1H), 7.14 (dd, Js = 6.4, 3.2 Hz, 1H), 7.03-6.99 

(m, 1H), 3.83 (s, 3H). 13C-NMR (101 MHz; DMSO-d6): δ 167.9, 156.3, 155.1, 152.7, 

147.2, 136.5, 135.8, 132.9, 131.0, 130.8, 129.6, 129.5, 128.1 (d, J = 316.3 Hz), 127.9 
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(d, J = 15.1 Hz), 120.6, 120.5, 117.5 (d, J = 24.6 Hz), 115.6 (d, J = 3.0 Hz), 115.5 

(d, J = 8.4 Hz), 56.2. IR (neat): ṽ = 3407, 2923, 1686, 1613, 1502, 1228, 1024, 808, 

756, 611 cm-1. MS (ESI): m/z 390 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for 

C22H17FN3O3 390.1248, found 390.1241. Sodium salt of 37: mp 191-192 °C dec. 

1-Bromo-4-ethynylbenzene, (38).  

To a solution of 4-bromobenzaldehyde (2.15 g, 11.62 mmol) in MeOH (22 mL) 

K2CO3 (3.21 g, 23.24 mmol) and dimethyl (1-diazo-2-oxopropyl)phosphonate (2.61 

g, 17.43 mmol) were added in order under nitrogen atmosphere. The mixture was 

stirred at room temperature overnight, then the solvent was removed under vacuo, 

water was added and the aqueous layer was extracted with CH2Cl2 (5x). The organic 

phases were collected, dried over sodium sulfate and evaporated. Purification by 

column chromatography (PE/EtOAc 9:1 and PE/EtOAc 8:2 as eluents) yielded 

compound 38 as an orange solid (1.12 g, 6.26 mmol, 54%); 1H-NMR (300 MHz, 

CDCl3): δ 7.45 (d, J = 8.5 Hz, 2H), 7.34 (d, J = 8.5 Hz, 2H), 3.11 (s, 1H). MS (ESI): 

m/z 180 [M+H]+. 

3-(4-(4-Bromophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid, (40).  

To a suspension of 1-bromo-4-ethynylbenzene (1 g, 5.52 mmol) in water (6 mL) and 

t-BuOH (6 mL) 3-azidobenzoic acid (0.89 g, 5.52 mmol) was added. Then, 55 µL of 

an aqueous solution of sodium ascorbate 1M and copper sulfate pentahydrate (13.7 

mg, 0.055 mmol) were added and the mixture was vigorously stirred overnight. 

Evaporation and purification by column chromatography (PE/EtOAc 3:7 and EtOAc 

as eluents) yielded compound 40 as a pale yellow solid (1.23 g, 3.59 mmol, 65%); 

1H-NMR (300 MHz, DMSO-d6): δ 9.50 (s, 1H), 8.46 (s, 1H), 8.19 (d, J=7.6 Hz, 1H), 

8.06 (d, J = 7.6 Hz, 1H), 7.92 (d, J = 8.5 Hz, 2H), 7.78-7.69 (m, 3H). MS (ESI): m/z 

343 [M-H]-. 

General procedure D 

Compounds 41-53 were prepared from a solution of 40 (0.29 mmol, 1 eq) in DMF 

(750 µL) and and ethanol (750 µL) under nitrogen atmosphere, in the presence of 

the relative boronic acid (0.44 mmol, 1.5 eq). Reactions were carried out at 80 °C 
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overnight in the presence of Pd(OAc)2 (0.0029 mmol, 0.01 eq) and K2CO3 (0.58 

mmol, 2 eq). After filtration of the reaction mixture under vacuo over a pad of celite 

and evaporation of the volatile, purification by silica gel column chromatography 

was performed.  

3-(4-([1,1'-Biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic acid, (41).  

Following the general procedure D, the reaction of 40 and phenylboronic acid, after 

purification (EtOAc as eluent), yielded compound 41 as a white solid (54 mg, 0.16 

mmol, 55%); mp: 205-206 °C. 1H-NMR (300 MHz, DMSO-d6): δ 9.48 (s, 1H), 8.48 

(s, 1H), 8.13-8.03 (m, 5H), 7.83-7.69 (m, 4H), 7.49 (m, 2H), 7.38 (d, J = 7.1 Hz, 1H). 

13C-NMR (101 MHz; DMSO-d6): δ 168.2, 147.6, 140.3, 140.0, 136.9, 130.2, 129.8, 

129.7, 129.5, 128.1, 127.7, 127.0, 126.4, 125.9, 122.9, 120.9, 120.3. IR (KBr): ṽ = 

3104, 2852, 1480, 1399, 1324, 1231, 912, 761, 724 cm-1. MS (ESI): m/z 342 [M+H]+. 

HRMS (ESI) m/z (M+H)+ calcd for C21H16N3O2 342.1237, found 342.1230. 

3-(4-(2'-Methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic acid, (42).  

Following the general procedure D, the reaction of 40 and (2-

methoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 as eluent), 

yielded compound 42 as a white solid (24 mg, 0.06 mmol, 22%); mp: 222-223 °C. 

1H-NMR (300 MHz, DMSO-d6): δ 9.41 (s, 1H), 8.51 (s, 1H), 8.19 (d, J = 7.7 Hz, 

1H), 8.00 (d, J = 7.7 Hz, 1H), 7.71-7.62 (m, 3H), 7.37-7.35 (m, 3H), 7.13-7.05 (m, 

3H), 3.81 (s, 3H). 13C-NMR (101 MHz, DMSO-d6): δ 168.1, 156.7, 147.8, 138.5, 

137.1, 130.7, 130.4, 130.3, 129.7, 129.7, 129.5, 129.2, 125.5, 123.4, 121.3, 120.9, 

120.2, 112.3, 56.0. IR (KBr): ṽ = 3126, 2932, 1658, 1599, 1456, 1323, 1251, 763, 

709 cm-1. MS (ESI): m/z 372 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for 

C22H18N3O3 372.1343, found 372.1346. 

3-(4-(2',4'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic acid, 

(43).  

Following the general procedure D, the reaction of 40 and (2,4-

dimethoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 as eluent), 

yielded compound 43 as a yellow solid (114 mg, 0.28 mmol, 98%); mp: 259-260 °C. 
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1H-NMR (300 MHz, DMSO-d6): δ 9.41 (s, 1H), 8.47 (s, 1H), 8.13 (d, J = 7.4 Hz, 

1H), 8.04 (d, J = 7.4 Hz, 1H), 7.96 (d, J = 7.1 Hz, 2H), 7.71 (d, J = 6.6 Hz, 1H), 7.55 

(d, J = 7.1 Hz, 2H), 7.27 (t, J = 7.4 Hz, 1H), 6.67-6.61 (m, 2H), 3.80 (s, 3H), 3.78 (s, 

3H). 13C-NMR (75 MHz; DMSO-d6): δ 167.6, 160. 8, 157.8, 147.9, 138.5, 137.2, 

135.9, 131.4, 130.5, 130.2, 129.7, 128.1, 125.6, 123.5, 122.5, 120.8, 120.1, 106.0, 

99.6, 56.2, 55.9. IR (KBr): ṽ = 3551, 3415, 3124, 2837, 1525, 1312, 1052, 834, 686 

cm-1. MS (ESI): m/z 402 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for C23H20N3O4 

402.1448, found 402.1440. 

3-(4-(2',6'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic acid, 

(44).  

Following the general procedure D, the reaction of 40 and (2,6-

dimethoxyphenyl)boronic acid, after purification (EtOAc, EtOAc/MeOH 9:1 and 

EtOAc/MeOH 8:2 as eluents), yielded compound 44 as a pale yellow solid (53 mg, 

0.13 mmol, 46%); mp: 215-217 °C dec. 1H-NMR (300 MHz, DMSO-d6): δ 9.40 (s, 

1H), 8.55 (s, 1H), 8.15 (d, J = 7.4 Hz, 1H), 8.06 (d, J = 7.4 Hz, 1H), 7.96-7.92 (m, 

3H), 7.72-7.70 (m, 4H), 7.29 (t, J = 7.4 Hz, 1H), 3.69 (s, 6H). 13C-NMR (100.1 MHz, 

DMSO-d6): δ = 167.4, 157.6, 146.9, 137.0, 132.4, 131.9, 130.6, 130.0, 129.8, 129.4, 

127.8, 125.9, 125.1, 123.7, 121.8, 120.8, 105.0, 56.2. IR (neat): ṽ = 3409, 2920, 2850, 

1686, 1399, 1227, 1009, 816, 756, 502 cm-1. MS (ESI): m/z 402 [M+H]+. HRMS 

(ESI) m/z (M+H)+ calcd for C23H20N3O4 402.1448, found 402.1443. 

3-(4-(3'-Methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic acid, (45).  

Following the general procedure D, the reaction of 40 and (3-

methoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 as eluent), 

yielded compound 45 as a white solid (66 mg, 0.18 mmol, 61%); mp: 216-217 °C. 

1H-NMR (300 MHz, DMSO-d6): δ 9.53 (s, 1H), 8.50 (s, 1H), 8.25 (d, J = 7.7 Hz, 

1H), 8.07-8.05 (m, 3H), 7.84-7.75 (m, 3H), 7.40-7.27 (m, 3H), 6.96 (d, J = 7.7, 1H), 

3.84 (s, 3H). 13C-NMR (101 MHz, DMSO-d6): δ 166.9, 160.3, 147.7, 141.5, 140.3, 

137.3, 133.3, 130.9, 130.5, 129.9, 129.7, 127.8, 126.3, 124.4, 120.8, 120.3, 119.4, 

113.8, 112.5, 55.7. IR (KBr): ṽ = 3134, 2923, 1689, 1592, 1462, 1319, 1225, 758, 
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717 cm-1. MS (ESI): m/z 372 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for 

C22H18N3O3 372.1343, found 372.1338. 

3-(4-(3'-(Methylthio)-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic acid, 

(46). 

Following the general procedure D, the reaction of 40 and (3-

(methylthio)phenyl)boronic acid, after purification (PE/EtOAc 5:5 as eluent), 

yielded compound 46 as a yellowish solid (111 mg, 0.29 mmol, 99%); mp: 225-226 

°C. 1H-NMR (300 MHz, DMSO-d6): δ 9.49 (s, 1H), 8.47 (s, 1H), 8.13-8.03 (m, 4H), 

7.83 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 7.7 Hz, 1H), 7.58 (s, 1H), 7.51 (d, J = 7.1 Hz, 

1H), 7.43 (t, J = 7.7 Hz, 1H), 7.28 (d, J = 7.7 Hz, 1H), 2.56 (s, 3H). 13C-NMR (101 

MHz, DMSO-d6): δ 168.2, 147.5, 140.8, 139.8, 139.5, 137.2, 137.0, 130.2, 130.1, 

129.9, 129.7, 127.8, 126.4, 125.6, 124.3, 123.7, 123.0, 120.9, 120.3, 15.2. IR (KBr): 

ṽ = 3525, 3127, 2825, 1688, 1593, 1304, 1043, 818, 757, 696 cm-1. MS (ESI): m/z 

386 [M-H]-. HRMS (ESI) m/z (M+H)+ calcd for C22H18N3O2S 388.1114, found 

388.1107. 

3-(4-(2',3'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic acid, 

(47).  

Following the general procedure D, the reaction of 40 and (2,3-

dimethoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 and 

EtOAc/MeOH 8:2 as eluents), yielded compound 47 as a white solid (88 mg, 0.22 

mmol, 76%); mp: 189-190 °C dec. 1H-NMR (400 MHz, DMSO-d6): δ 9.45 (s, 1H), 

8.53 (s, 1H), 8.12-8.04 (m, 4H), 7.70-7.60 (m, 3H), 7.14-6.97 (m, 3H), 3.85 (s, 3H), 

3.57 (s, 3H). 13C-NMR (101 MHz, DMSO-d6): δ 168.3, 153.4, 147.7, 146.5, 138.2, 

137.0, 136.8, 135.0, 130.3, 130.0, 129.7, 129.5, 125.7, 124.7, 123.1, 122.4, 120.9, 

120.3, 113.0, 60.6, 56.3. IR (neat): ṽ = 3410, 2929, 2834, 1687, 1539, 1400, 1259, 

1003, 757, 709, 583 cm-1. MS (ESI): m/z 402 [M+H]+. HRMS (ESI) m/z (M+H)+ 

calcd for C23H20N3O4 402.1448, found 402.1440. 

3-(4-(4-(2,3-Dihydrobenzo[b][1,4]dioxin-5-yl)phenyl)-1H-1,2,3-triazol-1-

yl)benzoic acid, (48).  
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Following the general procedure D, the reaction of 40 and (2,3-

dihydrobenzo[b][1,4]dioxin-5-yl)boronic acid, after purification (EtOAc/MeOH 9:1 

and EtOAc/MeOH 8:2 as eluents), yielded compound 48 as a pale yellow solid (105 

mg, 0.26 mmol, 91%); mp: 186-188 °C dec. 1H-NMR (300 MHz, DMSO-d6): δ 9.42 

(s, 1H), 8.49 (s, 1H), 8.11-7.99 (m, 4H), 7.70 (t, J = 7.2 Hz, 1H), 7.63 (d, J = 7.4 Hz, 

2H), 6.93-6.90 (m, 3H), 4.29-4.26 (m, 4H). 13C-NMR (101 MHz, DMSO-d6): δ 

167.6, 147.8, 144.3, 141.1, 137.7, 137.1, 132.4, 130.5, 130.2, 130.1, 129.4, 127.8, 

125.5, 123.7, 122.6, 121.4, 120.8, 120.3, 117.1, 64.6, 64.3. IR (neat): ṽ = 3408, 2921, 

2873, 1687, 1466, 1400, 1238, 1042, 872, 778 cm-1. MS (ESI): m/z 400 [M+H]+. 

HRMS (ESI) m/z (M+H)+ calcd for C23H18N3O4 400.1292, found 400.1287. 

3-(4-(3',5'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic acid, 

(49).  

Following the general procedure D, the reaction of 40 and (3,5-

dimethoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 as eluent), 

yielded compound 49 as a yellow solid (115 mg, 0.29 mmol, 99%); mp: 253-254 °C. 

1H-NMR (300 MHz, DMSO-d6): δ 9.50 (s, 1H), 8.50 (s, 1H), 8.14 (d, J = 7.1 Hz, 

1H), 8.06-8.04 (m, 3H), 7.82 (d, J = 8.2 Hz, 2H), 7.70 (t, J = 7.1 Hz, 1H), 6.94-6.87 

(m, 2H), 6.52 (s, 1H), 3.82 (s, 3H), 3.78 (s, 3H). 13C-NMR (101 MHz; DMSO-d6): δ 

167.9, 161.4, 160.3, 147.6, 142.2, 140.2, 137.1, 130.4, 130.0, 129.7, 127.8, 126.3, 

123.3, 120.8, 120.3 (2C), 111.9, 105.2, 100.1, 55.8, 55.4. IR (KBr): ṽ = 3140, 2838, 

1503, 1353, 1204, 1154, 820, 690 cm-1. MS (ESI): m/z 402 [M+H]+. HRMS (ESI) 

m/z (M+H)+ calcd for C23H20N3O4 402.1448, found 402.1439. 

3-(4-(3',4'-Dimethoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic acid, 

(50).  

Following the general procedure D, the reaction of 40 and (3,4-

dimethoxyphenyl)boronic acid, after purification (EtOAc/MeOH 9:1 and 

EtOAc/MeOH 8:2 as eluents), yielded compound 50 as a white solid (65 mg, 0.16 

mmol, 56%); mp: 253-254 °C dec. 1H-NMR (300 MHz, DMSO-d6): δ 9.41 (s, 1H), 

8.49 (s, 1H), 8.16 (d, J = 7.9 Hz, 1H), 8.08-8.02 (m, 3H), 7.79 (d, J = 8.0 Hz, 2H), 
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7.71 (t, J = 7.9 Hz. 1H), 7.30-7.27 (m, 2H), 7.06 (d, J = 7.9 Hz, 1H), 3.88 (s, 3H), 

3.82 (s, 3H). 13C-NMR (101 MHz, DMSO): δ 168.2, 149.6, 149.2, 147.7, 140.3, 

137.0, 132.8, 132.4, 130.3, 129.1, 127.8, 127.3, 126.3, 123.2, 120.9, 120.1, 119.3, 

112.7, 110.8, 56.2, 56.1. IR (neat): ṽ = 3408, 2927, 1686, 1519, 1399, 1248, 1139, 

1011, 804, 757 cm-1. MS (ESI): m/z 402 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd 

for C23H20N3O4 402.1448, found 402.1444. 

3-(4-(4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)-1H-1,2,3-triazol-1-

yl)benzoic acid, (51).  

Following the general procedure D, the reaction of 40 and (2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)boronic acid, after purification (EtOAc as eluent), 

yielded compound 51 as a pale yellow solid (115 mg, 0.29 mmol, 99%); mp: 192-

193 °C. 1H-NMR (300 MHz, DMSO-d6): δ 9.49 (s, 1H), 8.49 (s, 1H), 8.22 (d, J = 

8.0 Hz, 1H), 8.02 (d, J = 8.5 Hz, 2H), 7.79-7.77 (m, 3H), 7.27-7.22 (m, 3H), 6.95 (d, 

J = 8.0 Hz, 1H), 4.34-4.28 (m, 4H). 13C-NMR (101 MHz; DMSO-d6): δ 167.1, 147.7, 

145.6, 144.2, 143.8, 143.2, 139.8, 137.2, 133.3, 130.7, 128.0, 127.2, 126.3, 123.3, 

120.1, 119.9, 117.9, 116.6, 115.5, 64.7, 64.6. IR (KBr): ṽ = 2880, 2362, 1676, 1483, 

1420, 1311, 1252, 800, 752 cm-1. MS (ESI): m/z 400 [M+H]+. HRMS (ESI) m/z 

(M+H)+ calcd for C23H18N3O4 400.1292, found 400.1286. 

3-(4-(4-(Benzo[d][1,3]dioxol-5-yl)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid, 

(52).  

Following the general procedure D, the reaction of 40 and benzo[d][1,3]dioxol-5-

ylboronic acid, after purification (ether/ethyl acetate 1:9 as eluent) yielded 

compound 52 as a yellowish solid (65 mg, 0.17 mmol, 58%); mp: 270-271 °C. 1H-

NMR (300 MHz, DMSO-d6): δ 9.48 (s, 1H), 8.49 (s, 1H), 8.22 (d, J = 8.2 Hz, 1H), 

8.05-7.94 (m, 3H), 7.79-7.74 (m, 3H), 7.33 (s, 1H), 7.23 (t, J = 8.2 Hz, 1H), 7.02 (d, 

J = 8.2 Hz, 1H), 6.11 (s, 2H). 13C-NMR (101 MHz; DMSO-d6): δ 166.9, 148.5, 

147.7, 147.5, 140.1, 137.3, 134.3, 132.5, 130.8, 129.7, 127.8, 127.4, 126.3, 124.3, 

120.7, 120.2, 109.1, 107.4, 101.7, 79.8. IR (KBr): ṽ = 3109, 2900, 1736, 1480, 1399, 
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1322, 1233, 932, 803 cm-1. MS (ESI): m/z 386 [M+H]+. HRMS (ESI) m/z (M+H)+ 

calcd for C22H16N3O4 386.1135, found 386.1129. 

3-(4-(2'-Fluoro-5'-methoxy-[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazol-1-yl)benzoic 

acid, (53). 

Following the general procedure D, the reaction of 40 and (2-fluoro-5-

methoxyphenyl)boronic acid, after purification (PE/EtOAc 2:8 as eluent) yielded 

compound 53 as a yellow solid (46 mg, 0.12 mmol, 41%); mp: 149-150 °C dec. 1H-

NMR (400 MHz, DMSO-d6): δ 9.52 (s, 1H), 8.51 (s, 1H), 8.25 (d, J = 8.0 Hz, 1H), 

8.09-8.07 (m, 3H), 7.79 (t, J = 7.9 Hz, 1H), 7.72 (d, J = 8.0 Hz, 2H), 7.27 (t, J = 9.2 

Hz, 1H), 7.14 (dd, Js = 6.4, 3.2 Hz, 1H), 7.00-6.96 (m, 1H), 3.83 (s, 3H). 13C-NMR 

(101 MHz; DMSO-d6): δ 166.9, 156.2, 155.1, 152.7, 147.6, 137.2, 133.9 (d, J = 300.0 

Hz), 130.9, 129.9, 129.8, 128.7 (d, J = 14.6 Hz), 127.8, 126.0, 124.4, 120.6, 120.5, 

117.4 (d, J = 24.8 Hz), 115.5 (d, J = 3.0 Hz), 115.2 (d, J = 8.5 Hz), 56.2. IR (neat): 

ṽ = 2921, 2581, 2668, 1675, 1480, 1298, 1206, 1038, 807, 752, 674 cm-1. MS (ESI): 

m/z 390 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for C22H17FN3O3 390.1249, found 

390.1240. 

4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)aniline, (58).7 

To a solution of 4-bromoaniline 3 (300 mg, 1.74 mmol) in ethanol (1.5 mL) and 

DMF (1.5 mL), (2,3-dihydrobenzo[b][1,4]dioxin-6-yl)boronic acid 57 (313 mg, 1.74 

mmol), Pd(OAc)2 (11.7 mg, 0.017 mmol) and K2CO3 (481 mg, 3.48 mmol) were 

added in order. The mixture was heated at 80 °C for 6 h and then was left at rt 

overnight. The mixture was filtered over a pad of celite and rished with MeOH, then 

the volatile was removed. Purification by column chromatography (PE/EtOAc 8:2 

as eluent) yielded compound 58 as a dark yellow oil (339 mg, 1.49 mmol, 86%); 1H-

NMR (300 MHz, CDCl3): δ = 7.38 (d, J = 8.2 Hz, 2H), 7.11 (s, 1H), 7.06 (d, J = 8.5 

Hz, 1H), 6.94 (d, J = 8.5 Hz, 1H), 6.72 (d. J = 8.2 Hz, 2H), 4.28-4.27 (m, 4H). MS 

(ESI): m/z 228 [M+H]+. 

Methyl 3-((4-(2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)phenyl)carbamoyl)benzoate, (60). 
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To a solution of compound 58 (320 mg, 1.41 mmol) in dry CH2Cl2 (6.4 mL), 3-

(methoxycarbonyl)benzoic acid 59 (254 mg, 1.41 mmol), EDCI (540 mg, 2.82 

mmol), DIPEA (723 µL, 4.22 mmol) and DMAP (17 mg, 0.14 mmol), were added 

in order under nitrogen atmosphere. The reaction was stirred at rt overnight. Then, 

the mixture was diluted with CH2Cl2 and washed with HCl 3N (3x). The organic 

layer was dried over sodium sulfate and evaporated. Purification by column 

chromatography (PE/EtOAc 8:2 as eluent) yielded compound 60 as a pale yellow 

solid (424 mg, 1.09 mmol, 77%); 1H-NMR (300 MHz, CDCl3): δ = 8.49 (brs, 1H), 

8.21 (d, J = 6.3 Hz, 1H), 8.14 (d, J = 6.3 Hz, 1H), 7.98 (s, 1H), 7.70 (d, J = 7.1 Hz, 

2H), 7.62-7.50 (m, 3H), 7.09 (d, J = 7.1 Hz, 2H), 6.93 (d, J = 7.4 Hz, 1H), 4.29-4.28 

(m, 4H), 3.96 (s, 3H). MS (ESI): m/z 390 [M+H]+.   

3-((4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)carbamoyl)benzoic acid, 

(61).  

Compound 60 (250 mg, 0.64 mmol) was solubilized in THF (2.8 mL). Then, a 

solution of NaOH (26 mg, 0.64 mmol) in water (2.8 mL) was added and the mixture 

was heated at 60 °C for 3 h. Water was then added and HCl 3N was added until pH 

4. The aqueous layer was extracted with EtOAc (3x) and the collected organic phases 

were dried over sodium sulfate and evaporated. Purification by column 

chromatography (EtOAc/MeOH 8:2 as eluent) yielded compound 61 as a white solid 

(195 mg, 0.52 mmol, 81%); mp: 227-228 °C dec. 1H-NMR (300 MHz, DMSO-d6): 

δ 10.44 (brs, 1H), 8.53 (s, 1H), 8.14-8.12 (m, 2H), 7.84 (d, J = 8.0 Hz, 2H), 7.64-

7.58 (m, 3H), 7.15-7.13 (m, 2H), 6.92 (d, J = 8.2 Hz, 1H), 4.28-4.27 (m, 4H). 13C-

NMR (101 MHz, DMSO-d6): δ 168.8, 165.5, 144.1, 143.3, 138.6, 135.5, 135.4, 

133.6, 132.7, 131.6, 129.0, 128.9, 126.8, 121.2, 119.6, 117.9, 115.2 (2C), 64.6 (2C). 

IR (neat): ṽ = 3282, 2922, 1686, 1647, 1495, 1299, 1245, 1072, 801, 695, 527 cm-1. 

MS (ESI): m/z 376 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for C22H18NO5 

376.1179, found 376.1173. 

4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)benzoic acid, (63). 



93 

 

Methyl 4-iodobenzoate 62 (200 mg, 0.76 mmol) was solubilised in ethanol (1.7 mL) 

and DMF (1.7 mL) under nitrogen atmosphere. (2,3-Dihydrobenzo[b][1,4]dioxin-6-

yl)boronic acid 57 (137 mg, 0.76 mmol), Pd(OAc)2 (5.1 mg, 0.0076 mmol) and 

K2CO3 (211 mg, 1.53 mmol) were added in order. The mixture was heated at 80 °C 

for 6 h and then was left at rt overnight. The reaction was filtered over a pad of celite 

and rinsed with MeOH, then the volatile was removed, yielding a dark yellow solid. 

The crude product was used in the next step without further purification. The 

intermediate was solubilized in THF (2.4 mL) and a solution of NaOH (31 mg, 0.76 

mmol) in water (2.4 mL) was added. The mixture was heated at 60 °C for 4 h, then 

HCl 3N was added until pH 4 and the aqueous layer was extracted with EtOAc (x2). 

The organic layers were dried over sodium sulfate and evaporated, yielding 

compound 63 as a white solid (166 mg, 0.65 mmol, 85%); 1H-NMR (300 MHz, 

CD3OD): δ = 8.02 (d, J = 7.1 Hz, 2H), 7.56 (d, J = 7.1 Hz, 2H), 7.10-7.07 (m, 2H), 

6.89 (d, J = 8.2 Hz, 1H), 4.30-4.31 (m, 4H). MS (ESI): m/z 255 [M-H]-. 

Methyl 3-(4-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)benzamido)benzoate, (65). 

Compound 63 (165 mg, 0.64 mmol) was solubilized in dry CH2Cl2 (4 mL) and 

methyl 3-aminobenzoate 64 (97.3 mg, 0.64 mmol), EDCI (247 mg, 1.29 mmol), 

DIPEA (331 µL, 1.93 mmol) and DMAP (7.9 mg, 0.064 mmol) were added in order 

under nitrogen atmosphere. The mixture was stirred at rt overnight, then was diluted 

with CH2Cl2 and washed with HCl 3N (x5). The organic layer was dried over sodium 

sulfate and evaporated. Purification by column chromatography (PE/EtOAc 8:2 as 

eluent) yielded compound 65 as a pale yellow solid (157 mg, 0.40 mmol, 63%); 1H-

NMR (300 MHz, CDCl3): δ = 8.16 (s, 1H), 8.07-8.01 (m, 2H), 7.91 (d, J = 6.9 Hz, 

2H), 7.82 (d, J = 6.6 Hz, 1H), 7.63 (d, J = 6.9 Hz, 2H), 7.45 (t, J = 6.6 Hz, 1H), 7.13 

(d, J = 7.7 Hz, 1H), 6.95 (d, J = 7.7 Hz, 1H), 4.30-4.29 (m, 4H), 3.91 (s, 3H). MS 

(ESI): m/z 390 [M+H]+. 

3-(4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)benzamido)benzoic acid, (66).  

Compound 65 (157 mg, 0.40 mmol) was solubilized in THF (1.7 mL) and a solution 

of NaOH (16.1 mg, 0.40 mmol) in water (1.7 mL) was added. The mixture was 
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heated at 60 °C for 4 h and then was left at rt overnight. HCl 3N was added until pH 

4 and the aqueous layer was extracted with EtOAc (x2). The collected organic phases 

were dried over sodium sulfate and evaporated. Purification by column 

chromatography (EtOAc as eluent) yielded compound 66 as a white solid (91.5 mg, 

0.24 mmol, 61%); mp: 234-235 °C dec. 1H-NMR (300 MHz, DMSO-d6): δ 10.39 (br 

s, 1H), 8.44 (s, 1H), 8.06-8.00 (m, 3H), 7.77 (d, J = 8.2 Hz, 2H), 7.69 (d, J = 7.4 Hz, 

1H), 7.48 (t, J = 7.4 Hz, 1H), 7.25 (d, J = 8.2 Hz, 2H), 6.98 (d, J = 8.2 Hz, 1H), 4.30-

4.29 (m, 4H). 13C-NMR (101 MHz, DMSO-d6): δ 167.8, 165.8, 144.3, 144.2, 143.1, 

139.9, 133.3, 132.7, 131.9, 129.3, 128.8, 126.5, 124.9, 124.8, 121.6, 120.3, 118.1, 

115.9, 64.7, 64.6. IR (neat): ṽ = 3310, 2924, 1693, 1650, 1485, 1302, 1069, 811, 752, 

677 cm-1. MS (ESI): m/z 376 [M+H]+. HRMS (ESI) m/z (M+H)+ calcd for 

C22H18NO5 376.1179, found 376.1172. 
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4.1 The replacement of the ethyl ester of Pyr3 with a 1,2,4-oxadiazole 

ring afforded the 2nd class of modulators  

The second class of SOCE modulators is represented by oxadiazole-bearing 

pyrazoles. Starting from the structure of Pyrs (Figure 2 in Chapter 2), we resorted to 

bioisosteric replacement with the aim to substitute the ethyl ester moiety displayed 

on the pyrazole ring of Pyr3 (Scheme 2) with a hydrolytically stable isostere, a 1,2,4-

oxadiazole.1 To this aim, amine 5 was prepared according to Scheme 1. The synthetic 

route consists of three steps: after a condensation between 1 and 2 and a reduction of 

the aromatic nitro group, intermediate 42 was obtained. Then, the ethyl ester reacted 

with N-hydroxyacetamidine to afford amine 5 with a yield of 76%.  

 

Scheme 1. Preparation of amine 5. 

Reagents and conditions: (a) DMF, reflux, 2 h, 96%. (b) H2, 5% Pd/C, EtOAc, rt, 2 h, 94%. 

(c) NaH 60%, N-hydroxyacetamidine, dry THF, 0 °C to rt, 4 h, 76%. 

 

The 2,3,3-trichloroacrylic substructure displayed by Pyr3, despite being involved in 

providing a certain selectivity over TRPC3 channel, suffers from poor drug-likeness. 

This substructure was therefore extensively varied in our structure-activity 

relationship (SAR) study. To this aim, eight coupling reactions were performed (6-

10, 19-20 and 23, Scheme 2) based on the prototype substructures displayed by 

reported SOCE inhibitors, including BTP1, BTP2, Pyr10, GSK-7975A, Synta66, 
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CM4620, leflunomide and CIC-37. Compound 29, whose substructure mimics 

Pyr10, was synthesized according to Scheme 2, from amine 5 and tosyl chloride 

(TsCl). The structure of SOCE inhibitors from the literature are reported in Figure 2 

of Chapter 2.  

Moreover, 15 additional coupling reactions were performed (11-18, 21-22, 24-28, 

Scheme 2) exploiting different carboxylic acids and further expanding the SAR 

study. 

 

Scheme 2. Preparation of oxadiazole-bearing pyrazoles 6-29. 

 

Reagents and conditions: (a) PyBOP, DIPEA, dry CH2Cl2, rt, 16-42 h, 40-97%; (in case of 

compound 6, see the experimental section); (b) TsCl, pyridine, dry CH2Cl2, 0 °C to rt, 5 h, 

45%. 

 

With this approach, 24 oxadiazole-bearing pyrazoles were synthesized and tested in 

(HEK cells for SOCE inhibition. For this, intracellular Ca2+ stores of HEK cells were 

emptied with tBhQ (50 µM) in the presence of the compounds at 10 µM 

concentration. After 600 seconds, Ca2+ was added and intracellular levels were 

measured in fluorescence microscopy with the calcium dye Fura-2. As shown in 

Table 1, 8 compounds out of 24 were able to reduce calcium entry by more than 50% 
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compared to control. In particular, the substructures that provided the highest 

inhibitory activity were those derived from GSK-7975A (9, % of SOCE residual 

activity: 38.6 ± 4.3%), BTP1 (10, 40.8 ± 3.6%), leflunomide (19, 33.2 ± 1.9%), Pyr2 

(20, 46.5 ± 2.8%) and Pyr10 (29, 47.6 ± 4.2%). Also, compounds 14 (40.8 ± 6.9%) 

and 16 (49.6 ± 6.5%), displaying an electron-withdrawing group in para position on 

the aromatic ring, or 18 (47.4 ± 1.0%) in which the aromatic ring is fused with an 

imidazole, afforded a good inhibitory activity. For these compounds, the cell 

viability was therefore evaluated. To this aim, an MTT assay was performed and the 

compounds that affected cell viability for more than 25% at 10 µM were discarded 

(10, 18, 20). Notably, the remaining 5 compounds (9, 14, 16, 19, 29) were not 

cytotoxic under these conditions, in contrast to the reference compound, Pyr3, that 

provided a cell viability of 28.6 ± 0.5%. According to both activity and cytotoxicity, 

for the selected 5 compounds the IC50 values were calculated and are reported in 

Table 1. The most potent molecule was 9, with an IC50 value of 3.1 ± 1.4 µM. 

Surprisingly, compound 24 in which the side chain is represented by a linear aliphatic 

substructure, afforded an increase in calcium entry, with a percentage of SOCE 

activity of 146.2 ± 4.5% compared to the control. More in detail, the compound, 

tested at the concentration of 10 μM, significantly increased the AUC of calcium 

entry and the peak amplitude, without affecting the slope. We also investigated 

whether 24 required the triggered opening of the Orai channel to elicit its effect. To 

do this, we monitored intracellular Ca2+ in resting cells in the presence of 

extracellular Ca2+ and we observed that the compound did not elicit any significant 

calcium entry at 10 µM compared to control in the 300 seconds of observation, 

suggesting that 24 is a potentiator/enhancer of SOCE. The same effect was also 

evident at 3 (118.2 ± 5.7%) and 1 μM (116.7 ± 7.1%) but was not detected at 

concentrations above 10. In particular, at 30 and 100 μM, 24 acts as weak SOCE 

inhibitor, with a percentage of residual activity of about 70%.  

The identification of a SOCE enhancer among a class of inhibitors has been reported 

in three previously classes of modulators, two of them described by us and 
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represented by pyrtriazoles (AL-2T (30), NM-3G (31), Figure 1)2 and biphenyl 

triazoles (compound 32 in Figure 1, also known as compound 44 in Chapter 3),3 and 

one reported in the literature (IA65 (33), Figure 1).4  

A similar behaviour is also shared by 2-APB (34), a well-known inhibitor of IP3 

receptors and TRP channels. The compound is a SOCE modifier in Orai1- and Orai3-

expressing cells, acting as SOCE enhancer at low concentrations, while high 

concentrations induce a transient increase followed by complete inhibition.5  

While the 6 enhancers are not structurally related each other, when synthesizing 

SOCE modulators it often occurs that a minimal structural modification in a class of 

compounds is able to turn a SOCE inhibitor into a molecule able to increase calcium 

entry. Despite no crystallographic data are available, the presence of 5 different 

activators with structural diversity now paves the way to the rational design of 

positive modulators as either biological tools or active drugs. It should be noted that 

the binding partner of SOCE inhibitors has not been conclusively ascertained, but 

the presence of activators strongly suggest that it is the Orai channel. The interaction 

of SOCE modulators with the ion channel is also supported by a recently published 

article in which, through computational approaches, a docking pose of Synta66 in 

the Orai channel has been proposed.6 Moreover, azopyrazole-derived CRAC channel 

inhibitors have been recently reported as the first photoswitchable SOCE modulators 

able to induce the activation of Orai using light, further supporting the hypothesis 

that these compounds interact directly with the ion channel.7  

 

  



105 

 

Figure 1.  Structures of positive modulators of SOCE reported in the literature. 

 

The 5 selected inhibitors (9, 14, 16, 19, 29) and the identified SOCE enhancer (24) 

were then evaluated for their in vitro hepatic metabolic stability. To this aim, the 

candidates were incubated in mouse liver S9 fractions (MLS9) and the residual 

substrate was measured after one hour. In contrast to Pyr3, which suffered from 

hydrolysis of the ethyl ester function, being the residual substrate in the same 

condition  equal to 43%,2 the oxadiazole-bearing pyrazoles resulted overall more 

metabolically stable, with only two compounds affording a residual substrate lower 

than 80% and the remaining molecules higher than 90% after incubation (Table 1). 

Overall, these results make our class of oxadiazole-bearing pyrazoles more 

metabolically stable and less cytotoxic compare to the reference compound Pyr3. 

While the isosteric replacement of the ethyl ester moiety with a 1,2,4-oxadiazole ring 

provides a certain reduction of potency (IC50 value of 0.5 ± 0.1 µM for Pyr3 vs 3.1 

± 1.4 µM for 9), the most potent analogue 9 retains a good percentage of  inhibition, 

with a residual SOCE activity of 38.6 ± 4.3%, is not cytotoxic, in contrast to Pyr3 

that affects cell viability for 72%,  and is significantly more stable in vitro. Last, in 

our SAR study, another SOCE enhancer has been identified, adding this compound 

to the previously reported positive modulators and paving the way for their rational 

design. 
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Table 1. Oxadiazole-bearing pyrazoles and their activity on SOCE, IC50 values and cytotoxicity in Hek cells. Residual 

substrates are determined in MLS9 after 30 minutes incubation. 

  

Cpd,  

Yield (%) 
R1 

% SOCE 

residual 

activity (10 

µM) 

% 

Viability 

(10 µM) 

IC50 

(µM) 

MLS9 

stability 

(residual 

substrate) 

Cpd,  

Yield 

(%) 

R1 

% SOCE 

residual 

activity (10 

µM) 

% 

Viability 

(10 µM) 

IC50 

(µM) 

MLS9 

stability 

(residual 

substrate) 

Pyr3 - 8.9 ± 0.6 28.6 ± 0.5 0.5 ± 0.1 43% 17, 60% 

 

53.2 ± 3.9  - - - 

CIC-37 - 17.5 ± 1.6 93.6 ± 4.6 4.4 ± 1.2 74% 18, 58% 

 

47.4 ± 1.0 56.5 ± 2.5 - - 

6, 98% 

 

77.2 ± 3.7 - - - 19, 80% 

 

33.2 ± 1.9 77.7 ± 4.4 9.6 ± 2.5 99% 
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Cpd,  

Yield (%) 
R1 

% SOCE 

residual 

activity (10 

µM) 

% 

Viability 

(10 µM) 

IC50 

(µM) 

MLS9 

stability 

(residual 

substrate) 

Cpd,  

Yield 

(%) 

R1 

% SOCE 

residual 

activity (10 

µM) 

% 

Viability 

(10 µM) 

IC50 

(µM) 

MLS9 

stability 

(residual 

substrate) 

7, 97%  

 

53.6 ± 0.9 - - - 20, 80% 

 

46.5 ± 2.8 59.1 ± 6.3 - - 

8, 50% 

 

56.7 ± 1.3 - - - 21, 54% 

 
61.1 ± 3.9 - - - 

9, 66%  

 

38.6 ± 4.3 95.6 ± 8.5 3.1 ± 1.4 >99% 22, 55% 

 

69.8 ± 2.9 - - - 

10, 53% 

 

40.8 ± 3.6 72.9 ± 11.7 - - 23, 66% 

 

59.9 ± 4.2 - - - 
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Cpd,  

Yield (%) 
R1 

% SOCE 

residual 

activity (10 

µM) 

% 

Viability 

(10 µM) 

IC50 

(µM) 

MLS9 

stability 

(residual 

substrate) 

Cpd,  

Yield 

(%) 

R1 

% SOCE 

residual 

activity (10 

µM) 

% 

Viability 

(10 µM) 

IC50 

(µM) 

MLS9 

stability 

(residual 

substrate) 

11, 86% 
 

121.1 ± 2.2 - - - 24, 56% 

 

146.2 ± 4.5  88. 5 ± 2.9 - 91% 

12, 53% 

 

110.0 ± 5.9   - - - 25, 55% 

 

53.8 ± 4.4 - - - 

13, 48% 

 
109.0 ± 6.5  - - - 26, 40% 

 

95.9 ± 6.2 - - - 

14, 52% 

 
40.8 ± 6.9 80.2 ± 7.4  5.5 ± 0.8 >99% 27, 42% 

 
87.5 ± 3.8 - - - 

15, 54% 

 
107.9 ± 3.9 - - - 28, 61% 

 
63.6 ± 3.9  - - - 



109 

 

  

Cpd,  

Yield (%) 
R1 

% SOCE 

residual 

activity (10 

µM) 

% 

Viability 

(10 µM) 

IC50 

(µM) 

MLS9 

stability 

(residual 

substrate) 

Cpd,  

Yield 

(%) 

R1 

% SOCE 

residual 

activity (10 

µM) 

% 

Viability 

(10 µM) 

IC50 

(µM) 

MLS9 

stability 

(residual 

substrate) 

16, 56% 

 

49.6 ± 6.5 100.8 ± 6.7 9.7 ± 2.3 73% 29, 45% 
 

47.6 ± 4.2 79.4 ± 4.2 9.5 ± 1.7 76% 
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4.2 Experimental part  

General Experimental Methods. Commercially available reagents and solvents 

were used as purchased without further purification. When needed, solvents were 

distilled and stored on molecular sieves. Column chromatography was performed on 

silica gel. Thin layer chromatography (TLC) was carried out on 5 cm × 20 cm plates 

with a layer thickness of 0.25 mm. When necessary, TLC plates were visualized with 

aqueous KMnO4 or with aqueous acidic solution of cerium sulfate and ammonium 

molybdate. Melting points were determined in open glass capillary with a Stuart 

scientific SMP3 apparatus. All the target compounds were checked by IR (FT-IR 

Bruker Alpha II), 1H-NMR (Bruker Avance Neo 400 MHz; Jeol ECP 300 MHz), 

13C-NMR (Bruker Avance Neo 400 MHz), and mass spectrometry (Thermo 

Scientific Q-Exactive Plus) equipped with an HESI source. Chemical shifts are 

reported in parts per million (ppm). Carboxylic acids are commercially available, 

with the only exception of 3-(N-(2-methoxyphenyl)sulfamoyl)-4-methylbenzoic 

acid that was synthesized as reported below.  

4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)aniline, (5). 

A suspension of NaH (361 mg, 60% in mineral oil, 9.03 mmol) was added 

portionwise to a round bottom flask containing dry THF (120 mL) and N-

hydroxyacetamidine (669 mg, 9.03 mmol) was added at 0 °C and under nitrogen. 

The mixture was left to reach rt and heated at 50 °C for 1 h. Then, ethyl 1-(4-

aminophenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylate (2.70 g, 9.03 mmol) 

was added and the reaction was heated at 50 °C for 3 h, diluted with EtOAc and 

washed with water (2x). The organic layer was dried over sodium sulfate and 

evaporated, yielded compound 5 as a yellow solid (2.12 g, 6.86 mmol, 76%). 1H-

NMR (400 MHz; CDCl3): δ 8.19 (s, 1H), 7.18 (d, J = 8.6 Hz, 2H), 6.66 (d, J = 8.6 

Hz, 2H), 4.07 (br s, 2H), 2.43 (s, 3H). MS (ESI): m/z 310 [M+H]+. 

General procedure for the synthesis of compounds 6-29. 
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4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-yl)aniline 5 

(100 mg, 0.32 mmol) was solubilized in dry CH2Cl2 (2.5 mL) and DIPEA (109 µL 

0.64 mmol), PyBOP (166 mg, 0.32 mmol) and the carboxylic acid (0.35 mmol, 1.1 

eq) were added in order and under nitrogen. With the only exceptions of compounds 

11, 15 and 28, after 16 h, an addition of DIPEA (0.6 eq), PyBOP (0.6 eq) and the 

carboxylic acid (0.3 eq) was usually necessary. The mixture was then stirred for 

additional 16 h and a second addition of DIPEA (0.3 eq), PyBOP (0.3 eq) and the 

carboxylic acid (0.3 eq) was done. After stirring for additional 16 h, the reaction was 

worked-up. The mixture was diluted with CH2Cl2 and washed with water (2x). The 

organic layer was dried over sodium sulfate and evaporated. The crude product was 

purified by column chromatography.   

3-((4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)carbamoyl)benzoic acid, (6). 

Methyl 3-((4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)carbamoyl)benzoate was prepared following the general procedure 

starting from amine 5 (100 mg, 0.32 mmol) and 3-(methoxycarbonyl)benzoic acid 

(63 mg, 0.35 mmol). Purification by column chromatography using PE/EtOAc 6:4 

afforded the desired compound as a white solid (104 mg, 0.22 mmol, 69%). The 

intermediate was then solubilized in THF (2 mL) and water (2 mL) and NaOH (17.6 

mg, 0.44 mmol) were added. After 5 h, the mixture was diluted with water and HCl 

3N was added until pH 4. The aqueous layer was extracted with EtOAc (2x). The 

collected organic layers were dried over sodium sulfate and evaporated. The crude 

material was purified by column chromatography using PE/EtOAc 3:7 as eluent 

affording compound 6 (99 mg, 0.22 mmol, 98%) as an amorphous white solid. 1H-

NMR (400 MHz; CD3OD): δ 8.65 (s, 1H), 8.38 (s, 1H), 8.26 (d, J = 7.8 Hz, 1H), 

8.21 (d, J = 7.8 Hz, 1H), 8.02 (d, J = 8.8 Hz, 2H), 7.67 (t, J = 7.8 Hz, 1H), 7.56 (d, J 

= 8.8 Hz, 2H), 2.48 (s, 3H). 13C-NMR (101 MHz; CD3OD): δ 168.7, 167.8, 167.5, 

166.7, 141.0, 140.6, 135.1, 134.6, 132.6, 131.6, 131.2 (q, J = 45.4 Hz), 128.6, 128.6, 

126.7, 126.4, 120.8, 119.2 (q, J = 271.6 Hz), 108.9, 9.9. IR (neat): ṽ = 3270, 2922, 
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2853, 1700, 1650, 1519, 1298, 1141, 947, 808 cm-1. HRMS (ESI) m/z (M+H)+ calcd 

for C21H15F3N5O4 458.1071, found 458.1071. 

Characterization of compounds 7-28. 

3-Fluoro-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-

pyrazol-1-yl)phenyl)isonicotinamide, (7). 

White solid (134 mg, 0.31 mmol, 97%); Chromatography: PE/EtOAc 5:5; mp: 185-

186 °C, dec. 1H-NMR (400 MHz; (CD3)2CO): δ 8.70-8.63 (m, 2H), 8.39 (s, 1H), 

8.08 (d, J = 7.7 Hz, 2H), 7.81 (s, 1H), 7.67 (d, J = 7.7 Hz, 2H), 7.43 (br s, 1H), 2.46 

(s, 3H). 13C-NMR (101 MHz; (CD3)2CO): δ 168.6, 167.9, 161.0, 155.7 (d, J = 253.3 

Hz), 146.4 (d, J = 5.2 Hz), 141.1, 140.2, 139.1 (d, J = 24.7 Hz), 138.4 (d, J = 23.5 

Hz), 135.0, 130.6 (q, J = 32.4 Hz), 126.9, 123.4, 120.3, 119.3 (q, J = 271.9 Hz), 

109.2, 10.6. IR (neat): ṽ = 3487, 2922, 2852, 1630, 1516, 1422, 1296, 1146, 844, 508 

cm-1. HRMS (ESI) m/z (M+H)+ calcd for C19H13F4N6O2 433.1031, found 433.1027. 

2-Fluoro-6-methyl-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-

1H-pyrazol-1-yl)phenyl)benzamide, (8). 

White solid (71 mg, 0.16 mmol, 50%); Chromatography: PE/EtOAc 9:1; mp: 218-

219 °C 1H-NMR (400 MHz; CDCl3): δ 8.26 (s, 1H), 7.84 (d, J = 8.4 Hz, 2H), 7.50 

(d, J = 8.4 Hz, 2H), 7.37-7-32 (m, 1H), 7.10 (d, J = 7.6 Hz, 1H), 7.04-6.99 (m, 1H), 

2.50-2.48 (m, 6H). 13C-NMR (101 MHz; CDCl3): δ 168.6, 167.8, 163.4, 159.3 (d, J 

= 247.0 Hz), 141.3, 139.3, 139.2 (d, J = 2.3 Hz), 134.9, 131.4 (q, J = 40.7 Hz), 131.3 

(d, J = 9.0 Hz), 126.7, 126.6, 124.1 (d, J = 16.7 Hz), 120.1, 118.9 (q, J = 272.8 Hz), 

113.3 (d, J = 22.2 Hz), 109.3, 19.5, 11.6. IR (neat): ṽ = 3246, 2918, 2850, 1656, 

1512, 1298, 1136, 944, 792, 588 cm-1. HRMS (ESI) m/z (M+H)+ calcd for 

C21H16F4N5O2 446.1235, found 446.1231. 

2,6-Difluoro-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-

pyrazol-1-yl)phenyl)benzamide, (9). 

White solid (95 mg, 0.21 mmol, 66%); Chromatography: PE/EtOAc 7:3; mp: 180-

181 °C. 1H-NMR 400 MHz; CDCl3): δ 8.25 (s, 1H), 8.16 (br s, 1H), 7.83 (d, J = 7.4 

Hz, 2H), 7.48-7.42 (m, 3H), 7.01-6.99 (m, 2H), 2.51 (s, 3H). 13C-NMR (101 MHz; 
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CDCl3): δ 168.6, 167.8, 160.0 (dd, Js = 254.4, 6.5 Hz), 158.6, 141.3, 139.1, 135.1, 

132.5 (t, J = 10.4 Hz), 131.4 (q, J = 41.2 Hz), 126.7, 120.4, 119.4 (q, J = 272.3 Hz), 

113.9 (t, J = 18.9 Hz), 112.3 (d, J = 25.5 Hz), 109.3, 11.6. IR (neat): ṽ = 3282, 2922, 

2852, 1656, 1513, 1467, 1145, 1007, 794, 658 cm-1. HRMS (ESI) m/z (M+H)+ calcd 

for C20H13F5N5O2 450.0984, found 450.0981. 

4-Chloro-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-

pyrazol-1-yl)phenyl)benzamide, (10). 

White solid (76 mg, 0.17 mmol, 53%); Chromatography: PE/EtOAc 7:3; mp: 208-

209 °C, dec. 1H-NMR (400 MHz; CDCl3): δ 8.28 (s, 1H), 8.07 (br s, 1H), 7.87-7.84 

(m, 4H), 7.52-7.50 (m, 4H), 2.52 (s, 3H). 13C-NMR (101 MHz; CDCl3): δ 168.5, 

167.9, 164.9, 141.3, 139.5, 138.9, 134.8, 132.8, 131.4 (q, J = 40.4 Hz), 129.2, 128.5, 

126.7, 120.4, 119.0 (q, J = 273.7 Hz), 109.3, 11.6. IR (neat): ṽ = 3273, 2923, 2852, 

1650, 1518, 1300, 1130, 840, 756, 535 cm-1. HRMS (ESI) m/z (M+H)+ calcd for 

C20H14ClF3N5O2 448.0783, found 448.0782. 

2-(4-Chlorophenyl)-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-

(trifluoromethyl)-1H-pyrazol-1-yl)phenyl)acetamide, (11). 

White solid (127 mg, 0.28 mmol, 86%); Cromatography: PE/EtOAc 6:4; mp: 169-

171 °C, dec. 1H-NMR (400 MHz; (CD3)2CO): δ 9.73 (br s, 1H), 8.38 (s, 1H), 7.91 

(d, J = 8.0 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 

8.0 Hz, 2H), 3.80 (s, 2H), 2.45 (s, 3H). 13C-NMR (101 MHz; (CD3)2CO): δ 169.0, 

168.6, 167.8, 141.0, 134.5, 134.1, 132.2, 131.0, 130.8 (q, J = 43.8 Hz), 128.3, 126.7, 

124.4, 119.4, 119.3 (q, J = 271.8 Hz), 109.4, 42.8, 10.6. IR (neat): ṽ = 3254, 2922, 

2852, 1664, 1651, 1625, 1601, 1519, 977, 606 cm-1. HRMS (ESI) m/z (M+H)+ calcd 

for C21H16ClF3N5O2 462.0939, found 462.0935. 

N-(4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)-4-(trifluoromethyl)benzamide, (12). 

White solid (81 mg, 0.17 mmol, 53%); Chromatography: PE/EtOAc 8:2; mp: 190-

192 °C, dec. 1H-NMR (400 MHz; CDCl3, *: referred to the main rotamer): δ 8.26 (s, 

1H), 8.05-8.03 (m, 3H)*, 7.89 (d, J = 8.7 Hz, 2H), 7.81 (d, J = 8.2 Hz, 2H)*, 7.54 
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(d, J = 8.7 Hz, 2H), 2.52 (s, 3H). 13C-NMR (101 MHz; (CD3)2CO): δ 168.6, 167.5, 

164.7, 141.1, 140.8, 134.6, 133.6 (q, J = 32.3 Hz), 132.6 (q, J = 32.5 Hz), 130.3, 

128.4, 126.7, 125.5, 121.7 (q, J = 202.9 Hz), 120.4, 119.6 (q, J = 271.6 Hz), 109.2, 

10.6. IR (neat): ṽ = 3248, 3098, 1655, 1628, 1518, 1287, 1139, 1104, 978, 699 cm-1. 

HRMS (ESI) m/z (M+H)+ calcd for C21H14F6N5O2 482.1046, found 482.1047. 

4-(1,1,1,3,3,3-Hexafluoro-2-hydroxypropan-2-yl)-N-(4-(4-(3-methyl-1,2,4-

oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-yl)phenyl)benzamide, (13). 

White solid (89 mg, 0.15 mmol, 48%); Chromatography: PE/EtOAc 8:2; mp: 180-

182 °C, 1H-NMR (400 MHz; CDCl3, *: referred to the main rotamer): δ 8.29 (s, 1H), 

8.01-7.99 (m, 3H), 7.92 (d, J = 8.2 Hz, 2H), 7.87 (d, J = 8.5 Hz, 2H), 7.54 (d, J = 8.5 

Hz, 2H), 2.52 (s, 3H). 13C-NMR (101 MHz; (CD3)2CO, *: referred to the main 

rotamer): δ 168.6, 167.9, 165.2, 141.0, 136.9, 134.5, 130.8 (q, J = 40.2 Hz), 129.7, 

127.8, 127.2, 126.7, 123.5 (q, J = 37.7 Hz), 123.0 (q, J = 288.5 Hz), 120.3, 120.2, 

119.3 (q, J = 271.9 Hz), 109.2, 10.5. IR (neat): ṽ = 3302, 1666, 1630, 1324, 1151, 

1114, 975, 933, 718 cm-1. HRMS (ESI) m/z (M+H)+ calcd for C23H15F9N5O3 

580.1026, found 580.1024. 

N-(4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)-4-nitrobenzamide, (14). 

White solid (76 mg, 0.17 mmol, 52%); Chromatography: PE/EtOAc 7:3; mp: 153-

155 °C, dec. 1H-NMR (400 MHz; CDCl3): δ 8.40 (d, J = 8.5 Hz, 2H), 8.29 (s, 1H),  

8.10 (d, J = 8.5 Hz, 2H), 8.07 (br s, 1H), 7.88 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 8.7 

Hz, 2H), 2.52 (s, 3H). 13C-NMR (101 MHz; CDCl3): δ 168.5, 167.9, 163.8, 150.1, 

141.4, 139.9, 138.9, 135.3, 131.4 (q, J = 40.4 Hz), 128.4, 126.9, 124.2, 120.5, 122.3 

(q, J = 272.7 Hz), 109.5, 11.6. IR (neat): ṽ = 3236, 3092, 1655, 1632, 1598, 1518, 

1140, 979, 834, 701 cm-1. HRMS (ESI) m/z (M+H)+ calcd for C20H14F3N6O4 

459.1023, found 459.1021. 

N-(4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)-2-(4-nitrophenyl)acetamide, (15). 
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White solid (81.6 mg, 0.17 mmol, 54%); Cromatography: PE/EtOAc 6:4; mp: 171-

173 °C. 1H-NMR (400 MHz; CDCl3): δ 8.27-8.25 (m, 3H), 7.70 (d, J = 8.2 Hz, 2H), 

7.60 (br s, 1H), 7.56 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 3.90 (s, 2H), 2.51 

(s, 3H). 13C-NMR (101 MHz; ; (CD3)2CO): δ 168.6, 168.2, 167.8, 147.1, 143.3, 

141.0, 140.8, 134.2, 130.7 (q, J = 42.6 Hz), 130.6, 126.7, 123.3, 119.4, 119.2 (q, J 

= 271.5 Hz), 109.1, 43.1, 10.6. IR (neat): ṽ = 3255, 3115, 3080, 1662, 1629, 1599, 

1535, 1518, 1133 cm-1. HRMS (ESI) m/z (M+H)+ calcd for C21H16F3N6O4 473.1180, 

found 473.1180. 

4-Cyano-3-fluoro-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-

1H-pyrazol-1-yl)phenyl)benzamide, (16). 

White solid (82 mg, 0.18 mmol, 56%); Chromatography: PE/EtOAc 7:3; mp: 160-

162 °C, dec. 1H-NMR (400 MHz; CDCl3): δ 8.30 (s, 1H), 7.87 (br s, 1H), 7.85-7.80 

(m, 5H), 7.56 (d, J = 8.8 Hz, 2H), 2.52 (s, 3H). 13C-NMR (101 MHz; DMSO-d6): δ 

168.6, 168.2, 163.8, 162.7 (d, J = 257.5 Hz), 141.9 (d, J = 7.1 Hz), 141.8, 140.7, 

134.8, 134.5, 130.8 (q, J = 40.4 Hz), 127.2, 125.2 (d, J = 3.0 Hz), 121.1, 119.4 (q, J 

= 271.7 Hz), 116.2 (d, J = 22.2 Hz), 114.0, 108.9, 103.4 (d, J = 15.1 Hz), 11.6. 

 IR (neat): ṽ = 3364, 3080, 2921, 2239, 2197, 1680, 1632, 1139, 977, 757 cm-1. 

HRMS (ESI) m/z (M+H)+ calcd for C21H13F4N6O2 457.1031, found 457.1029. 

2-Iodo-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-

pyrazol-1-yl)phenyl)benzamide, (17). 

White solid (103 mg, 0.19 mmol, 60%); Chromatography: PE/EtOAc 7:3; mp: 201-

203 °C, 1H-NMR (400 MHz; CDCl3): δ 8.27 (s, 1H), 7.96 (d, J = 7.9 Hz, 1H), 7.85 

(d, J = 8.4 Hz, 2H), 7.70 (br s, 1H), 7.59 (d, J = 7.9 Hz, 1H), 7.53-7.47 (m, 3H), 7.21 

(t, J = 7.9 Hz, 1H), 2.52 (s, 3H). 13C-NMR (101 MHz; CDCl3): δ 168.6, 167.8, 167.3, 

141.7, 141.3, 140.2, 139.3, 134.9, 131.8, 131.4 (q, J = 40.8 Hz), 128.6, 128.4, 127.9, 

126.7, 120.2, 119.0 (q, J = 272.6  Hz), 109.3, 92.3, 11.6. IR (neat): ṽ = 3310, 3097, 

2921, 2851, 1687, 1631, 1153, 977, 756, 546 cm-1. HRMS (ESI) m/z (M+H)+ calcd 

for C20H14F3IN5O2 540.0139, found 540.0137. 
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N-(4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)-1H-benzo[d]imidazole-6-carboxamide, (18). 

White solid (84 mg, 0.19 mmol, 58%); Chromatography: PE/EtOAc 1:9; mp: 235-

236 °C. 1H-NMR (400 MHz; CD3OD): δ 8.38-8.33 (m, 2H), 8.03-8.01 (m, 3H), 7.96 

(d, J = 8.5 Hz, 1H), 7.76 (dd, Js = 7.5, 1.6 Hz, 1H), 7.57 (d, J = 6.8 Hz, 2H), 2.48 

(s, 3H). 13C-NMR (101 MHz; DMSO-d6): δ 168.6, 168.2, 166.9, 141.8 (2C), 133.8 

(2C), 130.8 (q, J = 40.0 Hz), 128.5, 127.0 (2C), 123.1, 120.9, 119.5, 119.4 (q, J = 

272.2 Hz), 117.6, 112.0, 108.9, 11.6. IR (neat): ṽ = 3637, 2921, 2851, 1626, 1519, 

1293, 1140, 946, 830, 547 cm-1. HRMS (ESI) m/z (M+H)+ calcd for C21H15F3N7O2 

454.1234, found 454.1231. 

3,5-Dimethyl-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-

pyrazol-1-yl)phenyl)isoxazole-4-carboxamide, (19). 

White solid (111 mg, 0.26 mmol, 80%); Chromatography: PE/EtOAc 8:2; mp: 177-

178 °C, dec. 1H-NMR (400 MHz; CDCl3): δ 8.27 (s, 1H), 7.89 (br s, 1H), 7.78 (d, J 

= 6.6 Hz, 2H), 7.49 (d, J = 6.6 Hz, 2H), 2.68 (s, 3H), 2.50 (s, 3H), 2.48 (s, 3H). 13C-

NMR (101 MHz; CDCl3): δ 172.0, 168.5, 167.8, 160.3, 157.6, 141.3, 139.1, 134.9, 

131.4 (q, J = 40.6 Hz), 126.8, 120.4, 118.8 (q, J = 272.7 Hz), 112.4, 109.4, 13.0, 

11.6, 11.5. IR (neat): ṽ = 3307, 2923, 2853, 1649, 1522, 1219, 1132, 825, 740, 507 

cm-1. HRMS (ESI) m/z (M+H)+ calcd for C19H16F3N6O3 433.1231, found 433.1227. 

4-Methyl-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-

pyrazol-1-yl)phenyl)-1,2,3-thiadiazole-5-carboxamide, (20). 

Yellow solid (111 mg, 0.26 mmol, 80%); Chromatography: PE/EtOAc 8:2; mp: 143-

144 °C, dec. 1H-NMR (400 MHz; CDCl3): δ 8.28 (s, 1H), 7.82 (d, J = 7.4 Hz, 2H), 

7.52 (d, J = 7.4 Hz, 2H), 2.98 (s, 3H), 2.50 (s, 3H). 13C-NMR (101 MHz; CDCl3): δ 

168.5, 167.9, 160.1, 157.6, 143.1, 141.4, 138.5, 135.6, 131.5 (q, J = 41.4 Hz), 126.9, 

120.8, 116.3 (q, J = 272.7 Hz), 109.5, 13.8, 11.6. IR (neat): ṽ = 3267, 2927, 2852, 

1650, 1519, 1324, 1135, 979, 835, 554 cm-1. HRMS (ESI) m/z (M+H)+ calcd for 

C17H13F3N7O2S 436.0798, found 436.0797. 
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N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)furan-2-carboxamide, (21). 

White solid (70 mg, 0.17 mmol, 54%); Chromatography: PE/EtOAc 8:2; mp: 140-

141 °C, 1H-NMR (400 MHz; CDCl3): δ 8.28 (s, 1H), 8.26 (br s, 1H), 7.87 (d, J = 8.8 

Hz, 2H), 7.57 (d, J = 1.7 Hz, 1H), 7.50 (d, J = 8.8 Hz, 2H), 7.31 (d, J = 3.5 Hz, 1H), 

6.62 (dd, Js = 3.5, 1.7 Hz, 1H), 2.51 (s, 3H). 13C-NMR (101 MHz; CDCl3): δ 168.6, 

167.8, 156.1, 147.4, 144.5, 141.3, 139.2, 134.6, 131.4 (q, J = 40.7 Hz), 126.7, 120.0, 

119.0, 114.9, 112.8, 109.3, 11.6. IR (neat): ṽ = 3395, 3324, 3107, 2921, 2851, 1669, 

1630, 1541, 1515, 980 cm-1. HRMS (ESI) m/z (M+H)+ calcd for C18H13F3N5O3 

404.0965, found 404.0963. 

4-Bromo-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-

pyrazol-1-yl)phenyl)-1H-pyrrole-2-carboxamide, (22). 

Yellow solid (85 mg, 0.18 mmol, 55%); Chromatography: PE/EtOAc 8:2; mp: 171-

173 °C, dec. 1H-NMR (400 MHz; (CD3)2CO): δ 11.27 (br s, 1H), 9.56 (br s, 1H), 

8.40 (s, 1H), 8.05 (d, J = 8.0 Hz, 2H), 7.61 (d, J = 8.0 Hz, 2H), 7.20 (s, 1 H), 7.13 (s, 

1H), 2.45 (s, 3H). 13C-NMR (101 MHz; (CD3)2CO): δ 168.6, 167.8, 158.2, 141.0, 

134.1, 130.8 (q, J = 40.3 Hz), 128.9, 126.6, 124.9, 122.7, 119.8, 119.0 (q, J = 271.7 

Hz), 112.6, 108.9, 96.2, 10.5. IR (neat): ṽ = 3273, 3094, 3051, 2971, 2926, 2873, 

1660, 1631, 978, 834, 802 cm-1. HRMS (ESI) m/z (M+H)+ calcd for C18H13BrF3N6O2 

481.0230 and 483.0209, found 481.0232 and 483.0211. 

Synthesis of 3-(N-(2-methoxyphenyl)sulfamoyl)-4-methylbenzoic acid. 

To a solution of 2-methoxyaniline (157 mg, 1.28 mmol) in dry CH2Cl2 (4 mL), 

pyridine (309 µL, 3.84 mmol) and 3-(chlorosulfonyl)-4-methylbenzoic acid (300 

mg, 1.28 mmol) were added at 0 °C. After 5 h at 0 °C, the reaction was not concluded 

and 2-methoxyaniline (0.5 eq) and pyridine (1.5 eq) were added. After stirring for 

additional 4 h at 0 °C, the reaction was concluded. The mixture was diluted with 

CH2Cl2, washed with HCl 3N (2x) and the organic layer was dried over sodium 

sulfate and evaporated, affording 3-(N-(2-methoxyphenyl)sulfamoyl)-4-

methylbenzoic acid (152 mg, 0.47 mmol, 37%) as a pink solid. 1H-NMR (300 MHz; 
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CDCl3): δ 8.62 (s, 1H), 8.08 (d, J = 7.7 Hz, 1H), 7.43 (d, J = 7.4 Hz, 1H), 7.38 (d, J 

= 7.4 Hz, 1H), 7.01 (d, J = 6.8 Hz, 1H), 6.86 (t, J = 6.8 Hz, 1H), 6.78 (d, J = 6.8 Hz, 

1H), 3.77 (s, 3H), 2.74 (s, 3H). MS (ESI): m/z 320 [M-H]-.  

Synthesis of 3-(N-(2-methoxyphenyl)sulfamoyl)-4-methyl-N-(4-(4-(3-methyl-

1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-yl)phenyl)benzamide, 

(23). 

Compound 23 was synthesized following the general procedure, starting from amine 

5 and 3-(N-(2-methoxyphenyl)sulfamoyl)-4-methylbenzoic acid (112 mg, 0.35 

mmol) reacted with (100 mg, 0.32 mmol). Purification by column chromatography 

using PE/EtOAc 7:3 afforded the desired compound 23 as a white solid (129 mg, 

0.21 mmol, 66%). Mp: 205-206 °C. 1H-NMR (400 MHz; (CD3)2CO): δ 10.03 (br s, 

1H), 8.47 (s, 1H), 8.39 (s, 1H), 8.30 (br s, 1H), 8.15 (d, J = 7.9 Hz, 1H), 8.09 (d, J = 

6.9 Hz, 2H), 7.62 (d, J = 6.9 Hz, 2H), 7.55 (d, J = 8.0 Hz, 1H), 7.43 (d, J = 7.9 Hz, 

1H), 7.09 (t, J = 7.9 Hz, 1H), 6.92-6.86 (m, 2H), 3.70 (s, 3H), 2.77 (s, 3H), 2.45 (s, 

3H). 13C-NMR (101 MHz; (CD3)2CO): δ 168.6, 167.8, 164.3, 151.3, 141.6, 141.0, 

140.9, 138.9, 134.5, 132.7, 132.6, 131.6, 130.8 (q, J = 40.2 Hz), 128.8, 126.6, 126.1, 

125.6, 123.1, 120.7, 120.4, 119.7 (q, J = 271.6 Hz), 111.2, 109.2, 55.1, 19.5, 10.6. 

IR (neat): ṽ = 3387, 2922, 2852, 1666, 1518, 1298, 1152, 835, 737, 577 cm-1. HRMS 

(ESI) m/z (M+H)+ calcd for C28H24F3N6O5S 613.1475, found 613.1475. 

N-(4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)hexanamide, (24). 

White solid (73 mg, 0.18 mmol, 56%); Chromatography: PE/EtOAc 8:2; mp: 176-

178 °C, dec. 1H-NMR (400 MHz; CDCl3): δ 8.27 (s, 1H), 7.73 (d, J = 8.8 Hz, 2H), 

7.45 (d, J = 8.8 Hz, 2H), 2.52 (s, 3H), 2.43 (t, J = 7.4 Hz, 2H), 1.79 (quint, J = 7.4 

Hz, 2H), 1.43-1.39 (m, 4H), 0.94 (t, J = 7.4 Hz, 3H). 13C-NMR (101 MHz; CDCl3): 

δ 171.7, 168.6, 167.8, 141.2, 139.8, 134.3, 131.4 (q, J = 40.4 Hz), 126.6, 119.8, 

119.0 (q, J = 272.7 Hz), 109.3, 37.8, 31.4, 25.2, 22.4, 13.9, 11.6. IR (neat): ṽ = 3270, 

3092, 2952, 2929, 2866, 1667, 1630, 1519, 1496, 978 cm-1. HRMS (ESI) m/z 

(M+H)+ calcd for C19H21F3N5O2 408.1642, found 408.1640. 
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N-(4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)dodecanamide, (25). 

White solid (86 mg, 0.18 mmol, 55%); Chromatography: PE/EtOAc 8:2; mp: 138-

140 °C, 1H-NMR (400 MHz; CDCl3): δ 8.26 (s, 1H), 7.73 (d, J = 8.7 Hz, 2H), 7.45-

7.43 (m, 3H), 2.51 (s, 3H), 2.42 (t, J = 7.4 Hz, 2H), 1.77 (quint, J = 7.4 Hz, 2H), 

1.32-1.29 (m, 16H), 0.90 (t, J = 7.4 Hz, 3H). 13C-NMR (101 MHz; CDCl3): δ 172.1, 

171.8, 167.8, 141.2, 139.9, 131.4 (q, J = 40.9 Hz), 127.0, 126.5, 119.7, 118.9 (q, J 

= 272.6 Hz), 109.2, 46.7, 37.8, 34.9, 31.9, 29.6, 26.1, 25.5, 25.0, 24.4, 22.7, 14.1, 

11.6. IR (neat): ṽ = 3278, 3096, 2918, 2848, 1629, 1522, 1466, 1134, 979, 842 cm-1. 

HRMS (ESI) m/z (M+H)+ calcd for C25H33F3N5O2 492.2581, found 492.2577. 

N-(4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)-3-morpholinopropanamide, (26). 

White solid (58 mg, 0.13 mmol, 40%); Chromatography: EtOAc; mp: 147-149 °C. 

1H-NMR (400 MHz; CDCl3): δ 8.26 (s, 1H), 7.75 (d, J = 8.8 Hz, 2H), 7.44 (d, J = 

8.8 Hz, 2H), 3.90 (t, J = 4.4 Hz, 4H), 2.91 (t, J = 5.4 Hz, 2H), 2.78-2.75 (m, 4H), 

2.70 (t, J = 5.4 Hz, 2H), 2.51 (s, 3H). 13C-NMR (101 MHz; CDCl3): δ 170.2, 168.6, 

167.8, 141.2, 140.2, 134.1, 131.4 (q, J = 40.7 Hz), 126.6, 120.4, 118.9 (q, J = 272.5 

Hz), 109.2, 66.6, 54.0, 52.8, 32.0, 11.6. IR (neat): ṽ = 3275, 3090, 2921, 2851, 1659, 

1519, 1133, 977, 722, 703 cm-1. HRMS (ESI) m/z (M+H)+ calcd for C20H22F3N6O3 

451.1700, found 451.1695. 

N-(4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)tetrahydro-2H-thiopyran-4-carboxamide 1,1-dioxide, (27). 

White solid (63 mg, 0.13 mmol, 42%); Chromatography: PE/EtOAc 3:7; mp: 153.5-

154.5 °C, 1H-NMR (400 MHz; DMSO-d6): δ 10.38 (br s, 1H), 8.55 (s, 1H), 7.82 (d, 

J =  8.9 Hz, 2H), 7.55 (d, J = 8.9 Hz, 2H), 3.29-3.19 (m, 4H), 2.23 (s, 3H), 2.21-2.18 

(m, 2H), 2.15-2.09 (m, 2H). 13C-NMR (101 MHz; DMSO-d6): δ 172.9, 168.6, 168.2, 

141.7, 141.2, 133.7, 130.7 (q, J = 39.8 Hz), 127.2, 119.9, 119.4 (q, J = 272.2 Hz), 

108.9, 49.9, 41.5, 27.5, 11.6. IR (neat): ṽ = 3301, 3092, 2947, 2929, 1649, 1633, 
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1523, 1323, 1143, 977 cm-1. HRMS (ESI) m/z (M+H)+ calcd for C19H19F3N5O4S 

470.1104, found 470.1106. 

N-(4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)-2-phenoxyacetamide, (28). 

White solid (86 mg, 0.19 mmol, 61%); Chromatography: PE/EtOAc 7:3; mp: 160-

161 °C, dec. 1H-NMR (400 MHz; CDCl3): δ 8.48 (br s, 1H), 8.28 (s, 1H), 7.82 (d, J 

= 8.8 Hz, 2H), 7.50 (d, J = 8.8 Hz, 2H), 7.40 (t, J = 7.6 Hz, 2H), 7.11 (t, J = 7.6 Hz, 

1H), 7.04 (d, J = 7.6 Hz, 2H), 4.69 (s, 2H), 2.52 (s, 3H). 13C-NMR (101 MHz; 

CDCl3): δ 168.6, 167.8, 166.6, 156.9, 141.3, 138.6, 135.0, 131.4 (q, J = 40.7 Hz), 

130.0, 126.7, 122.7, 120.2, 119.0 (q, J = 272.4 Hz), 114.9, 109.4, 42.8, 10.6. IR 

(neat): ṽ = 3356, 3103, 3087, 2922, 2903, 1674, 1631, 1229, 1128, 982 cm-1. HRMS 

(ESI) m/z (M+H)+ calcd for C21H17F3N5O3 444.1278, found 444.1280. 

Synthesis of 4-methyl-N-(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)-5-

(trifluoromethyl)-1H-pyrazol-1-yl)phenyl)benzenesulfonamide, (29). 

4-(4-(3-Methyl-1,2,4-oxadiazol-5-yl)-5-(trifluoromethyl)-1H-pyrazol-1-yl)aniline 5 

(100 mg, 0.32 mmol) was solubilized in dry CH2Cl2 (2.5 mL) and pyridine (77 µL, 

0.96 mmol) and p-toluenesulfonyl chloride (TsCl) (72 mg, 0.38 mmol) were added 

in order at 0 °C. The mixture was allowed to reach room temperature and stirred for 

5 h. Then, the reaction was diluted with CH2Cl2, washed with HCl 3N (2x), dried 

over sodium sulfate and evaporated. Purification by column chromatography using 

PE/EtOAc 7:3 as eluent afforded the desired compound 29 (67 mg, 0.14 mmol, 45%) 

as a yellow solid. Mp: 149-150 °C. 1H-NMR (400 MHz; CDCl3): δ 8.25 (s, 1H), 7.75 

(d, J = 7.4 Hz, 2H), 7.54 (br s, 1H), 7.36 (d, J = 7.9 Hz, 2H), 7.29-7.26 (m, 4H), 2.50 

(s, 3H), 2.41 (s, 3H). 13C-NMR (101 MHz; CDCl3): δ 168.5, 167.9, 144.5, 141.3, 

138.6, 135.7, 135.3, 131.4 (q, J = 40.4 Hz), 129.9, 127.3,, 127.0, 120.9, 118.9 (q, J 

= 272.7 Hz), 109.4, 21.5, 11.6. IR (neat): ṽ = 3173, 2922, 2852, 1631, 1514, 1324, 

1147, 919, 809, 541 cm-1. HRMS (ESI) m/z (M+H)+ calcd for C20H17F3N5O3S 

464.0999, found 464.0998. 
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4.4 Contributions and collaborations 

The compounds described in this chapter have been partially synthesized first-hand 

by me or have been the object of co-supervision of Master students that have carried 

out their Thesis project in Prof. Pirali’s laboratory. 

Metabolic stability has been evaluated by Dr. Aprile.  

The in vitro cellular activity of the compounds, MTT assay and IC50 calculation have 

been performed in collaboration with Prof. Genazzani and Dr. Riva.  
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5.1 A brief introduction on indoleamine 2,3-dioxygenase 

The metabolic pathway that leads to the catabolism of tryptophan (Trp), known as 

the kynurenine (Kyn) pathway, has drawn attention in the last decades for its central 

role in the escape of tumour cells from the immune surveillance. Both the depletion 

of Trp and the increase in Kyn and in its mainstream metabolites are associated with 

aggressive cancer phenotype, with enhanced inflammation in the tumor 

microenvironment, formation of an immune-permissive milieu1 and promotion of 

neo-angiogenesis.2 

More in detail, local deprivation of Trp and accumulation of Kyn cause the activation 

of the general control non-derepressible 2 (GCN2) kinase3 and the aryl hydrocarbon 

receptor (AhR),4 respectively. Overall, these signalling pathways lead to an 

inhibition of effector CD8+ T cells, with anergy and apoptosis. Also, insufficient Trp 

concentrations have been linked to inhibition of mTORC15 and promotion of 

differentiation to immunosuppressive T-regulatory cells (Figure 1).6  

The first and rate-limiting step along the kynurenine pathway is represented by the 

conversion of Trp to N-formyl-L-kynurenine and is catalysed by a family of heme-

containing enzymes named dioxygenases: indoleamine 2,3-dioxygenase 1 (IDO1) 

and its isoform 2 (IDO2) and tryptophan 2,3-dioxygenase (TDO).7 While it has been 

shown that all the three enzymes are involved in tumour immune escape, the best 

known and well characterized isoform is IDO1.  

The overexpression of IDO1, correlating with reduction in the overall survival of 

patients and in poor prognosis, has been found in a set of human tumours, including 

pancreatic cancer, non-small cell lung cancer and breast cancer among the others.8  
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Figure 1. The kynurenine pathway in the tumour microenvironment (Taken and 

modified from Opitz et al. 2020).7 

 

 

Thousands of specific IDO1 inhibitors have been reported in the literature, most of 

them remaining at the preclinical development. Nine different compounds have 

entered clinical trials so far, but none have reached approval, pointing at the 

discovery of novel IDO1 inhibitors as an open challenge (Table 1).9 

Epacadostat, the most advanced clinical candidate so far, entered phase 3 in 

combination with pembrolizumab in metastatic and non-resectable melanoma. 

Unfortunately, in 2018 the compound failed to show an added clinical benefit 

compared to pembrolizumab alone, leading to the interruption of other trials 

involving  IDO1 inhibitors and questioning whether some elements, especially in the 

design of the clinical trial, had been overlooked.10  

Since then, another inhibitor, linrodostat (BMS-98620) has proceeded in phase 3 

trial. This compound is a suicide inhibitor able to bound to the apo-IDO1 form i.e. 

the protein lacking the heme group.11 Indeed, in the last years, a more accurate 

appraisal of the different binding modes of IDO1 inhibitors has been undertaken and 

a classification of the known inhibitors based on their preferred binding mode has 

been proposed12: oxygen-bound holo-IDO1 (type I inhibitors), ferrous holo-IDO1 

(type II), ferric holo-IDO1 (type III) and apo-IDO1 (type IV). The catalytically active 
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form of IDO1 sees the heme iron in its ferrous state and the first step is represented 

by the binding of the oxygen to this ion that is antecedent the binding with L-Trp.13 

The Trp analogue 1-methyl-L-Trp is competitive for L-Trp and has been classified 

as type I inhibitor, while epacadostat and its analogues have been allocated among 

the type II, being competitive for oxygen.14 Type III inhibitors are those directed 

toward the inactive ferric form of the heme group15 and type IV target IDO1 in its 

apo form. Ferrous IDO1 represents the resting state (known as holo-IDO1) of the 

enzyme and binds ten-fold more tightly the heme group compared to the catalytically 

inactive ferric form.11 In cells, IDO1 can exist either as holo or apo, being the binding 

with heme labile, dynamic, reversible and dependent on the oxidation state.    

Finally, besides carrying out its catalytical functions at the C-termini, human IDO1 

is also a signal-transducing molecule at its N-terminal, where a small domain with 

its two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) is located. 

Phosphorylation of the tyrosine residues of ITIMs mediates the signalling function 

of IDO1 and the interaction with molecular partners of the enzyme, such as SOCS3 

or phosphotyrosine phosphatases SHP-1 and 2 and inositolphosphatase SHIP.16  

Depending on external stimuli, binding to these molecular partners is able to reduce 

or prolong, respectively, the half-life of the enzyme. Indeed, binding to SOCS3 is 

able to recruit the E3 ubiquitin ligase complex, which poly-ubiquitinates IDO1, 

mediating its proteasomal degradation.17 On the contrary, IDO1/SHPs axis mediates 

the activation of signal transduction pathways, such as  the noncanonical NF-κB 

route,18 which induces the production of IFN-γ and TGF-β, resulting in the 

upregulation of Ido1 expression and in the de novo synthesis of the enzyme.16a It 

follows that the identification of compounds able to reduce the IDO1 signalling 

activity and to mediate the sustained degradation of the enzyme might be an added 

value in the identification of IDO1 inhibitors.  

It appears clear therefore that some progresses have been made in the field, paving 

the way for the rational design of novel and innovative IDO1 inhibitors endowed 

with different modes of action. 



128 

 

Table 1. IDO1 inhibitors in clinical trials. The “Most advanced phase of 

development” corresponds to the phase of clinical trials reached, as reported in 

Clinicaltrials.gov website.19 When more than one trials were present, the active ones 

have been chosen.  

Compound Structure Mechanism of action 
Most advanced phase of 

development 
Indication 

Navoximod 

(NLG-919) 

 

Forms direct bond to 

ferric heme iron 

Not registered on 

clinicaltrails.gov 
- 

epacadostat 

(INCB024360) 
 

Trp-competitive 

inhibitor 

Forms direct bond to 

ferrous heme iron 

Seven phase 3 studies 

(completed, active, not 

recruiting and 

terminated) 

Urothelial, head and 

neck, lung cancers, renal 

carcinoma and 

melanoma  

Five phase 2 studies 

(recruiting)  

Glioblastoma, pancreatic 

adenocarcinoma, head 

and neck, breast and 

prostate cancers 

linrodostat 

(BMS-986205) 

 

Suicide inhibitor 

Binds to heme-free 

apo IDO1 

Phase 3 (recruiting) Bladder cancer 

Phase 3 (active, not 

recruiting) 
Melanoma 

EOS200271/ 

PF-06840003 
 

Catalytic inhibitor,  

non-competitive for  

L-Trp  

Phase 1 (terminated) Malignant glioma 

KHK2455 NA 
Binds to heme-free 

apo IDO1 
Phase 1 (recruiting) Urothelial carcinoma 

LY3381916 NA 
Binds to heme-free 

apo IDO1 
Phase 1 (terminated) Solid tumours 

MK-7162 NA NA 
Phase 1 (active, not 

recruiting) 
Solid tumours 

indoximod 

(NLG8189) 
 

Stimulates mTORC1 

pathway 

Phase 2 (recruiting) Metastatic breast cancer 

Phase 2 (recruiting) 

Paediatric glioblastoma, 

medulloblastoma, 

ependymoma 

NLG802 NA Prodrug of indoximod Phase 1 (completed) Solid tumours 
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5.2 Outline of the project 

By exploiting multicomponent reactions, our research group has previously reported 

two different classes of IDO catalytic inhibitors, displaying the imidazole20 and the 

imidazothiazole21 scaffolds, respectively.  

In the latter project, Passerini three-component and Ugi four-component reactions 

have been exploited to obtain imidazothiazoles (Figure 2) able to inhibit IDO1 in an 

enzyme-based assay with IC50 values in the low micromolar range. While the 

compounds were not active in the cell-based assay as they were not able to cross the 

plasma membrane, docking studies revealed that the long chain of this class of 

molecules protrudes in a region, named by us pocket C, which had never been 

exploited by other reported inhibitors. Here, a crucial hydrogen bond is formed with 

Lys238, affording an improvement in the inhibitory activity.   

The recent failure of epacadostat has clearly underlined that additional efforts in the 

IDO1 field, also from a medicinal chemistry point of view, are strongly needed. In 

this context, a better comprehension of the possible interactions with the aminoacidic 

residues in the IDO1 active site would guide the rational design of novel and potent 

inhibitors. Therefore, with the aim to probe the interactions in pocket C, another 

medicinal chemistry campaign was undertaken and, starting from the class of 

imidazothiazoles published in 2018,21 I decided to apply click chemistry to replace 

the benzylamide moiety displayed by imidazothiazoles a 1,4-disubstitued 1,2,3-

triazole ring22 (both portions are highlighted in green in Figure 2). This class of IDO1 

inhibitors resulted in a publication in Molecules (Chapter 6).  

The acquired information on pocket C was then integrated in a structure-based virtual 

screening performed by our research group. This approach led to the discovery of 

two hit compounds, named VS-13 and VS-15 (Figure 2).   

Compound VS-13 was the most potent in inhibiting IDO1 with an IC50 of 16 nM and 

therefore was chosen as the ideal starting point of our medicinal chemistry project, 

resulting in a publication in Journal of Medicinal Chemistry (Chapter 7).23  
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Unfortunately, the compound is highly susceptible toward oxidative metabolism, 

resulting in dozens of metabolites formed and making the chemical refinement of 

this molecule highly challenging. Nevertheless, as proposed in the final part of the 

manuscript, one of the possible approaches in the future is represented by the use of 

the deuterium24 to substitute part of the metabolically labile hydrogens of VS-13, 

while other soft spots might be isosterically replaced with fluorine.  

However, in the meanwhile, the other hit compound identified, VS-15, besides 

displaying a high potency on IDO1, revealed a very promising biological profile, as 

described in Chapter 8. This evidence prompted me to focus my efforts on this 

candidate.  

 

Figure 2. Outline of the project. 

 

 

 

  



131 

 

5.3 References 

1. Prendergast, G. C.; Mondal, A.; Dey, S.; Laury-Kleintop, L. D.; Muller, A. J. 

Inflammatory reprogramming with IDO1 inhibitors: turning immunologically 

unresponsive ‘cold’ tumors ‘hot’. Trends Cancer 2018, 4, 38-58.  

2. Mondal, A.; Smith, C.; DuHadaway, J. B.; Sutanto-Ward, E.; Prendergast, G. 

C.; Bravo-Nuevo, A.; Muller, A. J. IDO1 is an integral mediator of 

inflammatory neovascularization. EBioMedicine 2016, 14, 74-82. 

3. Munn, D. H.; Sharma, M. D.; Baban, B.; Harding, H. P.; Zhang, Y.; Ron, D.; 

Mellor, A. L. GCN2 kinase in T cells mediates proliferative arrest and anergy 

induction in response to indoleamine 2,3-dioxygenase. Immunity 2005, 22, 633-

642.  

4. Vogel, C. F.; Goth, S. R.; Dong, B.; Pessah, I. N.; Matsumura, F. Aryl 

hydrocarbon receptor signaling mediates expression of indoleamine 2,3-

dioxygenase. Biochem. Biophys. Res. Commun. 2008, 375, 331-335.  

5. Metz, R.; Rust, S.; Duhadaway, J. B.; Mautino, M. R.; Munn, D. H.; Vahanian, 

N. N.; Link, C. J.; Prendergast, G. C. IDO inhibits a tryptophan sufficiency 

signal that stimulates mTOR: a novel IDO effector pathway targeted by d-1-

methyl-tryptophan. Oncoimmunology 2012, 1, 1460-1468.  

6. a) Grohmann, U.; Fallarino, F.; Puccetti, P. Tolerance, DCs and tryptophan: 

much about IDO. Trends Immunol. 2003, 24, 242-248; b) Moon, Y. W.; Hajjar, 

J.; Hwu, P.; Naing, A. Targeting the indoleamine 2,3-dioxygenase pathway in 

cancer. J. Immunother. Cancer 2015, 3, 51; c) Platten, M.; Doeberitz, N.V.K.; 

Oezen, I.; Wick, W.;Ochs, K. Cancer immunotherapy by targeting IDO1/TDO 

and their downstream effectors. Front. Immunol. 2015, 5, 1-7. 

7. Opitz, C. A.; Patterson, L. F. S.; Mohapatra, S. R.; Dewi, D. L.; Sadik, A.; 

Platten, M.; Trump, S. The therapeutic potential of targeting tryptophan 

catabolism in cancer. Br. J. Cancer 2020, 122, 30-44.  



132 

 

8. Godin-Ethier, J.; Hanafi, L. A.; Piccirillo, C. A.; Lapointe, R. Indoleamine 2,3-

dioxygenase expression in human cancers: clinical and immunologic 

perspectives. Clin. Cancer Res. 2011, 17, 6985-6991. 

9. Prendergast, G. C.; Malachowski, W. P.; DuHadaway, J. B.; Muller, A. J. 

Discovery of IDO1 inhibitors: from bench to bedside. Cancer Res. 2017, 77, 

6795-6811. 

10. Long, G. V.; Dummer, R.; Hamid, O.; Gajewski, T.; Caglevic, C.; Dalle, S.; 

Arance, A.; Carlino, M. S.; Grob, J.-J.; Kim, T. M.; Demidov, L. V.; Robert, 

C.; Larkin, J. M. G.; Anderson, J.; Maleski, J. E.; Jones, M. M.; Diede, S. J.; 

Mitchell, T. C. Epacadostat (E) plus pembrolizumab (P) versus pembrolizumab 

alone in patients (pts) with unresectable or metastatic melanoma: Results of the 

phase 3 ECHO-301/KEYNOTE-252 study. J. Clin. Oncol. 2018, 36, (suppl; 

abstr 108); b) Garber, K. A new cancer immunotherapy suffers a setback. 

Science 2018, 360, 588.  

11. a) Nelp, M. T.; Kates, P. A.; Hunt, J. T.; Newitt, J. A.; Balog, A.; Maley, D.; 

Zhu, X.; Abell, L.; Allentoff, A.; Borzilleri, R.; Lewis, H. A.; Lin, Z.; Seitz, S. 

P.; Yan, C.; Groves, J. T. Immune-modulating enzyme indoleamine 2,3-

dioxygenase is effectively inhibited by targeting its apo-form. Proc. Natl. Acad. 

Sci. U.S.A. 2018, 115, 3249-3254; b) Ortiz-Meoz, R. F.; Wang, L.; Matico, R.; 

Rutkowska, A.; la Rosa, M.; Bedard, S.; Midgett, R.; Strohmer, K.; Thomson, 

D.; Zhang, C.; Guss, J.; Totoritis, R.; Consler, T.; Campobasso, N.; Taylor, D.; 

Lewis, T.; Weaver, K.; Mulbaier, M.; Seal, J.; Dunham, R.; Kazmierski, W.; 

Favre, D.; Bergamini, G.; Shewchuk, L.; Rendina, A.; Zhang, G. 

Characterization of novel inhibition of indoleamine 2,3-dioxygenase by 

targeting its apo form. 2018, bioRxiv:324947. 

12. Röhrig, U. F.; Reynaud, A.; Majjigapu, S. R.; Vogel, P.; Pojer, F.; Zoete, V. 

Inhibition mechanisms of indoleamine 2,3-dioxygenase 1 (IDO1). J. Med. 

Chem. 2019, 62, 8784-8795.  



133 

 

13. Efimov, I.; Basran, J.; Sun, X.; Chauhan, N.; Chapman, S. K.; Mowat, C. G.; 

Raven, E. L. The mechanism of substrate inhibition in human indoleamine 2,3-

dioxygenase. J. Am. Chem. Soc. 2012, 134, 3034-3041. 

14. a) Lewis-Ballester, A.; Pham, K. N.; Batabyal, D.; Karkashon, S.; Bonanno, J. 

B.; Poulos, T. L.; Yeh, S. R. Structural insights into substrate and inhibitor 

binding sites in human indoleamine 2,3-dioxygenase 1. Nat. Commun. 2017, 8, 

1693-1700; b) Kolawole, A. O.; Hixon, B. P.; Dameron, L. S.; Chrisman, I. M.; 

Smirnov, V. V. Catalytic activity of human indoleamine 2,3-dioxygenase 

(HIDO1) at low oxygen. Arch. Biochem. Biophys. 2015, 570, 47-57. 

15. Sono, M.; Cady, S. G. Enzyme kinetic and spectroscopic studies of inhibitor 

and effector interactions with indoleamine 2,3-dioxygenase 1. Norharman and 

4-phenylimidazole binding to the enzyme as inhibitors and heme ligands. 

Biochemistry 1989, 28, 5392-5399. 

16. a) Orabona, C.; Pallotta, M. T.; Grohmann, U. Different partners, opposite 

outcomes: a new perspective of the immunobiology of indoleamine 2,3-

dioxygenase. Mol. Med. 2012, 18, 834-842; b) Pallotta, M. T.; Orabona, C.; 

Volpi, C.; Vacca, C.; Belladonna, M. L.; Bianchi, R.; Servillo, G.; Brunacci, 

C.; Calvitti, M.; Bicciato, S.; Mazza, E. M. C.; Boon, L.; Grassi, F.; Fioretti, M. 

C.; Fallarino, F.; Puccetti, P.; Grohmann, U. Indoleamine 2,3-dioxygenase is a 

signaling protein in long-term tolerance by dendritic cells. Nat. Immunol. 2011, 

12, 870-878. 

17. Orabona, C.; Pallotta, M. T.; Volpi, C.; Fallarino, F.; Vacca, C.; Bianchi, R.; 

Belladonna, M. L.; Fioretti, M. C.; Grohmann, U.; Puccetti, P. SOCS3 drives 

proteasomal degradation of indoleamine 2,3-dioxygenase (IDO) and 

antagonizes IDO-dependent tolerogenesis. Proc. Natl. Acad. Sci. U. S. A. 2008, 

105, 20828-20833. 

18. Puccetti, P.; Grohmann, U. IDO and regulatory T cells: a role for reverse 

signalling and noncanonical NF-κB activation. Nat. Rev. Immunol. 2007, 7, 

817-823. 



134 

 

19. https://clinicaltrials.gov/ (accessed on Nov 9, 2020) 

20. Fallarini, S.; Massarotti, A.; Gesù, A.; Giovarruscio, S.; Coda Zabetta, G.; 

Bergo, R.; Giannelli, B.; Brunco, A.; Lombardi, G.; Sorba, G.; Pirali T. In 

silico-driven multicomponent synthesis of 4,5- and 1,5-disubstituted 

imidazoles as indoleamine 2,3-dioxygenase inhibitors. MedChemComm 2016, 

7, 409-419. 

21. Griglio, A.; Torre, E.; Serafini, M.; Bianchi, A.; Schmid, R.; Coda Zabetta, G.; 

Massarotti, A.; Sorba, G.; Pirali, T.; Fallarini, S. A multicomponent approach 

in the discovery of indoleamine 2,3-dioxygenase 1 inhibitors: synthesis, 

biological investigation and docking studies. Bioorg. Med. Chem. Lett. 2018, 

28, 651-657. 

22. Serafini, M.; Torre, E.; Aprile, S.; Massarotti, A.; Fallarini, S.; Pirali T. 

Synthesis, docking and biological evaluation of a novel class of 

imidazothiazoles as IDO1 inhibitors. Molecules 2019, 24, pii: E1874.  

23. Serafini, M.; Torre, E.; Aprile, S.; Del Grosso, E.; Gesù, A.; Griglio, A.; 

Colombo, G.; Travelli, C.; Paiella, S.; Adamo, A.; Orecchini, E.; Coletti, A.; 

Pallotta, M. T.; Ugel, S.; Massarotti, A.; Pirali, T.; Fallarini, S. Discovery of 

highly potent benzimidazole derivatives as indoleamine 2, 3-dioxygenase-1 

(IDO1) inhibitors: from structure-based virtual screening to in vivo 

pharmacodynamic activity. J. Med. Chem. 2020, 63, 3047-3065. 

24. Pirali, T.; Serafini, M.; Cargnin, S.; Genazzani, A. Applications of deuterium 

in medicinal chemistry. J. Med. Chem. 2019, 62, 5276-5297. 

 



 

 

 

 

 

 

 

 

 

 

 

Chapter 6 

Synthesis, docking and biological 

evaluation of a novel class of 

imidazothiazoles as IDO1 inhibitors 

  



 

 

  



137 

 

Synthesis, Docking and Biological Evaluation of 

a Novel Class of Imidazothiazoles as IDO1 

Inhibitors 
Marta Serafini †, Enza Torre †, Silvio Aprile, Alberto Massarotti, Silvia Fallarini  

and Tracey Pirali * 

Department of Pharmaceutical Sciences; Università del Piemonte Orientale, Largo Donegani 2, 

28100, Novara, Italy; marta.serafini@uniupo.it (M.S.) 

* Correspondence: tracey.pirali@uniupo.it; Tel.: +39-0321-375-852 (T.P.) 
† These authors contributed equally to this work. 

Received: date; Accepted: date; Published: date 

Abstract: IDO1, a key dioxygenase in tryptophan-kynurenine metabolism, appeared in the 

last 10 years at the vanguard of druggable targets in cancer therapy due to its well-

established role both in immune escape and inflammatory neovascularization. Among the 

pool of IDO1 inhibitors that have entered clinical trials, none have reached approval. The 

identification of novel inhibitors endowed with better clinical profile, together with the 

further comprehension of the interactions with residues in IDO1 active site, are still a need. 

In this context, we have synthesized a novel class of imidazothiazole derivatives as IDO1 

inhibitors and identified three compounds with inhibitory potency in the low micromolar 

range. This report strengthens the role played by pocket C in the active site of IDO1, 

providing novel directions in the design of IDO1 inhibitors.  

Keywords: indoleamine 2,3-dioxygenase 1; click chemistry; imidazothiazoles; docking 

 

1. Introduction 

The tryptophan to kynurenine catabolism and the dioxygenases that catalyse the first 

and rate-limiting step along the kynurenine pathway play a crucial role in the pathological 

immune escape [1-3]. Depletion of tryptophan and the consequent increase in kynurenines 

in the tumour microenvironment have been shown to enhance inflammation and lead to an 

immune-permissive milieu [4] as well as to promote neo-angiogenesis [5]. Among the three 

different isoforms of dioxygenases, IDO1, IDO2 and TDO, the former has appeared at 

centre-stage in the cancer field with hundreds of IDO1 inhibitors discovered in the past [6].  

In the last decades checkpoint inhibitors (i.e. anti PD-1/PD-L1) have revolutionized the 

scenario of cancer immunotherapy [7]. Nevertheless, it is becoming apparent that molecules 

able to boost the effects of cancer immunotherapy can potentially provide superior response 

rates, considering that  a significant proportion of patients do not respond to these drugs. 

Great hopes have been placed on IDO1 inhibitors with five different molecules (indoximod, 

navoximod, epacadostat, BMS-986205, PF-06840003) that have entered clinical trials. 

Currently, navoximod and PF-06840003 are in Phase I trials, while indoximod, BMS-986205 
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and epacadostat have reached Phase III trials for the treatment of different types of cancers 

(e.g. melanoma, solid tumors, malignant glioma) [6].  

In 2018 the report at the ASCO Annual Meeting that epacadostat failed to show a 

clinical benefit in combination to pembrolizumab in unresectable or metastatic melanoma 

suggested to reconsider if some elements have been neglected in IDO1 landscape [8]. 

From a clinical point of view, the best combination regimen, the most responsive 

patients and the biomarkers that allow to identify them, and the most responsive tumor 

settings still need to be identified [9]. Additional efforts in the IDO1 field are required even 

from a medicinal chemistry point of view. A major challenge is the discovery of IDO1 

inhibitors with optimal profiles for clinical development, especially in relation to 

achievement of bioavailability, maintenance of inhibition levels in vivo, crossing of the BBB 

to target brain metastases, and in-depth functional characterization. Moreover, the 

correlation between inhibition kinetics and in vivo antitumor activity is still not clear and the 

data that will arise during clinical trials will help to clarify if it is more effective a 

competitive, a non-competitive or an irreversible inhibitor. Finally, a better comprehension 

of the possible interactions with the residues in the IDO1 active site is needed in order to 

guide the rational design of other novel and potent IDO1 inhibitors.  

2. Results 

2.1. Chemistry 

In 2014, imidazothiazole compounds were reported by Tojo et al. as potent IDO1 

inhibitors, with the reference compound 1 (Figure 1) displaying an IC50 value of 1.9 µM 

(rhIDO1) [10]. Taking advantage of our extensive experience both in multicomponent 

reactions [11,12] and click chemistry approach [13], as well as their exploitation in drug 

discovery [14-17], we decided to synthesize in parallel two series of imidazothiazole 

analogues.  

The first series, published in 2018 [18], was obtained using Passerini three-component 

and Ugi four-component reactions. The most potent compounds are represented by 2 and 3 

(Figure 1) with IC50 values of 0.20 µM and 0.80 µM, respectively. Docking studies have 

suggested the ability of the imidazole nitrogen to coordinate the iron moiety in the heme 

group (Figure 2). Furthermore, the long chain protrudes in a region, named pocket C, which 

has never been considered by previous IDO inhibitors and a crucial hydrogen bond with 

Lys238 favours the inhibitory activity.  

http://abstracts.asco.org/214/CatView_214_B.html
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Figure 1. Structure of imidazothiazole compounds 1, 2,3, 11f and 12g. 

 

Figure 2. Docking poses of compounds 2 (A) and 3 (B). Structures are depicted as pink and 

orange sticks, respectively, while heme is depicted as cyan sticks. Red surface: pocket A; 

green surface: pocket B; blue surface: pocket C. 

In the meanwhile, we wondered whether the benzylamide, displayed by compounds 2 

and 3, could be isosterically replaced by a 1,4-disubstitued 1,2,3-triazole ring. It must be 

acknowledged that the triazole moiety has been previously described by Röhrig et al. [19] in 

IDO1 inhibitors and, more recently, in inhibitors selective for IDO2 [20]. In 2018 other 

triazole-displaying IDO1 inhibitors were reported [21]. In all the described examples, the 

nitrogen of the triazole ring makes a bond with the iron of the heme group. 

With the aim to further probe interactions of the side chain of imidazothiazoles with 

the active site of IDO1 enzyme, and especially with pocket C, we synthesized two classes of 

imidazothiazoles, the first one starting from azide 8 and the second from azide 10 (Scheme 

1).  
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Scheme 1. Reagents and conditions: (a) DMF-DMA, DMF, 80 °C, 99%; (b) ethyl 

bromoacetate, 80 °C, 76%; (c) DBU, DMF, 60 °C, 99%; (d) LiAlH4, dry THF, 0 °C, 81%; (e) 

DPPA, DBU, DMF, 60 °C, 67%; (f) PPh3, H2O, THF, 45 °C, 96%; (g) 2-azidoacetic acid, EDCI, 

DMAP, TEA, CH2Cl2, 66%; (h) sodium ascorbate, CuSO4•5H2O, t-BuOH, H2O, rt, , 41-87%. 

Both the imidazothiazole azides can be easily obtained by exploiting a common 

synthetic route starting from 4-(4-bromophenyl)thiazol-2-amine 4 that reacts with DMF-

DMA and with ethyl bromoacetate to afford intermediate 5. 5 undergoes an intramolecular 

cyclization and a reduction to yield compound 7 that reacts in the presence of DPPA to form 

the required azide 8. The latter is reduced via a Staudinger reaction and then compound 9 is 

coupled with 2-azidoacetic acid to form azide 10 (Scheme 1).  

With the aim to maximize the interaction of the products in IDO1 active site, the 

synthetic effort was in silico-guided. To this end, alkynes purchasable and/or previously 

synthesized in our lab were virtually combined with azides 8 and 10 to generate a small 

library of 88 candidates that were screened in the IDO1 active site. The compounds were 

then ranked according to their binding energies in the IDO1 protein and the virtual 

candidates displaying the highest score per each of the two classes were inspected. Finally, 

the corresponding alkyne was selected for being coupled with both the azides 8 and 10, for 

reasons of systematicity and completeness. 

Following this approach, 11 alkynes were chosen, and 22 compounds were prepared 

exploiting the click chemistry reaction under classical conditions, eleven from azide 8 (11a-

k) and eleven from azide 10 (12a-k).  Products precipitated from the reaction mixture and, 

after filtration, were purified by column chromatography. 
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2.2. Biological Evaluation  

All the 22 synthesized compounds were then biologically evaluated (Table 1).  

Table 1. Structure and biological profile of imidazothiazoles. 

 

 
 

 Cpd, Yield (%) 

Enzymatic assay 

inhibition (%)  

at 1 µM a 

Cpd, Yield (%) 

Enzymatic assay 

inhibition (%)  

at 1 µM a 

 
a 11a, 77% 30 ± 6.7 12a, 81% 63 ± 4.3 

 
b 11b, 51% 35 ± 2.7 12b, 77% 61 ± 5.5 

 
c 11c, 87% 57 ± 13 12c, 46%  5 ± 1.2 

 
d 11d, 43% 17 ± 1.2 12d, 83% 56 ± 4.7 

 
e 11e, 83% 28 ± 1.5 12e, 76% 50 ± 4.5 

 
f 11f, 76% 74 ± 5.8 12f, 68%  55 ± 7.2 

 
g 11g, 44% 61 ± 7.1 12g, 46% 70 ± 9.2 

 
h 11h, 68% 35 ± 2.4 12h, 26% 63 ± 4.1 

 
i 11i, 45% 0  12i, 82% 45 ± 2.8 

 
j 11j, 41% 81 ± 7.9 12j, 42% 33 ± 4.5 

 k 11k, 48% 62 ± 5.6 12k, 55% 50 ± 11 

a: the values are the mean ± SE of two independent experiments. . 

The compounds were tested for their ability to inhibit human IDO1 in an enzyme-based 

assay using a purified recombinant human IDO1 (rhIDO1) enzyme (Table 1). Each 

compound (1 µM) was added to the reaction buffer and the rhIDO1 conversion of L-Trp to 
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L-KYN was determined spectrophotometrically using p-dimethylaminobenzaldehyde. As 

reference, imidazothiazole compound 1-((3-(4-bromophenyl)-3aH-thieno[2,3-b]pyrrol-4-

yl)methyl)-3-(4-cyanophenyl)urea [10], displaying an IC50 value of 0.08 µM, was chosen.  

In series 11a-k, among the aromatic substituents on the triazole ring only 

cyanomethylphenyl ring confers significant inhibitory activity at 1 µM (11f, 74%), while 

within the aliphatic substructures both the propanoyl and the 5-cyanopentanoyl lead to 

good inhibition (11j and 11k, 81 and 62%, respectively). In series 12a-k the best activity is 

given by the cyclopropyl substituent (12g, 70%), while benzyl and 1-hydroxycyclohexanyl 

(12a and 12h) are able to give a 63% of inhibition. 

IC50 values were determined for compounds that displayed an inhibition above 70% 

(11f, 11j and 12g). Compound 11f has an IC50 value of 0.5 ± 0.04 µM, 11j displays IC50 value 

of 1.1 ± 0.07 µM and compound 12g of 0.2 ± 0.01 µM. 

2.3. Molecular Docking Study  

Molecular modelling was exploited to understand the potential pose of 

imidazothiazoles in the IDO1 binding site. Docking studies were carried out using the 

software OMEGA2 [22-24] and FRED [25,26], showing that the most potent imidazothiazoles 

(11f and 12g) lay with a partially different orientation than compound 2-3 (Figure 2). The p-

bromophenyl ring of both 11f and 12g is accommodated in the hydrophobic pocket A 

(Tyr126, Cys129, Val130, Phe163 and Phe164), as for compounds 2 and 3, while the 

imidazothiazole core is able to form a nitrogen–iron bond with the heme group. The triazole 

group extends in proximity to pocket B (Phe226 and Arg231) while the side chain derived 

by alkyne reagent protrudes in the direction of pocket C (Leu234, Ser235, Gly236, Lys238, 

Ala260, Gly261 and Gly262), without fully occupying this external part of the IDO binding 

site as shown by 2 and 3. All the other compounds display similar binding modes 

(Supporting information Table S1): the interactions in pocket A and B are conserved among 

all the evaluated structures, while binding to pocket C is more compound-dependent.  

 

Figure 3. Structure and docking pose of the most potent imidazothiazoles 11f and 12g. 

Structures of docking poses are depicted as gold sticks, while heme is depicted as cyan 
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sticks. Amino acids of pocket A, B and C are depicted as red, green and blue lines shape, 

respectively. 

3. Materials and Methods  

3.1. Chemistry   

3.1.1. General Chemistry   

Commercially available reagents and solvents were purchased from Sigma-Aldrich 

and Alfa Aesar and used without further purification. Column chromatography was 

performed on silica gel Merck Kieselgel 70-230 mesh ASTM. Thin layer chromatography 

(TLC) was carried out on 5 cm × 20 cm plates with a layer thickness of 0.25 mm (Merck silica 

gel 60 F254). When necessary, TLC plates were visualized with aqueous KMnO4 or with 

aqueous Pancaldi solution. Melting points were determined in open glass capillary with a 

Stuart scientific SMP3 apparatus. All the target compounds were checked by IR (FT-IR 

Thermo-Nicolet Avatar), 1H- and 13C-NMR (Jeol ECP 300 MHz), and mass spectrometry 

(Thermo Finningan LCQ-deca XP-plus) equipped with an ESI source and an ion trap 

detector. Chemical shifts are reported in parts per million (ppm). The purity of compounds 

was determined by high performance liquid chromatography (HPLC). Purity of final 

compounds was 95% or higher.  

3.1.2. Synthesis of 2-azido-N-((3-(4-bromophenyl)imidazo[2,1-b]thiazol-5-

yl)methyl)acetamide, (10).  

The amine 9 (700 mg, 2.27 mmol, 1 eq) was dissolved in dry CH2Cl2  (12 mL) under 

nitrogen atmosphere. 2-Azidoacetic acid (229 mg, 2.27 mmol, 1 eq), EDCI (352 mg, 2.27 

mmol, 1 eq), DMAP (28 mg, 0.23 mmol, 0.1 eq) and TEA (316 μL, 2.27 mmol, 1 eq) were 

added in order. The resulting mixture was stirred overnight. When the reaction was 

finished, CH2Cl2 was added and the organic layer was washed with water (2x), dried over 

sodium sulfate and evaporated. The crude material was purified by column 

chromatography using EtOAc  and EtOAc/MeOH 95:5 as eluents, affording 2-azido-N-((3-

(4-bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)acetamide 10 as a white solid (66%). 1H 

NMR (300 MHz, CD3OD): δ 7.68 (d, J = 8.2 Hz, 2H), 7.49 (d, J = 8.2, 2H), 7.24 (s, 1H), 7.06 (s, 

1H), 4.23 (s, 2H), 3.59 (s, 2H). 

3.1.3. General procedure for the synthesis of compounds 11a-k and 12a-k  

To a suspension of azide (0.29 mmol, 1 eq) in water (570 µL) and t-BuOH (570 µL) 

alkyne (0.29 mmol, 1 eq) was added. Then, 30 µL of aqueous solution of sodium ascorbate 

1M and copper sulfate pentahydrate (0.0029 mmol, 0.01 eq) were added and the mixture 

was maintained under vigorous stirring overnight. The reaction was normally completed 

between 3 and 24 hours. Ice was added and the precipitate was filtered and rinsed with 

water and heptane. In some cases (11a, 11e, 11g, 12a, 12b, 12d, 12e, 12f, 12g, 12i, 12j, 12k) 

product precipitated and the precipitated solid was collected by filtration using a Buchner 

funnel and rinsed with ethyl acetate. In case that no precipitation was observed (11b, 11c, 
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11d, 11f, 11h, 11i, 11j, 11k, 12c, 12h) solvent was evaporated and the crude material was 

purified by column chromatography using the eluent indicated in the analytical data 

section. 

3.1.4 Characterization of compounds 11a-k and 12a-k 

5-((4-Benzyl-1H-1,2,3-triazol-1-yl)methyl)-3-(4-bromophenyl)imidazo[2,1-b]thiazole, (11a). 

Yellow solid. Yield: 77%. mp 106.5-107.5 °C. 1H NMR (300 MHz, DMSO-d6): δ 7.45 (d, J = 6.6 

Hz, 2H), 7.30-7.18 (m, 9H), 7.01 (s, 1H), 5.41 (s, 2H), 3.82 (s, 2H). IR (KBr): ṽ = 3113, 2931, 

1541, 1455, 1145, 1044, 1013, 844, 815 cm-1. MS (ESI) m/z 451 [M+H]+.  

3-(4-Bromophenyl)-5-((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)imidazo[2,1-b]thiazole, (11b). White 

solid. Yield: 51%. PE/EtOAc 2:8. mp 199-199.5 °C dec. 1H NMR (300 MHz, CD3OD): δ 7.67 

(d, J = 6.9 Hz, 2H), 7.50 (s, 1H), 7.47 (d, J = 8.5 Hz, 2H), 7.39-7.34 (m, 4H), 7.22 (d, J = 8.5 Hz, 

2H), 6.99 (s, 1H), 5.51 (s, 2H). IR (KBr): ṽ = 3084, 2923, 2855, 1574, 1458, 1297, 1140, 1070, 755 

cm-1. MS (ESI) m/z 437 [M+H]+. 

3-(4-Bromophenyl)-5-((4-(4-methoxyphenyl)-1H-1,2,3-triazol-1-yl)methyl)imidazo[2,1-b]thiazole, 

(11c).   Yellow solid. Yield: 87%. PE/EtOAc 3:7. mp 118-119 °C dec. 1H NMR (300 MHz, 

DMSO-d6): δ 7.63-7.60 (m, 3H), 7.52 (d, J = 6.6 Hz, 2H), 7.39 (s, 1H), 7.32 (d, J = 7.1 Hz, 2H), 

7.14 (s, 1H), 6.97 (d, J = 7.1 Hz, 2H), 5.61 (s, 2H), 3.78 (s, 3H). IR (KBr): ṽ = 3018, 2928, 1563, 

1459, 1251, 1027, 833, 794 cm-1. MS (ESI) m/z 467 [M+H]+. 

4-(1-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-1H-1,2,3-triazol-4-yl)aniline, (11d).  

Yellow solid. Yield: 43%. EtOAc. mp 117-118 °C dec. 1H NMR (300 MHz, DMSO-d6): δ 7.55 

(s, 1H), 7.43-7.35 (m, 7H), 7.17 (s, 1H), 6.60 (d, J = 5.5 Hz, 2H), 5.46 (s, 2H), 5.14 (br s, 2H). IR 

(KBr): ṽ = 3329, 3103, 2925, 1729, 1500, 1457, 1294, 836, 763 cm-1. MS (ESI) m/z 452 [M+H]+. 

4-(1-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-1H-1,2,3-triazol-4-yl)benzonitrile, 

(11e). Yellow solid. Yield: 83%. mp 190-191 °C dec. 1H NMR (300 MHz, DMSO-d6): δ 8.00 (s, 

1H), 7.90-7.88 (m, 5H), 7.47 (d, J = 7.7 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 7.18 (s, 1H), 5.60 (s, 

2H). IR (KBr): ṽ = 3076, 2219, 1928, 1612, 1445, 1147, 844, 803, 555 cm-1. MS (ESI) m/z 462 

[M+H]+.  

2-(4-(1-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-1H-1,2,3-triazol-4-

yl)phenyl)acetonitrile, (11f). Yellow solid. Yield: 76%. PE/EtOAc 1:9. mp 121.5-122.5 °C. 1H 

NMR (300 MHz, DMSO-d6): δ 7.75-7.71 (m, 4H), 7.51 (d, J = 7.3 Hz, 2H), 7.40-7.30 (m, 4H), 

7.19 (s, 1H), 5.58 (s, 2H), 4.06 (s, 2H). 13C NMR (75 MHz, DMSO-d6): δ 146.1, 132.1 (3C), 131.7 

(2C), 131.2, 130.5, 129.1 (2C), 126.3 (2C), 123.8, 121.2, 119.7, 112.3, 41.2, 22.8. IR (KBr): ṽ = 3100, 

2963, 2105, 1487, 1456, 1149, 840, 810, 752 cm-1. MS (ESI) m/z 476 [M+H]+. 

3-(4-Bromophenyl)-5-((4-cyclopropyl-1H-1,2,3-triazol-1-yl)methyl)imidazo[2,1-b]thiazole, (11g).  

Yellow solid. Yield: 44%. mp 145.5-146.5 °C. 1H NMR (300 MHz, DMSO-d6): δ 7.57 (d, J = 8.2 

Hz, 2H), 7.38 (s, 1H), 7.33 (d, J = 8.2 Hz, 2H), 7.18 (s, 1H), 6.97 (s, 1H), 5.38 (s, 2H), 1.76 (quint, 

J = 6.6 Hz, 1H), 0.82 (d, J = 6.6 Hz, 2H), 0.55 (d, J = 4.6 Hz, 2H). IR (KBr): ṽ = 3012, 2922, 2856, 

1733, 1457, 1142, 1041, 1013, 929, 814 cm-1. MS (ESI) m/z 401 [M+H]+. 
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1-(1-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-1H-1,2,3-triazol-4-yl)cyclohexanol, 

(11h). Yellow solid. Yield: 68%. PE/EtOAc 2:8. mp 163.5-164.5 °C dec. 1H NMR (300 MHz, 

DMSO-d6): δ 7.58 (d, J = 7.9 Hz, 2H), 7.43 (s, 1H), 7.35 (d, J = 7.9 Hz, 2H), 7.21 (s, 1H), 7.08 (s, 

1H), 5.42 (s, 2H), 4.61 (br s, 1H), 1.75-1.61 (m, 6H), 1.38-1.29 (m, 4H). IR (KBr): ṽ = 3276, 2927, 

1573, 1458, 1254, 979, 846, 744 cm-1. MS (ESI) m/z 459 [M+H]+. 

3-(1-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-1H-1,2,3-triazol-4-yl)propan-1-ol, 

(11i).  Yellow oil. Yield: 45%. EtOAc/MeOH 8:2. 1H NMR (300 MHz, DMSO-d6): δ 1H NMR 

(300 MHz, DMSO-d6): δ 7.55-7.40 (m, 4H), 7.18 (d, J = 8.2 Hz, 2H), 6.88 (s, 1H), 5.40 (s, 2H), 

5.12 (br s, 1H), 4.42 (t, J = 7.4 Hz, 2H), 2.53-2.51 (m, 2H), 1.64 (t, J = 7.4 Hz, 2H). IR (neat): ṽ = 

3306, 2924, 2854, 1663, 1456, 1088, 922, 888, 701, 603 cm-1. MS (ESI) m/z 419 [M+H]+. 

3-(1-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-1H-1,2,3-triazol-4-yl)propanoic acid, 

(11j). Dark yellow solid. Yield: 41%. EtOAc:MeOH 9:1. mp 148-148.5 °C dec. 1H NMR (300 

MHz, DMSO-d6): δ 7.42-7.37 (m, 4H), 7.17 (d, J = 8.9 Hz, 2H), 7.08 (s, 1H), 5.40 (s, 2H), 2.71 (t, 

J = 6.7 Hz, 2H), 2.45 (t, J = 6.7 Hz, 2H). IR (KBr): ṽ = 3180, 2923, 2853, 1715, 1457, 1307, 819, 

766 cm-1. MS (ESI) m/z 433 [M+H]+.   

5-(1-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-1H-1,2,3-triazol-4-yl)pentanenitrile, 

(11k). Amorphous yellow solid. Yield: 48%. EtOAc. 1H NMR (300 MHz, DMSO-d6): δ 7.57 (s, 

1H), 7.41-7.32 (m, 3H), 7.17 (d, J = 8.8 Hz, 2H), 7.07 (s, 1H), 5.42 (s, 2H), 2.60-2.58 (m, 2H), 

1.64-1.56 (m, 6H). IR (neat): ṽ = 2932, 2258, 1573, 1454, 1144, 1045, 812, 734 cm-1. MS (ESI) m/z 

442 [M+H]+. 

2-(4-Benzyl-1H-1,2,3-triazol-1-yl)-N-((3-(4-bromophenyl)imidazo[2,1-b]thiazol-5-

yl)methyl)acetamide, (12a). White solid. Yield: 81%. mp 177-177.5 °C. 1H NMR (300 MHz, 

DMSO-d6): δ 8.34 (br s, 1H), 7.66-7.64 (m, 3H), 7.53 (d, J = 7.1 Hz, 2H), 7.30-7.21 (m, 6H), 4.81 

(s, 2H), 4.08 (s, 2H), 4.00 (s, 2H). IR (KBr): ṽ = 3027, 2904, 2858, 1676, 1458, 1218, 1143, 1074, 

1016, 815, 715 cm-1. MS (ESI) m/z 508 [M+H]+.  

N-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-2-(4-phenyl-1H-1,2,3-triazol-1-

yl)acetamide, (12b). Yellow solid. Yield: 77%. mp 251.5-252.5 °C dec. 1H NMR (300 MHz, 

DMSO-d6): δ 8.44 (s, 1H), 8.37 (s, 1H), 7.85 (d, J = 8.2 Hz, 2H), 7.65 (d, J = 7.4 Hz, 2H), 7.56 (d, 

J = 8.2 Hz, 2H), 7.46 (t, J = 7.4 Hz, 2H), 7.36 (t, J = 7.4 Hz, 1H), 7.22 (s, 1H), 4.93 (s, 2H), 4.09 (s, 

2H). IR (KBr): ṽ = 3283, 3063, 2931, 2785, 1652, 1548, 1454, 1149, 1072, 762, 690 cm-1. MS (ESI) 

m/z 494 [M+H]+.   

N-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-2-(4-(4-methoxyphenyl)-1H-1,2,3-

triazol-1-yl)acetamide, (12c). White solid. Yield: 46%. PE/EtOAc 2:8. mp 183-184 °C. 1H NMR 

(300 MHz, DMSO-d6): δ 8.38 (s, 1H), 8.25 (s, 1H), 7.78 (d, J = 8.2 Hz, 2H), 7.68 (d, J = 7.9 Hz, 

2H), 7.56 (d, J = 7.9 Hz, 2H), 7.22 (s, 1H), 7.02 (d, J = 8.2 Hz, 2H), 4.92 (s, 2H), 4.08 (s, 2H), 3.80 

(s, 3H). IR (KBr): ṽ = 3182, 2924, 1684, 1560, 1454, 1261, 973, 833, 800 cm-1. MS (ESI) m/z 524 

[M+H]+. 

2-(4-(4-Aminophenyl)-1H-1,2,3-triazol-1-yl)-N-((3-(4-bromophenyl)imidazo[2,1-b]thiazol-5-

yl)methyl)acetamide, (12d). Grey solid. Yield: 83%. mp 217-218 °C dec. 1H NMR (300 MHz, 

DMSO-d6): δ 8.31 (s, 1H), 8.05 (s, 1H), 7.68 (d, J = 8.1 Hz, 2H), 7.53-7.50 (m, 4H), 7.16 (s, 1H), 



146 

 

6.64 (d, J = 7.4 Hz, 2H), 5.16 (br s, 1H), 4.87 (s, 2H), 4.35 (s, 2H). IR (KBr): ṽ = 3342, 3193, 2931, 

1682, 1560, 1502, 1456, 1013, 835, 814 cm-1. MS (ESI) m/z 509 [M+H]+. 

N-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-2-(4-(4-cyanophenyl)-1H-1,2,3-triazol-

1-yl)acetamide, (12e). Yellow solid. Yield: 76%. mp 267-267.5 °C dec. 1H NMR (300 MHz, 

DMSO-d6): δ 8.60 (s, 1H), 8.47 (s, 1H), 8.07 (d, J = 8.2 Hz, 2H), 7.93 (d, J = 7.9 Hz, 2H), 7.67 (d, 

J = 8.2 Hz, 2H), 7.56 (d, J = 7.7 Hz, 2H), 7.23 (s, 1H), 4.97 (s, 2H), 4.09 (s, 2H). IR (KBr): ṽ = 

3298, 3084, 3044, 2223, 1648, 1536, 1454, 1146, 846, 813 cm-1. MS (ESI) m/z 519 [M+H]+. 

N-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-2-(4-(4-(cyanomethyl)phenyl)-1H-1,2,3-

triazol-1-yl)acetamide, (12f). Yellow solid. Yield: 68%. mp 231-231.5 °C. 1H NMR (300 MHz, 

DMSO-d6): δ 8.44 (br s, 1H), 8.42-8.40 (m, 2H), 7.89 (d, J = 7.7 Hz, 2H), 7.68 (d, J = 7.1 Hz, 2H), 

7.55 (d, J = 7.1 Hz, 2H), 7.43 (d, J = 7.7 Hz, 2H), 7.22 (s, 1H), 4.93 (s, 2H), 4.15 (s, 2H), 4.07 (s, 

2H). IR (KBr): ṽ = 3063, 2936, 2244, 1659, 1548, 1455, 1229, 1071, 1013, 820, 794 cm-1. MS (ESI) 

m/z 533 [M+H]+. 

N-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-2-(4-cyclopropyl-1H-1,2,3-triazol-1-

yl)acetamide, (12g). White solid. Yield: 46%. mp 225-225.5 °C dec. 1H NMR (300 MHz, DMSO-

d6): δ 8.35 (s, 1H), 7.68-7.63 (m, 3H), 7.54 (d, J = 7.4 Hz, 2H), 7.21 (s, 1H), 4.78 (s, 2H), 4.03 (s, 

2H), 1.94 (quint, J = 7.1 Hz, 1H), 0.90 (q, J = 7.1 Hz, 2H), 0.72 (q, J = 7.3 Hz, 2H). 13C NMR (75 

MHz, DMSO-d6): δ 165.1, 146.7, 132.1 (2C), 131.9, 131.3, 129.5, 128.4, 125.7, 123.9, 123.3, 111.9, 

51.6, 42.6, 8.2, 7.1.  IR (KBr): ṽ = 3104, 2950, 2858, 1681, 1548, 1460, 1449, 1218, 1145, 1014, 818 

cm-1. MS (ESI) m/z 458 [M+H]+. 

N-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-2-(4-(1-hydroxycyclohexyl)-1H-1,2,3-

triazol-1-yl)acetamide, (12h). Yellow solid. Yield: 26%. EtOAc/MeOH 9:1. mp 165-166 °C. 1H 

NMR (300 MHz, DMSO-d6): δ 8.35 (s, 1H), 7.73-7.70 (m, 3H), 7.58 (d, J = 7.9 Hz, 2H), 7.23 (s, 

1H), 4.85 (s, 2H), 4.06 (s, 2H), 2.00-1.92 (m, 4H),  1.73-1.64 (m, 4H), 1.46-1.42 (m, 2H). IR (KBr): 

ṽ = 3144, 3043, 2933, 1697, 1558, 1458, 1251, 1071, 846, 809 cm-1. MS (ESI) m/z 516 [M+H]+. 

N-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-2-(4-(3-hydroxypropyl)-1H-1,2,3-

triazol-1-yl)acetamide, (12i). White solid. Yield: 82%. mp 169-170 °C dec. 1H NMR (300 MHz, 

DMSO-d6): δ 8.30 (s, 1H), 7.68-7.66 (m, 3H), 7.54 (d, J = 7.8 Hz, 2H), 7.19 (s, 1H), 4.82 (s, 2H), 

4.43 (br s, 1H), 4.17 (s, 2H), 3.46 (t, J = 7.1 Hz, 2H), 2.67 (quint, J = 7.1 Hz, 2H), 1.76 (t, J = 7.1 

Hz, 2H). IR (KBr): ṽ = 3250, 3107, 2935, 1679, 1544, 1459, 1219, 1072, 816 cm-1. MS (ESI) m/z 

476 [M+H]+. 

3-(1-(2-(((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)amino)-2-oxoethyl)-1H-1,2,3-

triazol-4-yl)propanoic acid, (12j). White solid. Yield: 42%. mp 153-154 °C dec. 1H NMR (300 

MHz, DMSO-d6): δ 8.02 (s, 1H), 7.70-7.67 (m, 3H), 7.53 (d, J = 8.0 Hz, 2H), 7.19 (s, 1H), 4.81 (s, 

2H), 4.12 (s, 2H), 3.51 (t, J = 6.2 Hz, 2H), 2.64-2.58 (m, 2H). IR (KBr): ṽ = 3265, 3056, 1663, 1551, 

1457, 1144, 838, 813 cm-1. MS (ESI) m/z 490 [M+H]+. 

N-((3-(4-Bromophenyl)imidazo[2,1-b]thiazol-5-yl)methyl)-2-(4-(4-cyanobutyl)-1H-1,2,3-triazol-1-

yl)acetamide, (12k). White solid. Yield: 55%. mp 179.5-180.5 °C. 1H NMR (300 MHz, DMSO-

d6): δ 8.32 (s, 1H), 7.70-7.67 (m, 3H), 7.56 (d, J = 7.1 Hz, 2H), 7.22 (s, 1H), 4.85 (s, 2H), 4.09 (s, 
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2H), 2.69 (t, J = 6.1 Hz, 2H), 1.69-1.64 (m, 6H). IR (KBr): ṽ = 3280, 2929, 2244, 1680, 1655, 1547, 

1452, 1219, 1014, 817 cm-1. MS (ESI) m/z 499 [M+H]+. 

3.2. Biology 

rhIDO1 enzymatic assay. rhIDO1 activity was determined as follows. In brief, the 

standard reaction mixture (200 μL) contained 50 mM potassium phosphate buffer (KPB) (pH 

6.5), 20 mM ascorbic acid (neutralized with NaOH and HCl) (Sigma Aldrich), 100 μg/mL 

catalase (Sigma Aldrich), 10 μM methylene blue (Alfa Aesar, Heysham, Lancashire, United 

Kingdom), 100 µM L-tryptophan (Sigma Aldrich), 50 nM rhIDO1 (Origene, Bologna, Italy), 

and dimethyl sulfoxide (DMSO) solution of the compound (4 μL). The reaction was carried 

out at 37 °C for 60 min and stopped by the addition of 40 μL of 30% (w/v) CCl3COOH. After 

heating at 50 °C for 15 min, the reaction mixture was centrifuged at 1500 g for 10 min. The 

supernatant (150 μL) was transferred into a well of a 96-well microplate and mixed with 150 

μL of 2% (w/v) p-dimethylaminobenzaldehyde (Ehrlich’s reagent) in acetic acid. The yellow 

pigment derived from kynurenine was measured at 490 nm using an Ultramark Microplate 

Imaging System (Bio-Rad). IC50 values were calculated from concentration-response curves 

obtained in at least three different experiments run in triplicate. 

3.3. Docking Study 

Protein preparation. Crystal structure of human IDO1 in complex with compound 1 

(PDB ID: 4PK6) [10], resolved using X-ray diffraction method with a resolution of 3.45 Å, 

was retrieved from Protein Data Bank (www.rcsb.org). Despite other X-ray crystal 

structures have been reported with a better resolution value, the considered crystal structure 

has a different conformation of the aminoacids in the binding site (mostly in pocket B) that, 

as already reported, can better accommodate the parental compounds 2-3, since they were 

designed on structure 1, the co-crystalized compound in PDB 4PK6.  Retrieved structure has 

been further modified for docking calculations as follows: compound 1 was removed, polar 

hydrogens were added to the protein complex and the resulting polar hydrogens were 

optimized using the MolProbability server [27]. 

Compound preparation. Alkynes available in house (44 compounds) were considered 

and virtually combined with azides 8 and 10. The generated virtual library (88 compounds) 

was prepared according to our previously reported docking procedure [17], 3D 

conformations of compounds were generated with the program OMEGA2 [22-24]. 

Docking procedure. The FRED software was used in order to dock the compounds in 

the IDO1 binding site [25, 26]. The center of the binding pocket considered in the study was 

set in the geometrical center of the original co-crystalized compound (Cmp. 1), standard 

setting of FRED was used and the Chemgauss4 scores were considered to evaluate the 

docking poses.  The representation of protein structures and docking results were generated 

using PyMOL software [28]. 

4. Conclusions 

In conclusion, following a common synthetic route, two series of imidazothiazoles have 

been synthesized by a click chemistry approach. Three compounds show inhibitory activity 

http://www.rcsb.org/
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on IDO1 in the enzyme-based assay in the low micromolar range. Compound 12g displays 

a ten-fold higher inhibitory activity (IC50 = 0.2 μM) compared to the starting compound (IC50 

= 1.9 μM). Moreover, it is characterized by a peculiar binding mode that sees the side chain 

protruding into an additional pocket, named C and located in the most external part of the 

IDO binding site. Unfortunately, and similarly to what was observed in the case of 

imidazothiazoles reported by Tojo [10] and of compounds 2 and 3 discovered in our 

laboratory [18], these molecules are not able to significantly permeate the cell and to inhibit 

IDO1 in a cell-based assay (data not shown).  

Overall, the information acquired both in this study and in our previous work [18] 

provides new insights in the field of IDO1 inhibitors. Indeed, we have demonstrated that 

pocket C can be exploited in the design of next generations of IDO1 inhibitors. The 

integration of this information in a structure-based virtual screening performed in our 

laboratory has recently led to the identification of structurally novel IDO1 inhibitors with 

cellular potency in the low nanomolar level and improved clinical potential.  These 

further studies will be reported in due course.  

Supplementary Materials: The following are available online. Table S1: Structure and biological 

profile of compounds evaluated by molecular docking. 
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ABSTRACT   

In this study, a successful medicinal chemistry campaign that exploited virtual, 

biophysical and biological investigations led to the identification of a novel class of 

IDO1 inhibitors based on a benzimidazole substructure. This family of compounds 

is endowed with an extensive bonding network in the protein active site, including 

the interaction with pocket C, a region not commonly exploited by previously 

reported IDO1 inhibitors. The tight packing of selected compounds within the 

enzyme contributes to the strong binding interaction with IDO1, to the inhibitory 

potency at the low nanomolar level in several tumoral settings and to the selectivity 

towards IDO1 over TDO and CYPs. Notably, a significant reduction of L-Kyn levels 

in plasma, together with a potent effect on abrogating immunosuppressive properties 

of MDSC-like cells isolated from patients affected by pancreatic ductal 

adenocarcinoma, were observed, pointing to this class of molecules as a valuable 

template for boosting the antitumor immune system.    

Introduction  

Cancer immunotherapy is well-established as an effective clinical option for cancer 

treatment, alongside surgery, chemotherapy and radiation.1 Indeed, immune 

checkpoint inhibitors (targeting CTLA-4 or PD-1/PD-Ll pathways) have become 

first-line therapies in advanced non-small cell lung cancer and melanoma.2 
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Nevertheless, this approach has shown substantial benefit to only some of the 

patients, while the rest do not respond, and even the patients that have initially a 

benefit might fail to respond in later stages. Mechanisms underlying resistance to 

cancer immunotherapy are complex and still under debate, but most of them rely on 

the immunosuppressive tumor microenvironment.3 Therefore, the search for novel 

strategies able to boost the antitumor immune system and make cancer 

immunotherapy more versatile, durable and effective is an urgent need.4 In this 

context, among the different combinatorial approaches that reverse tumor 

immunosuppression, the inhibition of indoleamine 2,3-dioxygenase-1 (IDO1) has 

taken center stage.  

IDO1 is an intracellular enzyme catalyzing the first, rate-limiting step of tryptophan 

(L-Trp) catabolism resulting in the production of L-kynurenine (L-Kyn). IDO1 is 

expressed by primary and metastatic tumor cells, intra-tumoral endothelial cells, 

immune cells of peri-tumoral stroma and tumor-draining lymph nodes. This enzyme 

is a key mediator in the establishment of tumor immune escape through different 

mechanisms.5 In particular, L-Trp degradation and L-Kyn production induce: a) 

inhibition of mTOR16 and activation of GCN2,7 resulting in dysfunction and 

apoptosis of T effector cells; b) suppression of NK cell proliferation and functions;8 

c) differentiation and activation of regulatory T (Treg) cells,9 tolerogenic dendritic 

(DC)10 and myeloid-derived suppressor cells (MDSCs);11 d) tumor 

neovascularization.12 Moreover, IDO1 expression and/or activity have been 
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observed in several cancer types and are well correlated with poor prognosis and low 

survival of patients.13  

Recently, a better understanding of the molecular pathways linking L-Trp catabolism 

and tumor immune tolerance has provided novel potential targets. In particular, L-

Trp dioxygenase (TDO), initially thought to be expressed only in liver, can be found 

in some other tumor types (e.g. glioblastoma, breast cancer). Furthermore, 

preliminary in vitro studies revealed its involvement in tumor induce immune 

tolerance,14 tumor cell resistance to anoikis, and metastatic prowess.15 Besides TDO, 

IDO2, whose functions are currently under investigation, is overexpressed in tumor 

microenvironment, functionally enabling IDO1-dependent Treg and tolerogenic DC 

generation and contributing to B cell-mediated autoantibody production. This latter 

aspect is an important issue in the development of those types of cancer that rely 

upon B-cell to induce inflammation.16  

Among the three L-Trp metabolizing enzymes, most attention has been paid to IDO1 

and over the last decades thousands of compounds have been reported as IDO1 

selective inhibitors in cancer immunotherapy.17 Only few have reached clinical trials, 

and none of these has been approved so far, suggesting that the identification of 

potent and clinically useful IDO1 inhibitors is an open challenge.18 Epacadostat (1, 

INCB024360, Figure 1),19 indoximod (2, 1-methyl-D-tryptophan, Figure 1),20 

navoximod (3, NLG-919, Figure 1),21 EOS-200271 (4, PF-06840003, Figure 1)22 and 

BMS-986205 (5, Figure 1) have been/are currently being tested in human clinical 

trials.  
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Based on promising results in Phase 1/2 studies, epacadostat has proceeded to Phase 

3 trial (ECHO-301) in combination with pembroluzimab in metastatic melanoma.23 

Recent results coming from the pivotal Phase 3 of ECHO-301 have shown no 

indication that epacadostat provides an increased benefit compared to 

pembrolizumab alone, questioning the effectiveness of IDO1 inhibitors.24 This 

failure led to the interruption of other phase III trials and to reconsider whether some 

elements had been neglected in the landscape of IDO1 inhibitors.25 Among them, a 

nodal point lies in the identification of biomarkers to stratify patients that respond 

better to this therapy. In this regard, the detection of IDO1 expression and L-Kyn/L-

Trp levels in tumor and metastatic cells, as well as in peripheral blood mononuclear 

cells (PBMCs), would represent good prognostic and response markers.26  

On a different note, availability of novel IDO1 inhibitors with different profiles in 

terms of PD and PK properties may be necessary to restore hope to IDO1 inhibition 

and achieve clinical benefit. Prompted by the challenge of discovering novel and 

effective IDO1 inhibitors, we have performed a medicinal chemistry campaign that 

has started with a structure-based virtual screening approach and has led to the 

identification of potent benzimidazole derivatives.  
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Figure 1. Chemical structures of IDO inhibitors that have reached clinical 

development. 

 

Results  

Structure-based virtual screening 

Most IDO1 inhibitors are characterized by a binding mode that exploits the 

coordination with heme iron and the interaction with pocket A, a large lipophilic 

pocket localized above the sixth coordination site of the iron-heme, and pocket B, a 

lipophilic area located at the binding site entrance (for a representation of IDO1 

active site see Figure 2).18b In 2018 our research group published a class of 

imidazothiazoles featuring a peculiar binding mode in the IDO1 active site, with the 

side chain protruding into an additional pocket, named C, where a crucial hydrogen 

bond is formed with Lys238.27 We therefore integrated this novel information in a 

structure-based virtual screening. To this aim, all the bioactivity data of already 

known tested molecules were extracted and downloaded from scientific literature, 
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following an approach already reported in our previous paper,28 in order to validate 

the protocol. The database chosen for our screening purpose was ZINC15,29 which 

contains readily purchasable and drug-like compounds. OMEGA2 program was used 

to generate a maximum of 500 conformations for each molecule with a root mean 

square deviation (RMSD) of 0.8 Å between conformers. The processed database was 

docked into IDO1 active site (PDB structure 2D0T) with HYBRID30 using default 

parameters, the results were sorted using the predicted binding energy 

(Chemgauss4), and duplicates were removed. The top ranked 500 molecules were 

analyzed by visual inspection and by evaluating their pose in the active site of IDO1. 

Among them, the first 50 commercially available molecules were selected and 

purchased from eMolecules®.31 

Evaluation of cellular inhibitory activity and identification of compound 10  

All the purchased molecules were tested for their IDO1 inhibition activity in a cell-

based assay. The melanoma derived A375 cell line was used as cellular model, since 

it expresses high levels of IDO1 (RT-PCR) and L-Kyn (HPLC) when treated with 

recombinant human IFN-γ.27a For the first screening, A375 cells were 

untreated/treated with 10 µM of each compound for 48 h and L-Kyn levels were 

measured. A number of ten compounds out of 50 displayed an inhibitory activity 

>30% at the tested concentration and in all cases cell viability was >85%, confirming 

that the observed reduction in L-Kyn levels was not related to direct compound 

cytotoxicity. For the seven most active compounds, the IC50 value was determined 
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in the cell-based assay (see Supporting Information for the IC50 values) and ranged 

from 4.4 µM to 0.0016 µM. The seven identified compounds displayed no 

similarities in their structures and, among them, the most potent molecule was 10 

(Figure 2B), with an IC50 value of 16 nM. We therefore decided to focus our efforts 

on this hit, prompted by the fact that it was a novel chemotype (while other emerged 

compounds had already been reported in the literature), that it was far more potent 

than the other identified molecules (with at least a ten-fold lower IC50 compared to 

the other emerged compounds), and that no IDO1 inhibitor with similar structure had 

been previously described.  

To validate our discovery, the hit was synthesized in our laboratory according to 

Scheme 1. The synthetic protocol afforded the desired amine 9 in two steps: 

substitution between 1H-benzo[d]imidazole and 3-(bromomethyl)benzonitrile and 

subsequent reduction of the aromatic nitrile 8. Coupling between intermediate 9 and 

4-bromo-1H-pyrrole-2-carboxylic acid provided 10 in good yield, highlighting the 

high synthetic feasibility displayed by our hit. The compound was re-tested at the 

same conditions and its potency was in accordance with the compound purchased 

from eMolecules®.  
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Scheme 1. Re-synthesis of the hit compound 10. 

Reagents and conditions: (a) KOH, acetone, 60 °C, 4 h, 99%. (b) LiAlH4, dry THF, 

65 °C - rt, 18 h, 70%. (c) TEA, HOBt, EDCI, 4-bromo-1H-pyrrole-2-carboxylic acid, 

dry CH2Cl2, rt, 18 h, 50%. 

 

Ligand binding experiments 

In order to confirm target engagement of IDO1 by compound 10, binding 

experiments were carried out using MicroScale Thermophoresis (MST) assays on 

recombinant human IDO1.32 Epacadostat (1) was used as positive control in this 

assay. As a result, a low dissociation constant was found for 10 (Kd = 0.55 ± 0.36 

µM; see Supporting Information), whereas a higher dissociation constant was 

determined for epacadostat (1, Kd = 3.46 ± 0.86 M, see Supporting Information). 

The Kd value of compound 10 suggests that it does bind to IDO1, and therefore 

proves a direct target engagement, accounting for the potent reduction of L-Kyn 

production in melanoma derived A375 cell line.     
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Docking pose and SAR study of compound 10 

The docking pose of 10 (Figure 2) reveals a peculiar putative binding mode: the 

benzimidazole group is accommodated in pocket A (Tyr126, Cys129, Val130, 

Phe163 and Phe164) and its nitrogen coordinates the iron of the heme group. In 

contrast with other reported inhibitors, pocket B (Phe226, Arg231 and Ser235) is not 

fully exploited since the phenyl ring is located in the proximity of this pocket. Here, 

the carbonyl group establishes a hydrogen bond with Ser235. Two additional 

hydrogen bonds are formed between the carboxylic moiety of the heme group and 

both the amide and the pyrrole NH moieties. The long side-chain protrudes from the 

solvent-exposed region of the active site towards pocket C, with the bromine that 

forms a putative halogen bond with the close carbonyl group of Lys238.33 
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Figure 2. Structure and docking pose of the identified hit compound 10. (A) Location 

of the binding region on IDO1 crystal structure (PDB id: 2D0T); (B) Schematic 

representation of predicted interactions of compound 10 within IDO1 binding 

pockets; (C) Docking pose of hit compound 10. Aminoacids of pocket A, pocket B 

and pocket C are depicted in red, green and blue respectively. Heme group and 

compound 10 are depicted as cyan and pink sticks. 

 

Starting from the scaffold of compound 10 and its putative binding mode, a SAR 

study was undertaken, with the aim of validating the predicted interactions by 

chemical modification of 10 and biological evaluation of the obtained analogues. 

The synthesized analogues were tested as IDO1 inhibitors in a cellular-based assay. 

The A375 cells unstimulated/stimulated with recombinant human IFN-γ were 

untreated/treated with 1 µM of each compound for 48 h and L-Kyn levels were 

measured by HPLC.27a For compounds showing an inhibitory activity >80% and cell 

viability >80% the concentration/response curves were determined and IC50 values 

calculated (Table 1). 

First of all, in order to investigate the role of the nitrogen of the benzimidazole in the 

coordination with the iron of the heme group, compound 14 was synthesized. 

Substitution between 1H-indole and 3-(bromomethyl)benzonitrile and subsequent 

reduction of the nitrile group afforded the intermediate 13, that, after coupling with 

4-bromo-1H-pyrrole-2-carboxylic acid, yielded compound 14 (Scheme 2). As 

expected, the nhibitory activity was completely abolished (0% of inhibition, Table 
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1), confirming that the presence of the benzimidazole ring is crucial for the 

coordination with the heme group in the active site.  

 

 

Scheme 2. Synthesis of compound 14. 

Reagents and conditions: (a) KOH, acetone, 60 °C, 4 h, 71%. (b) LiAlH4, dry THF, 

65 °C - rt, 18 h, 46%. (c) TEA, HOBt, EDCI, 4-bromo-1H-pyrrole-2-carboxylic acid, 

dry CH2Cl2, rt, 18 h, 54%. 

 

Next, the role of the key hydrogen bond between the amide and the carboxylic moiety 

of the heme group was confirmed by the synthesis and evaluation of compound 17, 

where the -NH- of the secondary amide is substituted with the -O- of the ester. 17 

was prepared according to Scheme 3, starting from 1H-benzo[d]imidazole and (3-

(bromomethyl)phenyl)methanol to afford intermediate 16 that underwent 

esterification with 4-bromo-1H-pyrrole-2-carboxylic acid to provide the desired 

compound. 17 is devoid of inhibitory activity at 1 µM, substantiating that the -NH- 
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of the secondary amide is involved in the formation of a pivotal hydrogen bond 

within the IDO1 active site.  

 

 

Scheme 3. Synthesis of compound 17. 

Reagents and conditions: (a) KOH, acetone, 60 °C, 2 h, 34%. (b) TEA, DMAP, 

EDCI, 4-bromo-1H-pyrrole-2-carboxylic acid, dry CH2Cl2, rt, 18 h, 40%. 

 

Furthermore, the importance of the halogen bond between the bromine at 3 position 

on the pyrrole ring and the close carbonyl group of Lys238 was investigated by the 

synthesis of compound 18 that was obtained by coupling the amine 9 with the 

appropriate carboxylic acid, according to Scheme 4. As suggested by the docking 

pose, the presence of the bromine contributes to the binding as its removal leads to a 

decrease in activity (18, 72% of inhibition). 
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Scheme 4. Synthesis of compounds 18-39. 

Reagents and conditions: (a) TEA, HOBt, EDCI, dry CH2Cl2, rt, 18 h, 13-86%. 

 

Finally, compounds 19 and 20, displaying a furan and a thiophene ring, respectively, 

were prepared as described in Scheme 4 and evaluated with the aim of confirming 

the role of the -NH- of the pyrrole ring of 10 in estabilishing the hydrogen bond with 

the carboxylic moiety of the heme group. As expected, a decrease in the inhibitory 

activity occurs in both cases (19 and 20, 25% and 62% of inhibition, respectively).  

Besides the above SAR study, in order to investigate the role of the 4-bromopirrole 

moiety placed in pocket C and further improve the potency of compound 10, a series 

of analogues was in silico-designed and synthesized (21-39, 43, 46, 47). To this aim, 

about 44,000 purchasable carboxylic acids have been virtually combined with 

compound 9, and the resulted library of candidates has been screened in the IDO1 

active site, using the same virtual screening procedure described before. Compounds 

have been ranked according to their binding energies in the protein, as well as their 
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drug-like profiles. The virtual candidates that displayed the highest score have been 

selected for synthesis.  

By coupling amine 9 with different carboxylic acids (Scheme 4), 19 benzimidazoles 

have been obtained in good to excellent yields (22-24, 26-39, 43), with only two 

exceptions (21, 25) showing poor yield (Table 1). For the synthesis of compound 43 

protection and deprotection of the additional amine group were necessary, according 

to Scheme 5. 

 

Scheme 5. Synthesis of compound 43.  

Reagents and conditions: (a) 2 M aq. NaOH, Boc2O, THF, 16 h, 86%. (b) Compound 

9, TEA, HOBt, EDCI, dry CH2Cl2, rt, 18 h, 57%. (c) CF3COOH, dry CH2Cl2, 0 °C, 

30 min, 71%.  

 

Benzofuran 21 shows an IC50 value of 413 nM, while benzothiophene (22) provides 

a lower inhibitory activity (77% of inhibition). If pyrrole is fused with both a non-

substituted (23) or a substituted (24, 25) phenyl ring, the activity is retained (IC50 = 

72, 636, 781 nM, respectively), while when a 5-methoxy-1H-indole substituent is 

present (26) a significant cytotoxicity is observed (55% of viability at 1 µM). Finally, 
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the benzimidazole 27 is well tolerated (IC50 = 407 nM), while a benzodioxolane ring 

is not (28, 5% of inhibition).  

The SAR study reveals that for the analogues displaying a phenyl ring at the R1 

position (29-38), when unsubstituted, the inhibitory activity is lost (29, 32% of 

inhibition). Electron-donating (30) and electron-withdrawing groups such as 

trifluoromethyl (31), bromine (32), chlorine (33) and fluorine (34) at position 4' 

reduce potency compared to 10. On the other hand, compound 35 displaying a cyano 

group at position 4' retains a good potency (IC50 = 90 nM), while the activity is lower 

when other substituents are added on the -CN substituted phenyl ring (36, 37, 38).  

Compounds 46 and 47 have been synthesized by using Ugi multicomponent reaction 

(MCR) and exploiting ammonium chloride as a nitrogen source. The required 

isocyanide 45 has been synthesized starting from amine 9 that was formylated and 

dehydrated. Then, two MCRs have been set up using isocyanide 45, 

paraformaldehyde, ammonium chloride and acetic or benzoic acid, yielding 

compounds 46 and 47, respectively (Scheme 6). The yields of both reactions were 

very poor (30-32%), not surprisingly since it is well known that Ugi MCR does not 

work well when ammonia is employed as nitrogen source.34 The introduction of a 

polar moiety (39, 43) at R1 position or a peptidic substructure (46, 47) in the side 

chain are not tolerated, inducing a drop in activity. 
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Scheme 6. Synthesis of compounds 46 and 47.  

Reagents and conditions: (a) Ac2O, HCOOH, 3 h, 98%. (b) TEA, POCl3, dry CH2Cl2, 

0 °C, 2.5 h, 44%. (c) NH4Cl, CH2O, TEA, R2COOH, MeOH, H2O, 65 °C, 8 h, 30-

32%.  

 

Since pocket A is not completely occupied by compound 10 and other reported IDO1 

inhibitors display halogen atoms to increase the affinity with this buried pocket, a 

bromine atom was introduced at position 6 of the benzimidazole core with the aim 

of improving the affinity with pocket A. Compound 53 was synthesized following 

the synthetic route outlined in Scheme 7. The desired amine 52 was prepared via a 

three-step procedure: nucleophilic aromatic substitution, cyclization and reduction 

of the nitrile group (Scheme 7).  
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Scheme 7. Synthesis of compound 53.  

Reagents and conditions: (a) K2CO3, DMSO, 72 °C, 16 h, 13%. (b) formic acid, Fe, 

85 °C, 16 h, 69%. (c) LiAlH4, dry THF, rt, 16 h, 40%. (d) TEA, HOBt, EDCI, dry 

CH2Cl2, rt, 18 h, 39%. 

 

Compound 53 shows an IC50 value of 19 nM, but its chemical instability together 

with the lack of improvement in ADME properties compared to the hit compound 

(data not shown) have prompted us to discard the compound.  

Taking into consideration all these data, the main findings are represented in Figure 

3 and the compounds 10, 23 and 35 that display no significant cytotoxicity and IC50 

values of 16, 72 and 90 nM, respectively, have been selected for further evaluation.  
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Figure 3. Graphical representation of SAR study around compound 10.    
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Table 1. SAR study around compound 10. 

 

  

Cpd,  

Yield (%) 
X Y R1 R3 

Cell 

viability 

(%) @ 1 

µM ± SD  

IDO cellular 

assay 

inhibition 

(%) @ 1 µM 

IC50 

(nM) 

Cpd,  

Yield (%) 
X Y R1 R3 

Cell 

viability 

(%) @ 1 

µM ± SD  

IDO cellular 

assay 

inhibition 

(%) @ 1 µM 

IC50 

(nM) 

1 - - - - 97 ± 2.5 92 ± 3.6 7.7 29, 54% NH N 
 

H 98 ± 2 32 ± 15 - 

10, 50% NH N 

 
H 100 ± 0.5 96 ± 0.2 16 30, 69%  NH N 

 
H 94 ± 3 88 ± 2.1 327 

14, 54% NH H 

 
H 100 ± 0 0 ± 4 - 31, 82%  NH H  H 97 ± 3 81 ± 4.9 - 

17, 40% O N 

 
H 100 ± 0 0 ± 2 - 32, 77% NH N 

 
H 96 ± 4 98 ± 1.4 134 

18, 62% NH N 
 

H 94 ± 6 72 ± 2.1 - 33, 60% NH N 
 

H 96 ± 4 99 ± 0 477 

19, 65% NH N 
 

H 100 ± 0 25 ± 11.4 - 34, 78% NH N 
 

H 89 ± 7 88 ± 7.1 961 
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Cpd,  

Yield (%) 
X Y R1 R3 

Cell 

viability 

(%) @ 1 

µM ± SD  

IDO cellular 

assay 

inhibition 

(%) @ 1 µM 

IC50 

(nM) 

Cpd,  

Yield (%) 
X Y R1 R3 

Cell 

viability 

(%) @ 1 

µM ± SD  

IDO cellular 

assay 

inhibition 

(%) @ 1 µM 

IC50 

(nM) 

20, 78% NH N 
 

H 98 ± 1 62 ± 9.9 - 35, 77% NH N  H 100 ± 1 88 ± 6.9 90 

21, 37% NH N 
 

H 100 ± 0 91 ± 4 413 36, 51% NH N 

 
H 94 ± 1 44 ± 16.9 - 

22, 52% NH N 
 

H 88 ± 1 77 ± 1.2 - 37, 60% NH N 

 
H 99 ± 1 37 ± 0 - 

23, 54% NH N 

 
H 99 ± 4 94 ± 3.5 72 38, 48% NH N 

 

H 100 ± 0 32 ± 14.5 - 

24, 49% NH N 

 
H 99 ± 1 90 ± 7.5 636 39, 55% NH N 

 
H 100 ± 1 0 ± 0 - 

25, 13% NH N 

 
H 99 ± 1 71 ± 15.5  781 43, 71% NH N 

 
H 100 ± 0 0 ± 0 - 

26, 56% NH N 

 
H 55 ± 11 - - 46, 30% NH N 

 

H 100 ± 0 0 ± 0 - 

27, 86% NH N 

 

H 100 ± 0 83 ± 10.6 407 47, 32% NH N 

 

H 99 ± 0 13 ± 0.7 - 
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Cpd,  

Yield (%) 
X Y R1 R3 

Cell 

viability 

(%) @ 1 

µM ± SD  

IDO cellular 

assay 

inhibition 

(%) @ 1 µM 

IC50 

(nM) 

Cpd,  

Yield (%) 
X Y R1 R3 

Cell 

viability 

(%) @ 1 

µM ± SD  

IDO cellular 

assay 

inhibition 

(%) @ 1 µM 

IC50 

(nM) 

28, 84% NH N 
 

H 96 ± 3 5 ± 6.4 - 53, 39% NH N 

 

Br 99 ± 1 98 ± 1.7 19 nM 
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Profiling of compounds 10, 23 and 35  

IDO1 and TDO selectivity  

The three selected compounds were tested in a mastocytoma cell line stably 

expressing mouse IDO1 (P1.IDO1) or TDO (P1.TDO) in order to evaluate their 

selectivity. To this aim, cells P1.IDO1 and P1.TDO were treated with different 

dilutions of 10, 23 and 35 for 16 h and L-Kyn secretion in cell culture supernatants 

was detected by HPLC analysis. In these settings, the compounds behaved as 

selective inhibitors of IDO1 against TDO at 1 µM, yet when the concentration was 

increased up to 10 µM, an inhibition of TDO was observed to some extent. We 

measured the IC50 value of each compound in the two cell lines and we found that 

IC50 of compound 10 is 12.7 nM in P1.IDO1 and 5.46 µM in P1.TDO. Moreover, 

for 23 IC50 is 9.3 nM in P1.IDO1 and 13.2 µM in P1.TDO, whereas for 35 IC50 is 

111.7 nM and 32.3 µM, respectively, suggesting a high selectivity of the three 

compounds towards IDO1 over TDO . 

 

IDO1 inhibitory activity in a set of different tumoral cell lines  

Compared to epacadostat (1, Figure 1), compound 10 showed a very similar activity 

in the A375 cell line, with IC50 values of 7.7 nM and 16 nM, respectively. The cellular 

potency of 10 in inhibiting L-Kyn production was further investigated using several 

human cell lines, including cervical cancer derived HeLa cells, lung cancer derived 

LXF-289 cells, breast cancer derived MCF-7 cells, liver cancer derived HepG2 cells 

and pancreas cancer derived DAN-G cells. As shown in Table 2, compound 10 is 
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able to inhibit L-Kyn production in most cell lines with potency comparable with 

that observed in A375 cell line, suggesting that it effectively inhibits IDO1 enzyme 

activity regardless of cell source. Compared to the other cell lines, in the pancreatic 

derived DAN-G cells 10 showed an IC50 value of one order of magnitude greater 

(0.605 µM ± 0.0626) than those observed in the other cells. This result could be 

ascribed to the concomitant expression of other Trp degrading enzymes such as 

TDO, as suggested by Western Blot analysis (data not shown), or IDO2, and to the 

fact that, as reported above, compound 10 is a selective inhibitor of IDO1.  

 

Table 2. Potency of compound 10 on different cell lines. 

Cell line IC50 (μM) 

A375 0.016 ± 0.0004 

HeLa 0.064 ± 0.0018 

LXF-289 0.014 ± 0.0002 

MCF-7 0.021 ± 0.0006 

HepG2 0.043 ± 0.0016 

DAN-G 0.605 ± 0.0626 

 

On the same note, the activity of 23 and 35 was measured on human breast derived 

MCF-7 and human pancreas derived DAN-G cell lines as in vitro models. As shown 

in Table 3, the IC50 values obtained in MCF-7 cell line were slightly increased for 

both compounds (0.083 µM ± 0.005 and 0.11 µM ± 0.23 for 23 and 35, respectively). 
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As observed for compound 10, the IC50 values measured in DAN-G cell line were 

higher than those observed in A375 cell line for both compounds, in particular of one 

and two order of magnitude greater for compounds 23 and 35, respectively.  

 

Table 3.  Potency of compounds 23 and 35 on different cell lines. 

          Compound 

Cell line 

IC50 (μM) 23 IC50 (μM) 35  

A375 0.072 ± 0.002 0.09 ± 0.006 

MCF-7 0.083 ± 0.005 0.11 ± 0.23 

DAN-G 0.14 ± 0.007 1.94 ± 0.23 

 

 

Molecular dynamics  

The docking results of compounds 10 (Figure 2), 23 and 35 (see Supporting 

Information) were further analyzed with Molecular Dynamics (MD) simulations 

using Desmond package.35 The MD of IDO1/compound complexes were simulated 

for 100 ns at 300 K using a standard protocol. The protein structure was stabilized, 

as shown in the RMSDs for both the IDO1 Cα and the ligand (see Supporting 

Information). In the MD simulation the benzimidazole moiety of 10 is stabilized in 

pocket A, where it is able to interact, for the majority of time, with the amino acidic 

residues of Phe163 and Tyr126, as well as with the heme group. This behavior is 

consistent with the docking results, as well as the contacts near the pocket B, such as 
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with Arg231. On the other hand, the hydrogen bond interaction with Ser235 occurs 

for only the 50% of the simulation time. The pyrrole group of 10 makes interactions 

with the amino acids in pocket C, that are present for up to 10% of the simulation 

time. The conformation of hIDO1 changes during the MD, and in this 

relaxed/dynamic situation the side-chain of 10 that is more exposed to the solvent is 

shifted near the pocket B. In this new conformation, the pyrrole group can give a 

cation-π interaction with Arg231. 

Compound 23 adopts two different poses during the MD, one within pocket C and 

the other near pocket B, and, as for compound 10, a cation-π interaction with Arg231 

is formed for the 80% of the simulation time. Similarly, compound 35 can adopt two 

different poses: half of the time it maintains the interaction with pocket C, while in 

the other half the aromatic ring bearing a nitrile group is located near Phe227. 

 

In vitro metabolic stability 

The in vitro metabolic stability of 10, 23 and 35 was evaluated in mouse liver 

microsomes (MLM) activated by NADPH by measuring the substrate residual after 

one hour of incubation. All three compounds undergo oxidative metabolism, with a 

residual substrate of 32%, 65% and 59%, respectively. Similar percentages have 

been observed in the incubation mixtures supplied with glutathione (GSH). Next, we 

performed the metabolites structural characterization by high resolution mass 

spectrometry (HRMS), processing the raw data with a workflow aimed for drug 
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metabolites discovery provided by Compound Discoverer 3.0 software (Thermo 

Scientific). Overall, the three compounds undergo two main transformations 

(Figure 4): benzimidazole oxidation at different positions and oxidative N-

dealkylation at both the benzylic carbon atoms, the latter leading to the formation of 

the corresponding carboxylic acid further reduced to aldehyde and alcohol. Despite 

a higher metabolic stability compared to the other two analogues, the indole 

heterocycle of 23 is susceptible to microsomal oxidation and at least three 

metabolites have been detected. Interestingly, data analysis did not highlight the 

formation of GSH adducts, suggesting that metabolism is not driven toward the 

formation of reactive species. Full data of metabolites structures and mass spectral 

data, as well as the metabolic pathways, are given in the Supporting Information. 

Based on the observed liability, strategies aimed at reducing the susceptibility toward 

metabolism might be worth of investigation. The blockage of the putative sites of 

hydroxylation by using fluorine or deuterium atoms would presumably not impare 

the activity of the compounds on IDO1, while improving resistance toward 

metabolism (Figure 4). While the use of fluorine is well established in medicinal 

chemistry, deuterium incorporation has only recently exploded,36 after the approval 

by FDA of the first deuterated drug. Within our class of molecules, the deuterium 

kinetic isotope effect (DKIE) might be exploited to mitigate both the aldehyde 

oxidase (AO)-driven oxidation of benzimidazole ring and the amide N-

dealkylation.37  
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Figure 4. Metabolic pathways of compounds 10, 23 and 35 in MLM and possible 

strategies to improve metabolic stability. The labile soft spots are highlighted in blue.  

 

CYP inhibition 

Since cytochrome P450 (CYP) family shares with IDO1 the iron-containing heme 

group, all the candidates have been evaluated for their inhibitory activity on these 

enzymes. Aminopyrine N-demethylase assay was performed in order to evaluate the 

inhibition of CYPs by 10, 23 and 35 and to predict the risk of pharmacokinetic drug 

interactions. 10 showed a mild inhibitory activity with an IC50 value of 67.7 µM 

compared to incubations with ketoconazole (CYP3A inhibitor), which gave an IC50 

value of 6.4 µM in our assay.  For 23 and 35, IC50s curves could not be fitted for the 

absence of the bottom plateau phase which is related to their inability to inhibit CYP. 
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Inhibition of immunosuppressive activity of human monocytes from PDAC 

patients  

In order to further validate the activity of our compounds, the two hits, 10 and 23, 

were evaluated for their ability to inhibit the immunosuppressive activity of 

monocytes from patients affected by pancreatic ductal adenocarcinoma (PDAC) 

towards proliferation of T cells. PDAC represents the fourth leading cause of cancer 

death especially because of its high resistance to therapy.38 PDAC cells release 

several pro-inflammatory molecules, thus favoring the expansion and accumulation 

of monocytic MDSCs that are strongly involved in promoting immune escape 

mechanisms exploited by cancer. We validated the immunosuppressive activity of 

monocytes isolated from PDAC patients (n=16). As previously shown by Trovato et 

al.,39 on the basis of such immunosuppressive activity, our cohort of PDAC patients 

could be divided into two sub-groups: “suppressive PDAC” (n=11, red), whose 

monocytes were able to reduce T cell proliferation, and “non-suppressive PDAC” 

(n=5, blue), whose monocytes did not inhibit T cell proliferation, similarly to healthy 

donor (HD)-derived monocytes (n=7, black)  (Figure 5A). In order to evaluate the 

capability of IDO1 inhibitors to reduce the immunosuppressive activity of 

monocytes from PDAC patients, we first selected the higher concentration that 

would not affect the viability of both monocytes isolated from HD (30 µM) (Figure 

5B) and PDAC patients (Figure 5C). Interestingly, the treatment of suppressive 

monocytes with IDO1 inhibitors 1, 10 and 23 significantly reduced their capacity to 

restrict T cell proliferation (Figure 5D), suggesting the impact of IDO1 in driving the 
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inhibitory function of PDAC-isolated suppressive monocytes. Notably, compound 

10 showed a higher effect compared to epacadostat 1. Finally, as expected, both 10 

and 23 inhibitors resulted ineffective on non-suppressive PDAC-isolated monocytes 

(Figure 5E). 
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Figure 5. IDO-inhibitors abrogate immunosuppressive function of PDAC-derived 

monocytes. (A) Representative proliferation peaks of Cell Trace+CD3+ T 

lymphocytes following the co-culture with HD (black), PDAC non-suppressive 

(blue), and PDAC suppressive monocytes (red) (left panel) and relative proliferation 

perecentage of CD3+T cells after the co-culture with HD (n=7, black), PDAC non-

suppressive (n=5, blue), and PDAC suppressive monocytes (n=11, red) (right panel). 

All values are normalized on activated T cells in the absence of myeloid cells. (B) 

HD monocytes (n=3) viability after a 24 h treatment with different concentrations of 

epacadostat 1 (black), compound 10 (light blue), compound 23 (purple) and DMSO 

(grey) as control. All values are normalized on untreated cells. (C) PDAC monocytes 

(n=3) viability after a 24 h treatment with 30 µM of epacadostat (black), compound 

10 (light blue) and compound 23 (purple). (D, E) Relative proliferation percentage 

of CD3+ T cells after 4 days of co-culture with PDAC suppressive (D) and PDAC 

non-suppressive (E) monocytes pre-treated with 30 µM of epacadostat 1 (black), 

compound 10 (light blue), compound 23 (purple) and DMSO (grey) as control. All 

values are normalized on activated T cells in the absence of myeloid cells. Data are 

expressed as mean ± SEM. Statistical analyses were performed using Mann-Whitney 

test. HD: healty donor PDAC: pancreatic ductal adenocarcinoma. 

 

In vivo PK/PD of compound 23 

Considering the slightly higher in vitro metabolic stability shown by compound 23 

compared to 10, we proceeded evaluating its pharmacokinetic parameters in mice. 
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Briefly, mice were injected with 23 (i.v. 10 mg/kg, once) and serial blood sampling 

was performed. 23 showed a half-life of 0.65 h, with a clearance of 7.5 mL/min/Kg, 

a volume of distribution of 6.6 L/Kg and a Cmax of 2684 μg/L (see Supporting 

Information for the full set of PK parameters).  

At selected time points, and in particular at 0, 2, 5, 15, 30 min and 8 h after the 

injection of the compound, the L-Kyn plasmatic levels were measured. As expected, 

according to the short half-life of 10, L-Kyn levels rapidly decreased up to 2 min and 

remained below the basal level until 30 min, while restoring the basal level in 8 h 

(see Supporting Information).  

These data were benchmarked against epacadostat 1, evaluating L-Kyn levels after 

oral administration of compound 1: a tendency in decreasing L-Kyn levels was 

observed, in agreement with literature data.40  

 

Discussion and Conclusions  

In this study, structure-based virtual screening was instrumental to identify a potent 

benzimidazole compound (10) that is endowed with attractive features. It is a novel 

chemotype, not sharing structural similarities with previously reported IDO1 

inhibitors, and displays high synthetic feasibility, together with a peculiar predicted 

binding mode in the active site compared to the previously reported IDO1 inhibitors. 

The benzimidazole group is accommodated in pocket A, the nitrogen of the 

benzimidazole ring coordinates the heme group and the long side chain protrudes 

towards pocket C. The tight packing within the enzyme allows for an extensive 
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bonding network, including one halogen and three hydrogen bonds that contribute to 

a strong binding interaction (Kd = 0.36 µM) and a high inhibition potency (IC50 = 16 

nM in A375). Interestingly, MD analysis reveals that this pocket is not constantly 

occupied as 10 flips between two poses: one where it interacts with pocket C and the 

other where it is shifted towards pocket B, in proximity to Arg231. The in silico-

aided SAR study around 10 afforded a derivative, 23, in which the bromopyrrole 

moiety displayed by 10 is replaced by an indole group, that according to docking 

analysis is located between pocket B and pocket C, and is able to form two hydrogen 

bonds with the carboxylic moiety of the heme group. MD analysis highlights that 23 

can flip between two different poses, but simulation time spent near Arg231 is 

greater than compound 10. 23 is able to inhibit IDO1 at the low nanomolar level in 

different tumour cell lines, is not cytotoxic up to 30 μM, is specific for IDO1 over 

TDO (>1000-fold) and does not interfere with CYPs. Last, the compound can be 

prepared through three high-yielding synthetic steps and is synthetically tractable. 

The in vitro metabolic stability underlined that 23 undergoes oxidative metabolism, 

a liability that was further confirmed by a short in vivo half-life. In spite of this, a 

significant reduction of L-Kyn levels in plasma was observed when the compound 

was injected i.v. at a dose of 10 mg/kg in mice, confirming the molecule as a potent 

IDO1 inhibitor also under in vivo settings. Finally, we demonstrated that compound 

23 has a potent effect on abrogating immunosuppressive properties of MDSC-like 

cells isolated from PDAC patients to an extent similar to epacadostat. 
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In conclusion, a novel class of potent IDO1 inhibitors that displays a peculiar profile 

compared to the known IDO1 inhibitors in terms of chemical structure, pose in the 

active site, synthetic feasibility and specificity over TDO, has been discovered by a 

structure-based virtual screening. All the accumulated data strongly suggest that 

these compounds might lay the basis for an improvement of the effectiveness of 

IDO1-targeting immunotherapy. Current efforts aimed at optimizing the PK profile 

are ongoing in our laboratory and will be reported in due course. 

EXPERIMENTAL SECTION 

Molecular modelling 

All molecular modelling studies were performed on a Tesla workstation equipped 

with two Intel Xeon X5650 2.67 GHz processors and with Ubuntu 14.04 

(http://www.ubuntu.com). Protein structures and 3D chemical structures were 

generated in PyMOL.41 

Compound sources 

The collection of compounds was retrieved from ZINC15, a searchable database that 

includes chemical structures available from vendors.29 The “in stock”-“drug-now” 

subset, that contains molecules with drug-like properties (molecular weight <500 Da 

and >150, logP ≤5, number of rotatable bonds ≤7, polar surface area <150, number 

of hydrogen bond donor ≤5 and number of hydrogen bond acceptor ≤10), was 

downloaded. Using these criteria, 8.2 million structures were retrieved. An in-house 

Perl script was used in order to standardize charges, enumerate ionization states and 
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generate tautomers at physiological pH range using QUACPAC software from 

OpenEye.42 The latter operation was followed by a 3D structure optimization and 

generation of conformers using OMEGA2 software.43 

Virtual screening procedure 

In this study the X-ray structure of the 4-phenylimidazole-IDO1 complex was used 

(entry code 2D0T).44 Water molecules were removed, and all the hydrogen atoms 

and MMFF94 charges were added. Then, the complex was transferred into 

fred_receptor and prepared for docking with FRED.30 The interaction between the 

iron moiety of the heme group and the target molecule was used as a constraint: if 

an atom of the molecule was within an acceptable distance to it, the docking pose 

was retained; if not, the compound was discarded. Docked conformations were 

scored using Chemgauss4. 

Compound 10 focused library 

All the available compounds bearing an acid moiety were retrieved from the ZINC 

database. Only three vendors were considered (SigmaAldrich, AlfaAesar, 

Fluorochem) and 44,066 structures were obtained. All the compounds were virtually 

combined with compound 9 using an in-house python script to obtain the 

corresponding amides. The resulting molecules were filtered using the virtual 

screening procedure already discussed in this manuscript. 

Molecular dynamics (MD) simulation 

The MD simulations were carried out using Desmond simulation package of 

Schrödinger LLC.35 The NPT ensemble with a temperature of 300 K and a pressure 
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of 1 bar was applied in all runs. The simulation length was 100 ns with a relaxation 

time 1 ps. The OPLS_2005 force field parameters were used in all the simulations.45 

The long-range electrostatic interactions were calculated using the particle mesh 

Ewald method.46 The cut-off radius in Coulomb interactions was 9.0 Å. The water 

molecules were explicitly described using the simple point charge model.47 The 

Martyna–Tuckerman–Klein chain coupling scheme48 with a coupling constant of 2.0 

ps was used for the pressure control and the Nosé–Hoover chain coupling scheme49 

for the temperature control. Nonbonded forces were calculated using an r-RESPA 

integrator where the short-range forces were updated every step and the long-range 

forces were updated every three steps. The trajectory sampling was done at an 

interval of 1.0 ps. The behavior and the interactions between the ligands and protein 

were analyzed using the Simulation Interaction Diagram tool implemented in 

Desmond MD package. The stability of MD simulations was monitored considering 

the RMSD of the ligand and protein atom positions over time. 

Chemistry 

General Experimental Methods. Commercially available reagents and solvents 

were used as purchased without further purification. When needed, solvents were 

distilled and stored on molecular sieves. Column chromatography was performed on 

silica gel. Thin layer chromatography (TLC) was carried out on 5 cm × 20 cm plates 

with a layer thickness of 0.25 mm. When necessary, TLC plates were visualized with 

aqueous KMnO4 or with aqueous Pancaldi solution. Melting points were determined 

in open glass capillary with a Stuart scientific SMP3 apparatus. All the target 
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compounds were checked by IR (FT-IR Thermo-Nicolet Avatar), 1H-NMR (Bruker 

Avance Neo 400 MHz; Jeol ECP 300 MHz), 13C-NMR (Bruker Avance Neo 400 

MHz; Jeol ECP 300 MHz), and mass spectrometry (Thermo Finningan LCQ-deca 

XP-plus) equipped with an ESI source and an ion trap detector. Chemical shifts are 

reported in parts per million (ppm).  

The purity of lead compounds was determined by high performance liquid 

chromatography (HPLC) using a Shimadzu HPLC system (Shimadzu, Kyoto, Japan) 

equipped with a Synegi Polar 150  4.6 mm (4 µm d.p.) stationary phase 

(Phenomenex Torrance, CA, USA ) and using 0.2% formic acid in water and 0.2% 

formic acid in acetonitrile as eluents (for further details see Supporting Information). 

Purity of all lead compounds is 95% or higher. 

3-((1H-Benzo[d]imidazol-1-yl)methyl)benzonitrile, (8). 

To a solution of 1H-benzo[d]imidazole (3.00 g, 25.39 mmol, 1 eq) in acetone (83 

mL) KOH (2.90 g, 50.79 mmol, 2 eq) and 3-(bromomethyl)benzonitrile (4.98 g, 

25.39 mmol, 1 eq) were added in order. The reaction mixture was heated at 60 °C 

for 4 h. Then, acetone was removed in vacuo, water was added and the aqueous layer 

was extracted with EtOAc (x1). The organic extract was dried over Na2SO4, filtered 

and concentrated in vacuo. Purification by silica gel column chromatography using 

PE/EtOAc 3:7 provided the desired compound (5.86 g, 25.14 mmol, 99%) as a 

yellow solid. Mp 110-112 °C. 1H-NMR (300 MHz, CDCl3): δ = 7.98 (s, 1H), 7.83 

(d, J = 7.7 Hz, 1H), 7.59 (d, J= 7.7 Hz, 1H), 7.76 (s, 1H), 7.43 (d, J = 7.4 Hz, 1H), 

7.33-7.25 (m, 3H), 7.22 (t, J = 7.4 Hz, 1H), 5.40 (s, 2H). 13C-NMR (75 MHz, 
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CD3OD): δ = 143.9, 143.3, 137.4, 133.6, 131.9, 131.4, 130.4, 130.0, 123.6, 122.7, 

120.5, 118.4, 113.0, 110.0, 47.9. IR (KBr): ṽ = 3099, 3077, 3051, 2865, 2757, 2560, 

1496, 1439, 743 cm-1. MS (ESI): m/z 234 [M + H]+. 

(3-((1H-Benzo[d]imidazol-1-yl)methyl)phenyl)methanamine, (9). 

Compound 8 (1.50 g, 6.43 mmol, 1 eq) was solubilized in dry THF (49 mL). The 

solution was cooled to 0 °C and LiAlH4 (0.49 g, 16.09 mmol, 2.5 eq) was slowly 

added. The mixture was stirred at rt overnight and then heated at 65 °C for 2 h. Then, 

the reaction was quenched with EtOAc and with saturated aqueous solution of 

Na2SO4. The mixture was filtered over a pad of celite and rinsed with EtOAc.  

Purification by silica gel column chromatography using EtOAc /MeOH 7:3 as eluent 

provided the title compound (1.07 g, 4.50 mmol, 70%) as a yellow oil. 1H-NMR (300 

MHz, CD3OD): δ = 8.28 (s, 1H), 7.66 (t, J = 7.2 Hz, 1H), 7.43 (t, J = 7.2 Hz, 1H), 

7.30-7.15 (m, 6H), 5.74 (s, 2H), 3.75 (s, 2H). 13C-NMR (75 MHz, CD3OD): δ = 

143.9, 143.2, 137.4, 133.6, 131.9, 131.4, 130.4, 130.0, 123.6, 122.7, 120.5, 118.4, 

113.0, 110.0, 47.8. IR (KBr): ṽ = 3359, 3048, 2984, 1730, 1494, 1438, 1286, 1201, 

741 cm-1. MS (ESI): m/z 238 [M + H]+. 

General procedure for the synthesis of compounds 10, 14, 18-39, 53. 

To a solution of compound 9 (167.11 mg, 0.7 mmol, 1 eq) in dry CH2Cl2 (5 mL) 

TEA (220 µL, 1.54 mmol, 2.2 eq), EDCI (161.28 mg, 0.84 mmol, 1.2 eq), HOBt 

(113.51 mg, 0.84 mmol, 1.2 eq) and carboxylic acid (0.84 mmol, 1.2 eq) were added 

in order. The resulting mixture was stirred at room temperature for 16 h. CH2Cl2 was 

added and the organic phase was washed with aqueous saturated NH4Cl solution 
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(x1), dried over Na2SO4 and evaporated. Purification by silica gel column 

chromatography afforded compounds 10, 14, 18-39, 53. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-bromo-1H-pyrrole-2-

carboxamide, (10). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (90 mg, 0.38 mmol) and 4-bromo-1H-pyrrole-2-carboxylic acid (86 mg, 

0.46 mmol). The crude material was purified by column chromatography using 

PE/EtOAc 2:8 as eluent to afford compound 10 (77 mg, 0.19 mmol, 50%) as a white 

solid. Mp 212-214 °C. 1H-NMR (400 MHz, CD3OD): δ = 8.21 (s, 1H), 7.65 (d, J = 

7.4 Hz, 1H), 7.38 (d, J = 7.6 Hz, 1H), 7.31-7.12 (m, 6H), 6.90 (s, 1H), 6.73 (s, 1H), 

5.44 (s, 2H), 4.44 (s, 2H). 13C-NMR (100.6 MHz, DMSO-d6): δ = 160.1, 144.6, 

144.1, 140.8, 137.5, 134.1, 129.2, 127.2, 127.1, 126.8, 126.4, 122.8, 122.0, 121.8, 

119.9, 112.1, 111.2, 95.5, 48.1, 42.3. IR (KBr): ṽ = 3285, 3118, 2913, 2850, 2446, 

2360, 3242, 1945, 1722, 748 cm-1. MS (ESI): m/z 409 [M + H]+. 

3-((1H-Indol-1-yl)methyl)benzonitrile, (12). 

To a solution of 1H-indole 11 (300 mg, 2.56 mmol, 1 eq) in acetone (6 mL) KOH 

(287 mg, 5.12 mmol, 2 eq) and 3-(bromomethyl)benzonitrile (502 mg, 2.56 mmol, 1 

eq) were added in order. The reaction mixture was heated at 60 °C for 4 h. Then, 

acetone was removed in vacuo, water was added and the aqueous layer was extracted 

with EtOAc (x3). The organic extract was dried over Na2SO4, filtered and 

concentrated in vacuo. Purification by silica gel column chromatography using 

PE/EtOAc 9:1 provided the desired compound (425 mg, 1.83 mmol, 71%) as a 
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yellow oil. 1H-NMR (400 MHz, CDCl3): δ = 7.79 (d, J = 7.5 Hz, 1H), 7.53 (d, J = 

7.5 Hz, 1H), 7.40 (s, 1H), 7.35 (t, J = 7.5 Hz, 1H), 7.30-7.26 (m, 4H), 7.18 (d, J = 

3.2 Hz, 1H), 6.71 (d, J = 3.2 Hz, 1H), 5.30 (s, 2H). 13C-NMR (100.6 MHz, CDCl3): 

δ = 139.7, 136.2, 135.8, 134.8, 130.1, 129.8, 128.2, 126.7, 123.6, 122.7, 120.5, 119.6, 

118.3, 112.9, 100.9, 51.9. IR (neat): ṽ = 3053, 2918, 2228, 1483, 1461, 1314, 471, 

685 cm-1. MS (ESI): m/z 233 [M + H]+. 

 (3-((1H-Indol-1-yl)methyl)phenyl)methanamine, (13). 

Compound 12 (416 mg, 1.79 mmol, 1 eq) was solubilized in dry THF (6 mL). The 

solution was cooled to 0 °C and LiAlH4 (170 mg, 4.48 mmol, 2.5 eq) was slowly 

added. The mixture was heated at 65 °C for 7 h and then was stirred at rt overnight. 

The reaction was quenched with EtOAc and then with saturated aqueous solution of 

Na2SO4. The mixture was filtered over a pad of celite and rinsed with EtOAc. 

Purification by silica gel column chromatography using EtOAc/MeOH 7:3 as eluent 

provided the title compound (194 mg, 0.82 mmol, 46%) as a colorless oil. 1H-NMR 

(400 MHz, CDCl3): δ = 7.76 (d, J = 7.8 Hz, 1H), 7.38 (d, J = 7.8 Hz, 1H), 7.37-7.19 

(m, 6H), 7.05 (d, J = 6.8 Hz, 1H), 6.66 (s, 1H), 5.33 (s, 2H), 3.83 (s, 2H). 13C-NMR 

(100.6 MHz, CDCl3): δ = 138.1, 136.3, 129.2, 129.1, 128.8, 128.2, 127.7, 126.8, 

125.8, 121.7, 121.0, 119.6, 109.7, 101.7, 64.7, 50.0. IR (neat): ṽ = 3049, 2917, 2852, 

1461, 1313, 735, 693 cm-1. MS (ESI): m/z 237 [M + H]+. 

N-(3-((1H-Indol-1-yl)methyl)benzyl)-4-bromo-1H-pyrrole-2-carboxamide, 

(14). 
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The title compound was synthesized following the general procedure, starting from 

compound 13 (186 mg, 0.79 mmol) and 4-bromo-1H-pyrrole-2-carboxylic acid (179 

mg, 0.94 mmol). The crude material was purified by column chromatography using 

PE/EtOAc 5:5 as eluent to afford compound 14 (178 mg, 0.43 mmol, 54%) as a white 

solid. Mp 80-81 °C. 1H-NMR (400 MHz, CDCl3): δ = 9.89 (br s, 1H), 7.67 (d, J = 

7.2 Hz, 1H), 7.28-7.26 (m, 2H), 7.23 (s, 1H), 7.15-7.13 (m, 3H), 7.06-7.04 (m, 2H), 

6.87 (s, 1H), 6.56 (d, J = 3.1 Hz, 1H), 6.49 (s, 1H), 6.11 (br s, 1H), 5.33 (s, 2H), 4.52 

(d, J = 5.8 Hz, 2H). IR (neat): ṽ = 3052, 2919, 2854, 1623, 1557, 1509, 1314, 919, 

738 cm-1. MS (ESI): m/z 409 [M + H]+. 

(3-((1H-Benzo[d]imidazol-1-yl)methyl)phenyl)methanol, (16). 

To a solution of 1H-benzo[d]imidazole (118 mg, 1.00 mmol, 1 eq) in acetone (4 mL) 

KOH (112 mg, 2.00 mmol, 2 eq) and (3-(bromomethyl)phenyl)methanol 15 (201 

mg, 1.00 mmol, 1 eq) were added in order. The reaction mixture was heated at 60 °C 

for 2 h. Then, acetone was removed in vacuo, water was added and the aqueous layer 

was extracted with EtOAc (x3). The organic extract was dried over Na2SO4, filtered 

and concentrated in vacuo. Purification by silica gel column chromatography using 

EtOAc/MeOH 9:1 provided the desired compound (81 mg, 0.34 mmol, 34%) as a 

yellow oil. 1H-NMR (400 MHz, CDCl3): δ = 7.85 (s, 1H), 7.73 (d, J = 6.8 Hz, 1H), 

7.29-7.28 (m, 3H), 7.26-7.23 (m, 3H), 7.06 (d, J = 6.4 Hz, 1H), 5.26 (s, 2H), 4.67 (s, 

2H). 13C-NMR (100.6 MHz, CDCl3): δ = 143.0, 142.6, 135.4, 133.7, 129.1, 126.8, 

126.1, 125.6 (2C), 123.3, 122.6, 119.9, 110.2, 64.2, 48.9. IR (neat): ṽ = 3093, 2922, 

2853, 1733, 1492, 735, 691 cm-1. MS (ESI): m/z 239 [M + H]+. 
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3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl 4-bromo-1H-pyrrole-2-

carboxylate, (17). 

To a solution of compound 16 (70 mg, 0.29 mmol, 1 eq) in dry CH2Cl2 (2 mL) TEA 

(45 µL, 0.32 mmol, 1.1 eq), EDCI (61.3 mg, 0.32 mmol, 1.1 eq), DMAP (3.5 mg, 

0.029 mmol, 0.1 eq) and 4-bromo-1H-pyrrole-2-carboxylic acid (55 mg, 0.29 mmol, 

1 eq) were added in order. The resulting mixture was stirred at room temperature for 

18 h. Then, CH2Cl2 was added and the organic phase was washed with water (x1), 

dried over Na2SO4 and evaporated. Purification by silica gel column chromatography 

using PE/EtOAc 2:8 provided the desired compound (48 mg, 0.12 mmol, 40%) as a 

white solid. Mp 171-172 °C. 1H-NMR (400 MHz, CD3OD): δ = 8.29 (s, 1H), 7.69 

(d, J = 7.0 Hz, 1H), 7.43 (d, J = 6.9 Hz, 1H), 7.39-7.35 (m, 3H), 7.28-7.23 (m, 3H), 

6.98 (d, J = 1.56 Hz, 1H), 6.78 (d, J = 1.56 Hz, 1H), 5.54 (s, 2H), 5.27 (s, 2H). IR 

(neat): ṽ = 2922, 2851, 1701, 1398, 1186, 1135, 775, 741 cm-1. MS (ESI): m/z 411 

[M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-1H-pyrrole-2-carboxamide, 

(18). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and 1H-pyrrole-2-carboxylic acid (93 mg, 0.84 

mmol). The crude material was purified by column chromatography using PE/EtOAc 

2:8 as eluent to afford compound 18 (143 mg, 0.43 mmol, 62%) as a yellow solid. 

Mp 206-208 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.23 (s, 1H), 7.64 (dd, Js = 1.0, 

8.3 Hz), 7.39 (d, J = 6.9 Hz, 1H), 7.26-7.13 (m, 7H), 7.76 (s, 1H), 6.16 (d, J = 2.5 
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Hz, 1H), 5.43 (s 2H), 5.36 (s, 2H). IR (KBr): ṽ = 3220, 3087, 2935, 2701, 2563, 

1628, 1560, 1491, 1437, 1438, 776, 745 cm-1. MS (ESI): m/z 331 [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)furan-2-carboxamide, (19). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and furan-2-carboxylic acid (94 mg, 0.84 mmol). 

The crude material was purified by column chromatography using PE/EtOAc 4:6 as 

eluent to afford compound 19 (150 mg, 0.46 mmol, 65%) as a white solid. Mp 153-

154 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.19 (s, 1H), 7.64-7.57 (m, 3H), 7.34 (d, 

J = 7.4 Hz, 1H), 7.35-7.04 (m, 7H), 5.36 (s, 2H), 4.44 (s, 2H). IR (KBr): ṽ = 3477, 

3231, 3070, 2977, 2926, 1742, 1638, 1495, 1442, 1365, 1015, 769, 745cm-1. MS 

(ESI): m/z 332 [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)thiophene-2-carboxamide, 

(20). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (160 mg, 0.67 mmol) and thiophene-2-carboxylic acid (103 mg, 0.81 

mmol). The crude material was purified by column chromatography using PE/EtOAc 

3:7 as eluent to afford compound 20 (182 mg, 0.52 mmol, 78%) as a yellow solid. 

Mp 171-173 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.19 (s, 1H), 7.64-7.57 (m, 3H), 

7.34 (d, J = 7.4 Hz, 1H), 7.35-7.04 (m, 7H), 5.36 (s, 2H), 4.44 (s, 2H). IR (KBr): ṽ 

= 3555, 3414, 3263, 3070, 2892, 1636, 1618, 1498, 1365, 744 cm-1. MS (ESI): m/z 

348 [M + H]+. 
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N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)benzofuran-2-carboxamide, 

(21). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and benzofuran-2-carboxylic acid (136 mg, 0.84 

mmol). The crude material was purified by column chromatography using PE/EtOAc 

3:7 as eluent to afford compound 21 (98 mg, 0.26 mmol, 37%) as a yellow solid. Mp 

161-163 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.26 (s, 1H), 7.65 (d, J = 7.9 Hz, 

1H), 7.60-7.57 (s, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.41 (m, 2H), 7.36-7.31 (m, 2H), 

7.25 (m, 3H), 7.13-7.10 (m, 3H), 5.43 (s, 2H), 4.52 (s, 2H). 13C-NMR (100.6 MHz, 

DMSO-d6): δ = 158.6, 154.7, 149.5, 140.3 (2C), 137.5 (2C), 133.9, 129.2, 127.6, 

127.3, 127.3, 126.9, 126.5, 124.2, 123.2, 122.8, 122.1, 119.9, 112.3, 111.2, 110.0, 

48.1, 42.5. IR (KBr): ṽ = 3892, 3801, 3735, 2927, 2850, 1734, 1590, 1560, 1496, 

1474, 747 cm-1. MS (ESI): 382 m/z [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)benzo[b]thiophene-2-

carboxamide, (22). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and benzo[b]thiophene-2-carboxylic acid (149 

mg, 0.84 mmol). The crude material was purified by column chromatography using 

PE/EtOAc 5:5 as eluent to afford compound 22 (144 mg, 0.36 mmol, 52%) as a white 

solid. Mp 185-187 °C.  1H-NMR (300 MHz, acetone-d6): δ = 8.48 (s, 1H), 8.23 (s, 

1H), 8.00-7.98 (m, 2H), 7.89 (dd, JS = 1.9, 7.1 Hz, 1H), 7.77-7.63 (m, 1H), 7.48-7.47 

(m, 2H), 7.44-7.41 (m, 2H), 7.33-7.28 (d, J = 5.8 Hz, 2H), 7.21-7.11 (m, 2H), 5.50 
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(s, 2H), 4.59 (s, 2H). IR (KBr): ṽ = 3183, 3055, 1642, 1560, 1495, 1458, 1290, 742 

cm-1. MS (ESI): m/z 398 [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-1H-indole-2-carboxamide, 

(23). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and 1H-indole-2-carboxylic acid (135 mg, 0.84 

mmol). The crude material was purified by column chromatography using PE/EtOAc 

4:6 as eluent to afford compound 23 (144 mg, 0.38 mmol, 54%) as a yellow solid. 

Mp 231-233 °C. 1H-NMR (400 MHz, DMSO-d6): δ = 11.53 (br s, 1H), 8.94 (br s, 

1H), 8.37 (s, 1H), 7.68-7.55 (m, 2H),  7.53-7.40 (m, 2H), 7.37 (s, 1H), 7.31-7.26 (m, 

2H), 7.21-7.15, (m, 5H), 7.04 (t, J = 7.9 Hz, 1H), 5.49 (s, 2H), 4.48 (s, 2H). 13C-

NMR (100.6 MHz, DMSO-d6): δ = 161.6, 144.7, 144.1, 140.7, 137.5, 136.9, 134.2, 

132.0, 129.2, 127.6, 127.2, 126.9, 126.4, 123.8, 122.8, 122.0, 121.9, 120.2, 119.9, 

112.8, 111.2, 103.1, 48.1, 42.5. IR (KBr): ṽ = 3218, 3053, 2926, 2853, 2721, 2648, 

1638, 1564, 1495, 1310, 746 cm-1. MS (ESI): m/z 381 [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-5-methyl-1H-indole-2-

carboxamide, (24). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and 5-methyl-1H-indole-2-carboxylic acid (147 

mg, 0.84 mmol). The crude material was purified by column chromatography using 

PE/EtOAc 3:7 as eluent to afford compound 24 (134 mg, 0.34 mmol, 49%) as a white 

solid. Mp 222-224 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.25 (s, 1H), 7.62 (dd, Js 
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= 1.9, 7.7 Hz, 1H), 7.41-7.28 (m, 6H), 7.18-7.16 (m, 3H), 7.61 (d, J = 7.7 Hz, 1H), 

6.93 (s, 1H), 5.48 (s, 2H),4.53 (s, 2H), 2.40 (s, 3H). 13C-NMR (100.6 MHz, DMSO-

d6): δ =161.7, 144.7, 144.0, 140.8, 137.5, 135.4, 134.1, 132.0, 129.2, 128.7, 127.8, 

127.2, 126.9, 126.4, 125.6, 122.8, 122.0, 121.2, 119.9, 112.5, 111.2, 102.6, 48.1, 

42.5, 21.6. IR (KBr): ṽ = 3232, 3090, 3061, 2922, 1637, 1560, 1496, 1419, 802, 736 

cm-1. MS (ESI): m/z 395 [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-5-hydroxy-1H-indole-2-

carboxamide, (25). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and 5-hydroxy-1H-indole-2-carboxylic acid (148 

mg, 0.84 mmol). The crude material was purified by column chromatography using 

PE/EtOAc 3:7 as eluent to afford compound 25 (35 mg, 0.09 mmol, 13%) as a yellow 

solid. Mp 210-212 °C. 1H-NMR (300 MHz, acetone-d6): δ = 10.42 (br s, 1H), 8.32 

(s, 1H), 7.52(dd, JS = 1.7, 7.1 Hz, 1H), 7.32-7.20 (m, 6H), 7.18-7.15 (m, 3H), 7.59 

(d, J = 7.7 Hz, 1H), 7.01 (s, 1H), 5.67 (br s, 1H), 5.50 (s, 2H), 4.58 (s, 2H), 3.31 (br 

s, 1H). IR (KBr): ṽ = 3745, 2359, 2342, 1742, 1557, 1496, 1362, 1257 cm-1. MS 

(ESI): m/z 397 [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-5-methoxy-1H-indole-2-

carboxamide, (26). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and 5-methoxy-1H-indole-2-carboxylic acid (160 

mg, 0.84 mmol). The crude material was purified by column chromatography using 
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PE/EtOAc 2:8 as eluent to afford compound 26 (160 mg, 0.39 mmol, 56%) as a 

yellow solid. Mp 225-227 °C. 1H-NMR (300 MHz, DMSO-d6): δ = 11.43 (br s, 1H), 

8.97 (s, 1H), 8.39 (s, 1H), 7.65 (d, J = 7.1 Hz, 1H), 7.50 (d, J = 7.1 Hz, 1H), 7.33 (t, 

J = 6.3 Hz, 1H), 7.27 (d, J = 6.3 Hz, 2H), 7.22-7.18 (m, 3H), 7.06 (d, J = 6.3 Hz, 

2H), 6.83 (d, J = 8.5 Hz, 1H), 5.48 (s, 2H), 4.47 (s, 2H), 3.75 (s, 3H). IR (KBr): ṽ = 

3246, 3087, 3004, 2926, 2803, 1637, 1559, 1497, 1359, 1269, 163, 742 cm-1. MS 

(ESI): 411 m/z [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-1H-benzo[d]imidazole-2-

carboxamide, (27). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and 1H-benzo[d]imidazole-2-carboxylic acid 

(136 mg, 0.84 mmol). The crude material was purified by column chromatography 

using PE/EtOAc 4:6 as eluent to afford compound 27 (229 mg, 0.60 mmol, 86%) as 

a white solid. Mp 226-227 °C. 1H-NMR (300 MHz, DMSO-d6): δ = 9.40 (br s, 1H), 

8.34 (s, 1H), 7.77-7.58 (m, 3H), 7.47 (d, J = 7.2 Hz, 1H), 7.36 (s, 1H), 7.27-7.21 (m, 

4H), 7.16-7.06 (m, 3H), 5.46 (s, 2H), 4.46 (s, 2H). 13C-NMR (100.6 MHz, DMSO-

d6): δ = 159.5, 146.2, 144.7 (2C), 144.2, 140.4, 137.5, 134.3, 129.3, 127.4 (2C), 127.1 

(2C), 126.5, 123.9, 122.9, 122.3, 122.1, 120.0 (2C), 111.2, 48.3, 42.8. IR (KBr): ṽ = 

3418, 3047, 1666, 1507, 1494, 1436, 1330, 744 cm-1. MS (ESI): m/z 382 [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-2-(benzo[d][1,3]dioxol-5-

yl)acetamide, (28). 
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The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and 2-(benzo[d][1,3]dioxol-5-yl)acetic acid ( 151 

mg, 0.84 mmol). The crude material was purified by column chromatography using 

PE/EtOAc 3:7 as eluent to afford compound 28 (235 mg, 0.59 mmol, 84%) as an 

amorphous yellow solid. 1H-NMR (300 MHz, CD3OD): δ = 8.13 (s, 1H), 7.66 (d, J 

= 8.0 Hz, 1H), 7.29 (d, J = 8.0 Hz, 1H), 7.30-7.00 (m, 7H), 6.74 (s, 1H), 6.66 (s, 1H), 

5.76 (s, 2H), 5.27 (s, 2H), 4.23 (s, 2H), 3.30 (s, 2H). IR (KBr): ṽ = 3735, 3629, 3255, 

2887, 2790, 1845, 1654, 1500, 1442, 1260, 1190, 1040, 668 cm-1. MS (ESI): m/z 400 

[M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)benzamide, (29).  

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and benzoic acid (102 mg, 0.84 mmol). The crude 

material was purified by column chromatography using PE/EtOAc 3:7 as eluent to 

afford compound 29 (128 mg, 0.39 mmol, 54%) as a white solid. 1H-NMR (300 

MHz, CD3OD): δ = 8.24 (s, 1H), 7.75 (d, J = 8.2 Hz, 2H), 7.64 (d, J = 8.2 Hz, 1H), 

7.55-7.49 (m, 1H), 7.43 (t, J = 7.7 Hz, 1H), 7.38 (d, J = 7.7 Hz, 1H), 7.31-7.15 (m, 

7H), 5.45 (s, 2H), 4.51 8s, 2H. MS (ESI): m/z 342 [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-methylbenzamide, (30).  

The title compound was synthesized following the general procedure, starting from 

compound 9 (76 mg, 0.32 mmol) and 2-oxo-2-(p-tolyl)acetic acid (52 mg, 0.38 

mmol). The crude material was purified by column chromatography using PE/EtOAc 

3:7 as eluent to afford compound 30 (79 mg, 0.21 mmol, 69%) as a white solid. Mp 
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137-139 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.22 (s, 1H), 7.81-7.58 (m, 3H), 7.38 

(d, J = 7.6 Hz, 1H), 7.36-7.06 (m, 8H), 5.43 (s, 2H), 4.90 (s, 2H), 2.36 (s, 3H). 13C-

NMR (100.6 MHz, DMSO-d6): δ = 166.6, 144.7, 144.0, 141.5, 140.9, 137.4, 134.1, 

132.0, 129.3 (2C), 129.2, 127.7 (2C), 127.1, 126.8, 126.3, 122.8, 122.0, 119.9, 111.2, 

48.1, 42.9, 21.4. MS (ESI): 356 m/z [M + H]+.  

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-

(trifluoromethyl)benzamide, (31).  

The title compound was synthesized following the general procedure, starting from 

compound 9 (60 mg, 0.25 mmol) and 4-(trifluoromethyl)benzoic acid (57 mg, 0.30 

mmol). The crude material was purified by column chromatography using PE/EtOAc 

3:7 as eluent to afford compound 31 (84 mg, 0.21 mmol, 82%) as a white solid. Mp 

154-156 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.27 (s, 1H), 7.89 (d, J = 8.2 Hz, 

2H), 7.75 (d, J = 8.2 Hz, 2H), 7.64 (d, J = 7.4 Hz, 1H), 7.39 (d, J = 8.2 Hz, 1H), 7.33-

7.12 (m, 6H), 5.49 (s, 2H), 4.52 (s, 2H). 13C-NMR (100.6 MHz, DMSO-d6): δ = 

165.6, 144.7, 144.0, 141.3 (q, J = 441.6 Hz), 140.4 (2C), 137.5 (2C), 131.6 (q, J = 

32.2 Hz), 129.2, 128.6, 127.1, 126.7, 126.5, 125.8 (q, J = 4.0 Hz), 122.8, 122.0, 

119.9, 111.1, 48.1, 43.0. MS (ESI): 410 m/z [M + H]+.  

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-bromobenzamide, (32). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (60 mg, 0.25 mmol) and 4-bromobenzoic acid (61 mg, 0.30 mmol). The 

crude material was purified by column chromatography using PE/EtOAc 3:7 as 

eluent to afford compound 32 (81 mg, 0.19 mmol, 77%) as a white solid. Mp 151-
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153 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.27 (s, 1H), 7.73-7.56 (m, 5H), 7.41 (d, 

J = 7.1 Hz, 1H), 7.35 (d, J = 7.4 Hz, 2H), 7.29-7.18 (m, 4H), 5.50 (s, 2H), 4.61 (s, 

2H). 13C-NMR (100.6 MHz, DMSO-d6): δ = 165.8, 144.7, 144.0, 140.5, 137.5, 

134.1, 133.9, 131.8, 129.9, 129.2, 127.1, 126.7, 126.4, 125.4, 122.8, 122.0, 119.9, 

111.2, 48.1, 42.9. MS (ESI): 420 m/z [M + H]+.  

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-chlorobenzamide, (33). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (60 mg, 0.25 mmol) and 4-chlorobenzoic acid (47 mg, 0.30 mmol). The 

crude material was purified by column chromatography using PE/EtOAc 3:7 as 

eluent to afford compound 33 (57 mg, 0.15 mmol, 60%) as a white solid. Mp 125-

127 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.25 (s, 1H), 7.73 (d, J = 8.5 Hz, 2H), 

7.65 (d, J = 7.1 Hz, 1H), 7.49-7.37 (m, 3H), 7.33-7.09 (m, 6H), 5.48 (s, 2H), 4.50 (s, 

2H). 13C-NMR (100.6 MHz, DMSO-d6): δ = 165.7, 144.7, 144.0, 140.6, 137.5, 

136.5, 134.1, 133.5, 129.7, 129.2, 128.9, 127.1, 126.7, 126.4, 122.8, 122.0, 119.9, 

111.2, 48.1, 42.9. MS (ESI): 376 m/z [M + H]+.  

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-fluorobenzamide, (34). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (60 mg, 0.25 mmol) and 4-fluorobenzoic acid (43 mg, 0.30 mmol). The 

crude material was purified by column chromatography using PE/EtOAc 3:7 as 

eluent to afford compound 34 (70 mg, 0.19 mmol, 78%) as a grey solid. Mp 116-118 

°C. 1H-NMR (300 MHz, CD3OD): δ = 8.26 (s, 1H), 7.87-7.78 (m, 2H), 7.65 (d, J = 

6.8 Hz, 1H), 7.41 (d, J = 6.8 Hz, 1H), 7.35 (d, J = 8.0 Hz, 2H), 7.27-7.09 (m, 6H), 
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5.49 (s, 2H), 4.52 (s, 2H). 13C-NMR (100.6 MHz, DMSO-d6): δ = 165.7, 164.3 (d, J 

= 248.8 Hz), 144.7, 144.0, 140.7, 137.5, 134.1, 131.2 (d, J = 3.0 Hz), 130.3 (d, J = 

9.0 Hz), 129.2, 127.1, 126.7, 126.4, 122.8, 122.0, 119.9, 115.7 (d, J = 21.1 Hz), 

111.2, 48.1, 42.9. MS (ESI): 360 m/z [M + H]+.  

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-cyanobenzamide, (35). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and 4-cyanobenzoic acid (123 mg, 0.84 mmol). 

The crude material was purified by column chromatography using PE/EtOAc 3:7 as 

eluent to afford compound 35 (197 mg, 0.54 mmol, 77%) as a white solid. Mp 192-

194 °C. 1H-NMR (400 MHz, CD3OD): δ = 8.25 (s, 1H), 7.90-7.79 (m, 4H), 7.64 (d, 

J = 6.8 Hz, 1H), 7.39 (d, J = 6.8 Hz, 1H), 7.35-7.16 (m, 6H), 5.49 (s, 2H), 4.52 (s, 

2H). 13C-NMR (100.6 MHz, DMSO-d6): δ = 165.4, 144.7, 144.0, 140.3, 138.8, 137.5, 

134.1, 132.9 (2C), 129.2, 128.6 (2C), 127.2, 126.7, 126.5, 122.8, 122.0, 119.9, 118.8, 

114.1, 111.1, 48.1, 43.1. IR (KBr): ṽ 3553, 3414, 3348, 3082, 2923, 2358, 2227, 

1638, 1546, 1492, 1443, 736, 742 cm-1. MS (ESI): m/z 367 [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-cyano-3-methylbenzamide, 

(36). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (60 mg, 0.25 mmol) and 4-cyano-3-methylbenzoic acid (49 mg, 0.30 

mmol). The crude material was purified by column chromatography using PE/EtOAc 

3:7 as eluent to afford compound 36 (48 mg, 0.13 mmol, 51%) as a yellow solid. Mp 

178-180 °C. 1H-NMR (300 MHz, DMSO-d6): δ = 9.21 (br s, 1H), 8.40 (s, 1H), 7.90 
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(d, J = 6.9 Hz, 2H), 7.78 (d, J = 8.0 Hz, 1H), 7.65 (d , J = 5.0 Hz, 1H),  7.51 (d , J = 

5.0 Hz, 1H), 7.34-7.27 (m, 2H), 7.21-7.17 (m, 4H), 5.48 (s, 2H), 4.50 (s, 2H). MS 

(ESI): 381 m/z [M + H]+.  

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-cyano-2-fluorobenzamide, 

(37). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (60 mg, 0.25 mmol) and 4-cyano-2-fluorobenzoic acid (49 mg, 0.30 

mmol). The crude material was purified by column chromatography using PE/EtOAc 

3:7 as eluent to afford compound 37 (58 mg, 0.15 mmol, 60%) as a white solid. Mp 

103-105 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.28 (s, 1H), 7-79-7.57 (m, 4H), 7.42 

(d, J = 5.2 Hz, 1H), 7.34 (d, J = 8.5 Hz, 2H), 7.27-7.19 (m, 4H), 5.51 (s, 2H), 4.53 

(s, 2H). MS (ESI): 385 m/z [M + H]+.  

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-cyano-3-fluorobenzamide, 

(38). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (60 mg, 0.25 mmol) and 4-cyano-3-fluorobenzoic acid (50 mg, 0.30 

mmol). The crude material was purified by column chromatography using PE/EtOAc 

3:7 as eluent to afford compound 38 (46 mg, 0.11 mmol, 48%) as a yellow solid. Mp 

192-194 °C. 1H-NMR (300 MHz, DMSO-d6): δ = 9.37 (br s, 1H), 8.58 (s, 1H), 8.08 

(t, J = 8.08 Hz, 1H), 7.95-7.80 (m, 2H), 7.65 (d, J = 7.6 Hz, 1H), 7.56 (d, J = 7.6 Hz, 

1H), 7.43-7.16 (m, 6H), 5.53 (s, 2H), 4.45 (s, 2H). MS (ESI): 385 m/z  [M + H]+.  
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N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-3-morpholinopropanamide, 

(39). 

The title compound was synthesized following the general procedure, starting from 

compound 9 (166 mg, 0.70 mmol) and 3-morpholinopropanoic acid (133 mg, 0.84 

mmol). The crude material was purified by column chromatography using 

EtOAc/MeOH 9:1 as eluent to afford compound 39 (146 mg, 0.39 mmol, 55%) as 

an amorphous yellow solid. 1H-NMR (300 MHz, CD3OD): δ = 8.25 (s, 1H), 7.68 (t, 

J = 3.0 Hz, 1H), 7.43 (t, J = 3.0 Hz, 1H), 7.34-7.24 (m, 5H), 7.18 (d, J = 6.9 Hz, 1H), 

5.48 (s, 2H), 4.34 (s, 2H), 3.58-3.50 (m, 4H), 2.60 (t, J = 7.0 Hz, 2H), 2.42- 2.39 (m, 

4H), 2.36 (t, J = 7.0 Hz, 2H). IR (neat): ṽ = 3268, 2062, 1649, 1550, 1495, 1457, 

1287, 1114, 743 cm-1. MS (ESI): m/z 379 [M + H]+. 

4-((Tert-butoxycarbonyl)amino)butanoic acid, (41). 

To a solution of 4-aminobutanoic acid 40 (200 mg, 1.94 mmol, 1 eq) in 2 M aq. 

NaOH (3 mL), a solution of Boc2O (507.50 mg, 2.33 mmol, 1.2 eq) in THF (5 mL) 

was added dropwise and the reaction was stirred at rt overnight. The solvent was 

removed in vacuo. The aqueous layer was acidified with 2M aq. HCl until pH 4 and 

extracted with EtOAc (6x). Additionally, the aqueous layer was saturated with NaCl 

and extracted with THF (3x). The combined organic layers were dried over Na2SO4, 

filtrated and concentrate in vacuo yielding the desired compound (339 mg, 1.67 

mmol, 86%) as a yellow oil, which was used directly in the next step without further 

purification. 1H-NMR (300 MHz, DMSO-d6): δ = 6.77 (br s, 1H), 2.92 (t, J = 6.3 Hz, 
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2H), 2.16 (t, J = 6.3 Hz, 2H), 1.58 (quint, J = 6.9 Hz, 2H), 1.41 (s, 9H). MS (ESI): 

204 m/z [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-4-aminobutanamide, (43).  

Step 1: To a solution of compound 9 (166.11 mg, 0.70 mmol, 1 eq) in dry CH2Cl2 

(5 mL) TEA (220 µL, 1.54 mmol, 2.2 eq), EDCI (161.28 mg, 0.84 mmol, 1.2 eq), 

HOBt (113.51 mg, 0.84 mmol, 1.2 eq) and compound 41 (170.71 mg, 0.84 mmol, 

1.2 eq) were added in order. The resulting mixture was stirred at room temperature 

for 16 h. CH2Cl2 was added and the organic phase was washed with H2O (x3), dried 

over Na2SO4 and evaporated. Purification by column chromatography using EtOAc 

as eluent afforded compound 42 (168 mg, 0.40 mmol, 57%) as a yellow solid. 

Step 2: To a solution of compound 42 (148 mg, 0.35 mmol, 1 eq) in CH2Cl2 (2.5 

mL) at 0 °C CF3COOH (1.23 mL) was added. The reaction mixture was stirred at 

the same temperature for 30 min and then for 3 h at rt. 2 M aq. NaOH was added 

until pH 7 and the aqueous layer was extracted with EtOAc (x3). The collected 

organic layers were dried over Na2SO4, filtrated and concentrated in vacuo. 

Purification by column chromatography using CH3CN/NH3 9:1 as eluent afforded 

compound 43 (80 mg, 0.25 mmol, 71%) as a yellow oil. 1H-NMR (300 

MHz,CD3OD): δ = 8.24 (s, 1H), 7.67 (d, J = 7.6 Hz, 1H), 7.36 (d, J = 7.6 Hz, 1H), 

7.23-7.13 (m, 6H), 5.41 (s, 2H), 4.30 (s, 2H), 2.61 (t, J = 7.4 Hz, 2H), 2.19 (t, J = 7.4 

Hz, 2H), 1.70 (quint, J = 6.8 Hz, 2H). IR (KBr): ṽ = 3478, 2621, 1617, 1521, 1540, 

1456, 615 cm-1. MS (ESI): 323 m/z [M + H]+. 

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)formamide, (44).  
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To a solution of amine 9 (500 mg, 2.11 mmol, 1 eq) in formic acid (1.86 mL) acetic 

anhydride (1.58 mL, 16.86 mmol, 8 eq) was added dropwise at 0 °C. After ten min, 

the mixture was allowed to reach room temperature and was stirred for 3 h. Then, 

water was added and the mixture was stirred for additional 10 min. The volatile was 

removed, affording compound 44 (548 mg, 2.07 mmol, 98%) as a yellow oil. 1H-

NMR (300 MHz, CD3OD): δ = 8.20 (s, 1H), 8.12 (s, 1H), 7.66 (d, J = 7.5 Hz, 1H), 

7.31 (d, J = 7.8 Hz, 1H), 7.18-7.14 (m, 5H), 7.03 (s, 1H), 5.27 (s, 2H), 4.28 (s, 2H). 

IR (neat): ṽ = 3256, 3051, 2861, 1664, 1494, 1457, 1381, 1261, 1007, 738, 698 cm-

1. MS (ESI): 266 m/z [M + H]+. 

1-(3-(Isocyanomethyl)benzyl)-1H-benzo[d]imidazole, (45). 

Compound 44 (500 mg, 1.89 mmol, 1 eq) was dissolved in dry CH2Cl2 (7 mL) and 

TEA (1.3 mL, 9.43 mmol, 5 eq) was added at 0 °C and under nitrogen. A solution of 

POCl3 (259 µL, 2.83 mmol, 1.5 eq) in dry CH2Cl2 (4 mL) was added dropwise and 

the reaction was stirred for 1.5 h at 0 °C. Aqueous saturated NaHCO3 solution was 

then added and the mixture was left to reach room temperature and stirred for 

additional 10 min. Then, the reaction was extracted with CH2Cl2, dried over 

Na2SO4and evaporated, yielding compound 45 (205.4 mg, 0.83 mmol, 44%) as an 

amorphous yellow solid. 1H-NMR (300 MHz, CD3OD): δ = 7.88 (s, 1H), 7.45 (dd, 

Js = 6.8, 2.5 Hz, 1H), 7.29-7.17 (m, 5H), 7.04 (m, 2H), 5.23 (s, 2H), 4.45 (s, 2H). IR 

(KBr): ṽ = 2927, 2854, 2671, 2159, 1617, 1494, 1437, 1266, 746 cm-1.  

N-(3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)-2-acetamidoacetamide, (46).  
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To a solution of compound 45 (197.6 mg, 0.8 mmol, 1 eq) in MeOH (1.4 mL) and 

water (0.5 mL) acetic acid (45 µL, 0.8 mmol, 1 eq), NH4Cl (128.3 mg, 2.4 mmol, 3 

eq), TEA (111 µL, 0.8 mmol, 1 eq) and paraformaldehyde  (38.4 mg, 0.80 mmol, 1 

eq) were added in order. The mixture was heated at 65 °C for 8 h. Then, water was 

added and the aqueous phase was extracted with EtOAc (3x). The organic phases 

were collected, dried over Na2SO4 and evaporated. The crude product was purified 

by column chromatography using EtOAc/MeOH 9:1 as eluent, affording compound 

46 (80 mg, 0.25 mmol, 30%) as a white solid. Mp 164-166 °C. 1H-NMR (300 MHz, 

CD3OD): δ = 8.30 (s, 1H), 7.66 (d, J = 6.7 Hz, 1H), 7.41 (d, J = 6.2 Hz, 1H), 7.24-

7.18 (m, 5H), 7.15 (s, 1H), 5.44 (s, 2H), 4.35 (s, 2H), 3.85 (s, 2H), 1.99 (s, 3H). IR 

(KBr): ṽ = 3476, 3415, 3228, 3054, 2927, 2811, 1617, 1548, 1286 cm-1. MS (ESI): 

337 m/z [M + H]+.  

N-(2-((3-((1H-Benzo[d]imidazol-1-yl)methyl)benzyl)amino)-2-

oxoethyl)benzamide, (47). 

The title compound was synthesized following the procedure described for 

compound 46. The crude material was purified by column chromatography using 

EtOAc/MeOH 9:1 as eluent to afford compound 47 (101.9 mg, 0.26 mmol, 32%) as 

a white solid. Mp 136-138 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.28 (s, 1H), 7.89 

(d, J = 7.9 Hz, 2H), 7.66 (d, J = 7.7 Hz, 1H), 7.52-7.42 (m, 3H), 7.26-7.18 (m, 6H), 

7.12 (s, 1H), 5.46 (s, 2H), 4.37 (s, 2H), 4.07 (s, 2H). IR (KBr): ṽ = 3465, 3415, 3081, 

2931, 1686, 1453, 1437, 1207, 1142, 737, 725 cm-1. MS (ESI): 399 m/z [M + H]+. 

3-(((5-Bromo-2-nitrophenyl)amino)methyl)benzonitrile, (50). 
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To a solution of 2,4-dibromo-1-nitrobenzene 48 (100 mg, 0.36 mmol, 1 eq) in DMSO 

(1 mL), K2CO3 (73 mg, 0.53 mmol, 1.5 eq) and 3-(aminomethyl)benzonitrile 49 (51 

mg, 0.39 mg, 1.01 eq) were added in order. The reaction mixture was stirred at 72 

°C overnight. EtOAc was added and the organic later was washed with aqueous 

saturated NaHCO3 (3x), dried over Na2SO4, filtrated and concentrated in vacuo. 

Purification by silica gel column chromatography using PE/EtOAc 95:5 as eluent 

afforded compound 50 (15 mg, 0.05 mmol, 13%) as a yellow solid. Mp 196-198 °C. 

1H-NMR (300 MHz, CDCl3): δ = 8.42 (s, 1H), 8.08 (d, J = 7.8 Hz, 1H), 7.62-7.49 

(m, 2H), 7.51 (d, J = 7.8 Hz, 1H), 6.88-6.83 (m, 2H), 4.57 (d, J = 4.7 Hz, 2H). IR 

(KBr): ṽ = 3390, 2921, 2229, 1962, 1890, 1520, 1408, 1257, 1049, 750, 618 cm-1. 

MS (ESI): 332 m/z [M + H]+. 

3-((6-Bromo-1H-benzo[d]imidazol-1-yl)methyl)benzonitrile, (51). 

To a solution of compound 50 (0.93 g, 56.24 mmol, 1 eq) in formic acid (29 mL), Fe 

(3.14 g, 56.24 mmol, 20 eq) was added. The reaction mixture was heated to 85 °C 

for 16 h. MeOH (29 mL) was added, the reaction was filtered and the filtrate 

concentrate in vacuo. The crude material was purified by silica gel column 

chromatography using PE/EtOAc 4:6 as eluent yielding a yellow solid (1.21 g, 38.81 

mmol, 69%). Mp 123-125 °C. 1H-NMR (300 MHz, CDCl3): δ = 8.00 (s, 1H), 7.62 

(m, 2H), 7.42-7.26 (m, 5H), 5.35 (s, 2H). IR (KBr): ṽ = 3063, 2921, 2722, 2356, 

2228, 1699, 1493, 1462, 1361, 1283, 767, 690 cm-1. MS (ESI): 313 m/z [M + H]+. 

(3-((6-Bromo-1H-benzo[d]imidazol-1-yl)methyl)phenyl)methanamine, (52). 
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Compound 52 was synthesized as previously reported for the preparation of 

compound 9, starting from compound 51 (350 mg, 1.17 mmol). The crude material 

was purified by column chromatography using EtOAc/MeOH 7:3 to obtain the 

desired compound (147 mg, 0.47 mmol, 40%) as a yellow oil. 1H-NMR (300 MHz, 

CD3OD): δ = 8.21 (s, 1H), 7.55 (t, J = 7.1 Hz, 1H), 7.36 (dd, Js = 1.4, 7.4 Hz, 1H), 

7.23-7.17 (m, 4H), 7.05 (s, 1H), 5.32 (s, 2H), 3.7 (s, 2H). IR (KBr): ṽ = 3521, 3444, 

2922, 2855, 1496, 1562, 1458, 1367, 745 cm-1. MS (ESI): 316 m/z [M + H]+. 

4-Bromo-N-(3-((6-bromo-1H-benzo[d]imidazol-1-yl)methyl)benzyl)-1H-

pyrrole-2-carboxamide, (53).  

The title compound was synthesized following the general procedure, starting from 

compound 52 (100 mg, 0.32 mmol) and 4-bromo-1H-pyrrole-2-carboxylic acid (71 

mg, 0.38 mmol). The crude material was purified by column chromatography using 

PE/EtOAc 3:7 as eluent to afford compound 53 (61 mg, 0.12 mmol, 39%) as a white 

solid. Mp 200-202 °C. 1H-NMR (300 MHz, CD3OD): δ = 8.26 (s, 1H), 7.65 (d, J = 

7.7 Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H) 7.31-7.13 (m, 5H), 6.91 (s, 1H), 6.73 (s, 1H), 

7.15 (s, 2H), 4.45 (s, 2H). 13C-NMR (100.6 MHz, DMSO-d6): δ = 161.2, 144.8, 

144.0, 140.3, 138.0, 134.7, 129.7, 127.0, 126.9, 126.8, 125.2, 122.8, 122.2, 121.8, 

118.7, 117.9, 111.2, 94.8, 50.4, 42.9. IR (KBr): ṽ = 3484, 3407, 3224, 3119, 3291, 

2769, 1564, 1525, 1459, 749 cm-1. MS (ESI): 489 m/z [M + H]+. 

In vitro metabolism studies 

In vitro metabolism in mouse liver microsomes 
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Mouse liver microsomes (MLM), (pooled male mouse CD-1, protein concentration: 

20 mg/mL) were purchased from Corning B.V. Life Sciences (Amsterdam, The 

Netherlands) and used throughout this study. The standard incubation mixture (250 

µL final volume), was carried out in a 50 mM TRIS 

(tris[hydroxymethyl]aminomethane) buffer (pH 7.4) containing 3.3 mM MgCl2, 1.3 

mM β-NADP-Na2, 3.3 mM glucose 6-phosphate, 0.4 Units/mL glucose 6-phosphate 

dehydrogenase (NADPH regenerating system), 5 μL of acetonitrile (1% of total 

volume), and the substrate compounds at a concentration of 50 μM. After pre-

equilibration of the mixture, an appropriate volume of MLM suspension was added 

to give a final protein concentration of 1 mg/mL. The mixture was shaken for 60 min 

at 37 °C. Control incubations were carried out without the presence of MLM 

suspension or cofactors. When metabolic activation was studied, 3 mM GSH 

trapping agent was added in the incubation mixture. Each incubation was stopped by 

addition of 250 µL ice-cold acetonitrile, vortexed and centrifuged at 13000 r.p.m. for 

10 min. 

CYP inhibition: aminopyrine N-demethylase assay 

Aminopyrine N-demethylase activity was determined by detecting the amount of 

formaldehyde produced by rat liver microsomes (RLM). The incubation was carried 

out in Tris-HCl buffer (50 mM, pH 7.4) supplemented with 150 mM KCI and 10 

mM MgCl2. The incubation contained 1 mM aminopyrine, acetonitrile (1% final 

volume), and 1 mg/mL of RLM in a total volume of 180 µL. Increasing 

concentrations of 10, 23 and 35 (0.01, 1, 5, 10, 25, 50, 75, and 100 µM) were added 
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to the incubation mixture to inhibit aminopyrine N-demethylase activity. After 3 min 

pre-incubation at 37 °C, the reaction was initiated by adding the β-NADPH (3 mM) 

and carried out at 37 °C for 15 min with moderate shaking. The reaction was then 

quenched by addition of 90 µL of 20% (w/v) cold TCA solution. After centrifugation 

at 13000 r.p.m. for 10 min, a 240 µL aliquot of the protein-free supernatant was 

treated with 120 µL of Nash reagent and incubated at 37 °C for 40 min. The 

absorbance intensity of the resultant solution was determined at 412 nm, subtracting 

the blank sample absorbance (without β-NADPH). The concentration of 

formaldehyde was quantified (nmol/min/mg) by comparison with a standard curve 

prepared from commercially available formaldehyde solution freshly standardized 

by iodometric titration. IC50 values were calculated by using GraphPad Prism 

software (GraphPad Software, Inc., USA). Nash reagent: 3.75 g ammonium acetate, 

50 µl glacial acetic acid, and 75 µL acetylacetone were dissolved in 25 mL of 

deionized water. The solution was freshly prepared and used only for one day. 

Biology  

Ligand binding experiments 

Recombinant human IDO1 (rhIDO1) was purchased from Proteros Biostructures 

GmbH, (Martinsried, Germany). Experiments to assess Kd values were conducted 

using Monolith NT.115 instrument (NanoTemper Technologies, Munich, Germany). 

Fluorescence labeling of rhIDO1 was performed following the protocol for N-

hydroxysuccinimide (NHS) coupling of RED dye NT650 (NanoTemper 

Technologies, Munich, Germany) to lysine residues. Briefly, 100 µL of a 20 µM 
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solution of rhIDO1 protein in MES buffer (25 mM MES, 150 mM KCl, pH 6.5) was 

mixed with 100 µL of 80 µM NT650-NHS fluorophore (NanoTemper Technologies, 

Munich, Germany) and incubated for 30 min at room temperature in the dark. 

Unbounded fluorophores were removed by size-exclusion chromatography with 

MST buffer (50 mM TRIS, 150 mM NaCl, 10 mM MgCl2, pH 7.4, 0.05% Tween20) 

as running buffer. The real concentration of each element of the sample, such as 

protein, heme group and RED dye, and the degree of labeling (DoL) were determined 

using extinction coefficient ɛ280 = 51,380 M-1 cm-1 for rhIDO1, ɛ405 = 159,000 M-

1 cm-1 for rhIDO1 heme group and ɛ650 = 195,000  M-1 cm-1 for NT650 fluorophore, 

with a correction factor (Fcorr) of 0.04 at 280 nm, using Cprot = [A280 – (A650 x 

Fcorr) / ɛ280 x l], and DoL resulted between 0.6 and 0.8. Compound pre-dilutions 

were prepared for MST experiments by 16-fold 1:1 serial dilutions in assay buffer 

containing 4% DMSO in PCR tubes supplied by NanoTemper Technologies to yield 

final volumes of 10 µL. NT650-rhIDO1 solution 10 µL was added to each compound 

dilution and mixed to reach a final NT650-rhIDO1 concentration of 50 nM, including 

2% DMSO, 2 mM DTT and a reaction volume of 20 µL. After 10 min incubation, 

these samples were loaded into 16 premium-coated capillaries and inserted in the 

chip tray of the MST instrument for thermophoresis analysis and Kd evaluation. MST 

signals were recorded at Medium MST power (compounds 1 and 10) and 20% LED 

power. Each compound was tested in three independent experiments and recorded 

data were processed with NanoTemper MO.Affinity Analysis software v2.3 in 

Manual mode setting the hot region between 19-20 seconds.  Confidence values (±) 
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are indicated next to Kd value, showing the range where the Kd falls with a 68% of 

certainty. 

Cell culture 

Human A375 cells were cultured in DMEM medium with high glucose (4.5 g/L), 

containing 10% heat inactivated fetal bovine serum (FBS), 2 mM L-glutamine 100 

U/mL of penicillin and 10 μg/mL of streptomycine (GE Healthcare, Milan, Italy). 

Human HeLa, HepG2 and MCF-7 cells were cultured in EMEM medium containing 

10% FBS, 2 mM L-glutamine 100 U/mL of penicillin and 10 μg/mL of 

streptomycine (GE Healthcare, Milan, Italy). Human LXF-289 and DAN-G cells 

were cultured in RPMI medium containing 10% FBS, 2 mM L-glutamine 100 U/mL 

of penicillin and 10 μg/mL of streptomycine (GE Healthcare, Milan, Italy).  

Cells of P1.HTR, a highly transfectable clonal variant of mouse mastocytoma 

P815,50 were transfected by electroporation with plasmid constructs coding for 

mouse IDO1 (P1.IDO1) or TDO (P1.TDO). Stable transfectant cell lines were 

obtained by puromycin selection. Both cell lines were cultured in Iscove’s Modified 

Dulbecco's Medium (Gibco, Invitrogen CA, USA) supplemented with 10% FCS 

(Gibco, Invitrogen CA, USA), 1 mM glutamine (Gibco, Invitrogen CA, USA) and 

penicillin/streptomycin (Gibco, Invitrogen CA, USA). 

Peripheral blood samples were collected from a cohort of 16 patients with different 

stages of pancreatic ductal adenocarcinoma admitted at the Unit of General and 

Pancreatic Surgery of the Azienda Ospedaliera Universitaria Integrata of Verona 

before surgical resection or from healthy donors. No subject was undergoing therapy 
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at the time of sample collection. PBMCs were isolated by Ficoll-Hypaque (GE 

Healthcare). Monocytes were isolated from PBMCs by using CD14 MicroBeads 

(Miltenyi Biotech) according to manufacturer’s instructions with at least 95% cell 

purity, as evaluated by flow cytometry. Cells were cultured in a humidified 

atmosphere (5% CO2, 37 °C). 

Cell cytotoxicity 

Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) assay, as previously described.51 A375 cells were seeded 

(0.5 x 105 cells/well) in 24-well plates and treated with each compound (1 µM) for 

48 h at 37 °C in a 5% CO2 humidified incubator. The percentage of cell viability was 

calculated as [100 (x−y)/ (z−y)], where x, y, and z were the absorbance read in 

compound-treated, resting and compound-untreated cells, respectively. 

Monocytes viability assay 

Purified monocytes from HD were treated or not with increasing concentration of 

epacadostat, compounds 10 and 23. Purified monocytes from PDAC patients were 

treated or not with 30 µM epacadostat, compounds 10 and 23. Following 24 h, cells 

were stained with Annexin V using the Annexin V Apoptosis Detection Kit APC 

(eBioscence, Thermo Fisher Scientific) and 7-AAD (BD Bioscences). Cell viability 

was evaluated on AnnexinVneg7AADneg monocytes by flow cytometry and FlowJo 

software (TreeStar). 

Cellular IDO1 enzymatic assay  
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The enzymatic activity of IDO1 was evaluated by measuring the levels of L-Kyn 

into A375 cell media, as previously described.52 A375 cells (3x104) were seeded in 

a 24-well culture plate (500 μL/well) and grown overnight. DMSO dilutions (1 μM) 

of each compound in a total volume of 500 μL culture medium including human 

IFN-γ (1000 U/mL final concentration) per well were added into wells containing 

the cells. All compounds were dissolved in DMSO (Sigma–Aldrich). The DMSO 

final concentration in cell culture medium was always 0.1%. Equivalent amount of 

DMSO was always added to drug untreated controls. After 48 h incubation, cell 

medium was collected, deproteinized by 20% (v/v) aqueous CCl3COOH, centrifuged 

at 13,200 rpm for 10 min, and the amounts of L-Kyn in A375 cell media were 

quantified with HPLC. 20 µL of supernatants were injected by a multi-sampler 

(Beckman Coulter, Milan, Italy) into a HPLC-UV system (System Gold, Beckman 

Coulter), equipped with a C-18 sphereClone ODS analytical column (5 µm particle 

size, 250 mm x 4.0 mm; Phenomenex, Torrance, CA, USA). The mobile phase (50 

mM potassium dihydrogen phosphate, 10% v/v acetonitrile; pH 4.8) was delivered 

at a flow-rate of 1 mL/min at room temperature, and the absorbance was measured 

at 330 nm. Amounts of L-Kyn in A375 cell media were quantified on the basis of a 

calibration curve obtained using the same HPLC-UV experimental setting. To 

calculate IC50 values, IFN-γ-stimulated A375 cells were incubated with increasing 

concentrations (0.001-3 μM) of compounds for 48 h and L-Kyn levels were 

evaluated by HPLC, as reported above. The determination of inhibitors activity on 
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Hela, HepG2, LXF-289, MCF-7 and DAN-G cell lines was performed similarly to 

A375 cells. 

IDO1 and TDO selectivity assay  

In every cellular assay, P1 transfected cells were used at a passage number not 

exceeding the 10th. Dose-response curves for extrapolating the cellular IC50 were 

built by incubating 1×105 P1.IDO1 or P1.TDO cells in a final volume of 400 μL with 

3-fold serial dilutions of each compound for 16 h in a 48-well plate. The control was 

represented by cells incubated with an equivalent volume of DMSO, the vehicle in 

which compounds have been solubilized. After the incubation, supernatants of cell 

cultures were recovered and L-Kyn concentration was detected by HPLC-UV. Every 

cell assay was conducted in triplicate and repeated three times. Detection of L-Kyn 

concentrations was performed by using a Perkin Elmer, series 200 HPLC instrument 

(MA, USA). A Kinetex® C18 column (250×4.6 mm, 5 μm, 100 A; Phenomenex, 

USA), maintained at the temperature of 25 °C and pressure of 1800 PSI, was used. 

A sample volume of 300 μL was injected and eluted by a mobile phase containing 

10 mM NaH2PO4 pH 3.0 (99%) and methanol (1%) (Sigma-Aldrich, MO, USA), 

with a flow rate of 1 mL/min. L-Kyn was detected at 360 nm by an UV detector. The 

software TURBOCHROM 4 was used for evaluating the concentration of L-Kyn in 

samples by mean of a calibration curve. The detection limit of the analysis was 0.05 

μM.  

T cell proliferation assay 
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PBMCs were isolated from leukocytes-enriched buffy coats from HD (Transfusion 

Centre, University and Hospital Trust of Verona, Italy), stained with 1 µM of 

CellTrace Violet (Thermo Fisher Scientific) in PBS and followed by 5 min 

incubation at 37 °C, protected from light. Labelled PBMCs were stimulated with 

coated 0.6 µg/mL anti-CD3 (clone OKT-3, eBioscence, Thermo Fisher Scientific) 

and 5 µg/mL anti-CD28 (clone CD28.2, eBioscence, Thermo Fisher Scientific) for 

4 days and co-cultured with monocytes pre-treated or not with 30 µM of epacadostat 

1, compounds 10 and 23 for 24 h at 3:1 ratio (monocytec:PBMCs). Cell cultures 

were incubated at 37 °C and 8% CO2 in L-arginine and L-glutamine-free-RPMI 

(Biochrom), supplemented with 2 mM L-glutamine (Euroclone), 150 µM L-arginine 

(Sigma-Aldrich), 10% FBS (Superior, Merck), 10 U/mL penicillin and streptomycin 

(Euroclone), and 0.1 mM HEPES (Euroclone). At the end of the co-culture, cells 

were stained with PE-Cy7 conjugated anti-CD3 (UCHT1, eBioscence, Thermo 

Fisher Scientific), and CellTrace signal of CD3+ gated lymphocytes were analysed 

by flow cytometry and FlowJo software (Tree Star). 

Western Blot 

5x106 monocytes isolated from HD and PDAC samples were lysed in RIPA buffer 

with the addition of protease inhibitor cocktail tablets (Roche) and sodium vanadate. 

SDS-PAGE was performed loading 40 µg of protein lysates on 10% denaturing SDS 

polyacrylamide gel and transferred on PVDF membrane (Millipore). Membrane was 

blocked in Tris-buffered saline plus 0.01% Tween-20 and 5% non-fat milk and 

incubated with rabbit anti-human IDO (D5J4E, Cell Signaling Technologies), 
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followed by the secondary incubation with goat anti-rabbit IgG antibody, horseradish 

peroxidase (HRP)-conjugated (Millipore). 

Animal studies 

Animal care was in compliance with Italian regulations on protection of animals used 

for experimental purposes and were authorized by the Ministry of Health (259/2019 

DB064.44 of 28/03/2019). 

Pharmacokinetic-Pharmacodynamic studies 

8 Weeks-old male BALB/C mice (n=8; Envigo) were maintained under 12-h 

light/dark cycle at 21 ± 1 °C and 50 ± 5% humidity. Mice were starved 8 h before 

the single dose administration of epacadostat (INCB24360) and 23.40 INCB24360, 

used as a positive control, was administered 50 mg/kg and 23 intravenously at the 

dose of 10 mg/kg. The blood was collected from the eye by a retro-orbital puncture 

at different time points (2, 5, 15, 30 min, 1 h, 3 h, 8 h, 24 h), centrifuged at 8679 rpm 

for 15′, separating the clot from the plasma, and then used for LC/MS analysis. 

Pharmacokinetic analysis 

After 10 mg/Kg endovenous administration of 10 and 23 blood was drawn after 2, 5, 

15, 30, 60, 180 min and 24 h. Aliquots of plasma samples (50 μL) were diluted by 

adding 100 μL of acetonitrile. Samples were homogenized and centrifuged at 13000 

r.p.m. for ten min and supernatants (5 μL) were injected into LC-HRMS system. 

Plasma calibration standards were prepared by spiking appropriate amounts of 

analytes into blank plasma. The calibration curves (y = ax + b), were constructed 
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from the peak area versus plasma concentration using the weighted (1/x) linear least-

squares regression method (calibration range 0.1-5000 μg/L). 

L-Kyn levels analysis 

After 10 mg/kg endovenous administration of 10, 23, epacadostat (control) blood 

was drawn after 2, 5, 15, 30, 60, 180 min and 24 h. Aliquots of plasma samples (50 

μL) were diluted by adding 100 μL of acetonitrile. Samples were homogenized and 

centrifuged at 13000 r.p.m. for 10 min and supernatants (5 μL) were injected into 

LC-HRMS system. The % of L-Kyn was calculated considering 100% the area of 

the analyte before the administration. 
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ABBREVIATIONS 

AO, aldehyde oxidase; Boc2O, di-tert-butyl dicarbonate; CD3, cluster of 

differentiation 3; CD28, cluster of differentiation 28; CDCl3, deuterated chloroform; 

CD3OD, deuterated methanol; CH2Cl2, dichloromethane; CTLA-4, cytotoxic T-

lymphocyte antigen 4; CYP, cytochrome P450; DC, dendritic cells; DKIE, 

deuterium kinetic isotope effect; DMEM, Dulbecco's modified eagle medium; 

DMSO-d6, deuterated dimethyl sulfoxide; DoL, degree of labeling; EDCI, 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide; EtOAc, ethyl acetate; FBS, fetal bovine 

serum; GCN2, general control nonderepressible 2; GSH, glutathione; HOBt; 

hydroxybenzotriazole; HD, healthy donor; HPLC, high performance liquid 

chromatography; HRP, horseradish peroxidase; IC50, half maximum inhibitory 

concentration; IDO1, indoleamine 2,3-dioxygenase-1; IDO2, indoleamine 2,3-

dioxygenase-2; IFNγ, interferon gamma; IR, infrared; L-Kyn, L-kynurenine; LC-

HRMS, liquid chromatography - high resolution mass spectrometry; HPLC-UV, 
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high pressure liquid chromatography - ultraviolet; MCR, multicomponent reaction; 

MD, Molecular dynamics;  MDSCs, monocytic myeloid-derived suppressor cells; 

MeOH, methanol; MLM, mouse liver microsomes; Mp, melting point; mTOR1, 

mammalian target of rapamycin complex 1; MST, MicroScale Thermophoresis; 

MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; NADPH, 

nicotinamide adenine dinucleotide phosphate; NHS, N-hydroxysuccinimide; 

PBMCs, peripheral blood mononuclear cells; PBS, phosphate-buffered saline, 

PDAC, pancreatic ductal adenocarcinoma; PD, pharmacodynamics; PD-1, 

programmed cell death protein 1; PE, petroleum ether; PK, pharmacokinetic; 

rhIDO1, recombinant human IDO1; RIPA, radioimmunoprecipitation assay; RMSD, 

root mean square deviation; RLM, rat liver microsomes; RT-PCR, reverse 

transcriptase-polymerase chain reaction; SAR, structure activity relationship; SEM, 

standard error of the mean; SDS, sodium dodecyl sulphate; TEA, triethylamine; 

THF, tetrahydrofuran; TLC, thin layer chromatography; Treg, regulatory T cells; L-

Trp, L-tryptophan; TDO, tryptophan 2,3-dioxygenase. 
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8.1 Identification of compound VS-15  

A second hit compound identified by virtual screening was VS-15.1 This molecule 

displays an inhibitory activity on IDO1 of 93 ± 3% at 10 µM, an IC50 value of 0.8 

µM in A375 cell line and no detectable cytotoxicity, with a cell viability of 96 ± 3% 

at 10 µM after 48 hours.  

Firstly, the candidate, initially purchased from eMolecules,2 was re-synthesized in 

our laboratory according to Scheme 1. Anthranilic acid 1 reacted with ethyl 2-chloro-

2-oxoacetate 2 to afford intermediate 3, that underwent a nucleophilic attack at the 

carbonyl ester moiety with tryptamine, yielding intermediate 5. After a coupling 

reaction between 5 and tryptamine 4, VS-15 (6) was obtained with a yield of 58%. 

The compound was then re-tested under the same conditions as before, confirming 

the inhibitory activity and potency of the compound purchased from eMolecules®.  

 

Scheme 1. Re-synthesis of the hit compound VS-15. 

 

Reagents and conditions: (a) dry THF, 0 °C, 2 h, 99%. (b) TEA, toluene, reflux, 18 h, 68%. 

(c) TEA, EDCI, HOBt, dry CH2Cl2, rt, 18 h, 58%. 
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Docking pose of VS-15 and ligand binding experiments 

The proposed docking pose in the catalytic active site of IDO1 reveals a putative 

binding mode in which the 2-(1H-indol-3-yl)ethyl)carbamoyl moiety is 

accommodated in pocket A (Tyr126, Cys129, Val130, Phe163, Phe164, Ser167 and 

Ala264) and its nitrogen establishes an hydrogen bond with Ser167. Pocket B 

(Phe226, Arg231, Ile232, Leu234 and Ser235) is partially exploited by the phenyl 

ring and the 2-((2-(1H-indol-3-yl)ethyl)amino)-2-oxoacetamido) side-chain is 

located in pocket C (Gly236, Lys238, Ala260, Gly261, Gly262, Ser263, Phe291, 

Met295), with the NH of the indole ring forming an hydrogen bond with Lys238 

(Figure 1). Surprisingly, in the predicted docking pose there is no atom able to bind 

the heme group in the IDO1 active site.  

 

Figure 1. Schematic representation of predicted interactions of VS-15 within IDO1 

binding pockets. 

 

Considering that the docking pose of the compound was not resolutive and in order 

to confirm target engagement of IDO1 by VS-15, binding experiments were carried 

out using MicroScale Thermophoresis (MST) assays on recombinant human IDO1.3 

Both epacadostat and compound VS-13 were used as positive control in this assay. 

While both compounds displayed lower dissociation constants (VS-13: Kd of 0.55 ± 



245 

 

0.36 µM; epacadostat: Kd of 3.46 ± 0.86 M) compared to VS-15 (Kd of 24.29 ±  

3.76 µM), the Kd value of this hit compound suggests that it does bind to IDO1.  

 

Preliminary characterization of compound VS-15 

IDO1 and TDO selectivity  

To evaluate the selectivity over TDO, the compound was tested in a mastocytoma 

cell line stably expressing mouse IDO1 (P1.IDO1) or TDO (P1.TDO). To this aim, 

cells P1.IDO1 and P1.TDO were treated with different concentrations of VS-15 for 

16 h and Kyn secretion in cell culture supernatants was detected by HPLC analysis. 

In these settings, the compound behaved as selective inhibitor of IDO1 over TDO 

both at 1 and 10 µM. The IC50 value of VS-15 was 0.63 µM in P1.IDO1, while it 

was not possible to calculate the IC50 value in P1.TDO cell line. 

iNOS activity 

While the compound is specific on IDO1 over TDO, its structure has been previously 

reported as being an iNOS inhibitor.4 This mechanism of action has been further 

confirmed by us in RAW264.7 cells of murine macrophages. The cells were treated 

with 10 and 20 µM of VS-15 and, after induction with LPS and incubation for 24 h, 

the levels of NO production were evaluated using the colorimetric Griess method.  

At these concentrations, the compound is able to inhibit NO production by a 

percentage of 37.5% and 55% at 10 and 20 µM, respectively, compared to the 

untreated sample. A dose-dependent response experiment will be performed, but this 

preliminary result suggests that the compound might act as a dual IDO1-iNOS 

inhibitor.  

Signalling activity 

A preliminary experiment made in collaboration with Dr. Pallotta’s group from the 

University of Perugia has suggested that the compound is also able to interfere with 

the IDO1 signalling functions, more than with the catalytic activity of the enzyme.5  
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The compound was incubated at 10 µM in P1.IDO1 cells and, after 

immunoprecipitation of IDO1, the levels of free phosphate were evaluated by 

colorimetric reaction for untreated and treated cells.6 This indirect assay assesses the 

ability of IDO1 immunoprecipitates to remove phosphate groups from a co-

incubated tyrosine-phosphorylated substrate. Under these conditions, VS-15 reduced 

the amount of free phosphate compared to control, indicating that the compound 

might act as a negative modulator of the ITIMs-mediated signalling pathway of the 

protein. Further experiments evaluating different concentrations of the compound 

will be performed.  

Moreover, to assess if the compound can also interfere with the degradation of the 

enzyme in the cells, a Western blot analysis to estimate the expression of IDO1 

protein over time will be performed.  

Chemical stability 

One of the major concerns in the structure of VS-15 was the presence of a possible 

chemically unstable substructure represented by the α,β-dicarbonyl moiety, whose 

cleavage could lead to the formation of tryptamine and oxalic acid, two undesired 

by-products, the former for its central effects on serotonin and dopaminergic 

systems, the latter for the formation of insoluble calcium oxalate leading to kidney 

failure.  

The chemical stability of the compound toward hydrolysis was verified both in a 

physiological 0.1 M phosphate buffer (pH=7.4) and in a 20 mM acetate buffer 

(pH=4.5). The stability was evaluated after one and 6 hours at 37 °C and VS-15 was 

completely stable under the tested conditions. 

Metabolic stability 

After having confirmed the chemical stability of VS-15, its metabolic stability was 

evaluated in mouse liver S9 fraction (MLS9) activated by NADPH. Unfortunately, 

the compound is highly susceptible toward metabolism, with a residual substrate 

recovered after one hour of incubation of 15%. To design more stable analogues, we 

performed a structural characterization of the metabolites by mass spectrometry. 
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This analysis highlighted that the α,β-dicarbonyl substructure is the main soft spot, 

being tryptamine 4 and the aromatic amine 7 the two metabolites formed (Figure 2). 

Therefore, thanks to the fact that the metabolic liability is circumscribed to one soft 

spot, a hit to lead optimization was undertaken with the aim to increase both the 

metabolic stability and the potency.   

 

Figure 2. Metabolic soft spots of compound VS-15. 

 

SAR study and hit to lead optimization  

Starting from the scaffold of VS-15, a library of candidates has been synthesized 

with two different objectives: (i) performing a classical SAR study to better elucidate 

the docking pose of the compound in the IDO1 active site; (ii) improving the 

metabolic stability of the compound.  

Modification of the moiety putatively located in pocket A 

First, the molecule was made less symmetric and four compounds (8-11) were 

synthesized by modifying the tryptamine substructure putatively located in pocket A 

of IDO1 active site. To this aim, intermediate 5 was coupled with three different 

amines (Scheme 2, compounds 8-10), while compound 11 (Scheme 2) was obtained 

by hydrolysis reaction of the methyl ester moiety of 10. 
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Scheme 2. Synthesis of compounds 8-11. 

 

Reagents and conditions: (a) TEA, EDCI, HOBt, dry CH2Cl2, rt, 18 h, 48-57%; (b) NaOH, 

H2O, THF, rt, 5 h, 50%. 

 

Modification of the moiety putatively located in pocket C 

In a similar fashion, five analogues (16-20) were obtained by substituting the 

tryptamine moiety located in pocket C. Intermediate 3 reacted with four different 

amines, affording compounds 16-19. After hydrolysis of the methyl ester group of 

19, compound 20 was obtained (Scheme 3).  

 

Scheme 3. Synthesis of compounds 16-20. 

 

Reagents and conditions: (a) TEA, toluene, reflux, 18 h, 39-60%; (b) TEA, EDCI, HOBt, 

dry CH2Cl2, rt, 18 h, 22-55%; (c) NaOH, H2O, THF, rt, 5 h, 46%. 
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Removal of both the indole rings 

Moreover, a compound (22) in which both the indole rings located in pocket A and 

C were substituted with benzofurans has been synthesized according to Scheme 4, 

by coupling reaction between intermediate 13 and amine 21.  

 

Scheme 4. Synthesis of compound 22. 

 

Reagents and conditions: (a) TEA, EDCI, HOBt, dry CH2Cl2, rt, 18 h, 60%. 

 

Modification of the side chain  

The side chain of VS-15, responsible for its metabolic instability, was then 

extensively varied. First, the two carbonyl groups have been removed one at a time, 

and compounds 26 and 29 were synthesized (Scheme 5). From intermediate 23, 

acylation followed by nucleophilic substitution afforded 26, or alternatively, 

nucleophilic substitution followed by coupling reaction with tryptamine afforded 

compound 29.  

 

Scheme 5. Synthesis of compounds 26 and 29. 
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Reagents and conditions: (a) TEA, EDCI, HOBt, dry CH2Cl2, rt, 18 h, 62-86%; (b) TEA, dry 

CH2Cl2, 0 °C, 2 h, 67%; (c) K2CO3, CH3CN, 90 °C, 18 h, 62%; (d) TEA, DMAP, EtOH, 

reflux, 72 h, 30%.  

 

Similarly, the two amide groups were removed one at a time, according to Scheme 

6 and 7. Coupling reaction between 30 and 31, followed by hydrolysis of the ethyl 

ester group, yielded intermediate 33, that underwent a coupling reaction with 

tryptamine to afford compound 34.  

Compound 38 was obtained in a similar manner: a first coupling reaction between 

tryptamine and 35, hydrolysis of the methyl ester and a final coupling with 

tryptamine.  

 

Scheme 6. Synthesis of compound 34. 

 

Reagents and conditions: (a) DIPEA, EDCI, DMAP, dry CH2Cl2, rt, 72 h, 40%; (b) NaOH, 

H2O, THF, 50 °C, 4 h, 54%; (c) TEA, EDCI, HOBt, dry CH2Cl2, rt, 18 h, 48%.  
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Scheme 7. Synthesis of compound 38. 

 

Reagents and conditions: (a) TEA, EDCI, HOBt, dry CH2Cl2, rt, 18 h, 71-85%; (b) NaOH, 

H2O, THF, 50 °C, 8 h, 68%.  

 

Finally, two urea derivatives were synthesized (Scheme 8). The required isocyanates 

were prepared as described in the experimental section and reacted with intermediate 

23 to afford compounds 39 and 40. 

 

Scheme 8. Synthesis of compounds 39-40.  

 

Reagents and conditions: (a) DIPEA, dry THF, rt, 96 h, 52-77%.  
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Figure 3. Summary of the preliminary SAR study around compound VS-15. 

 

 

The biological evaluation of the 16 synthesized analogues (Figure 3) was then 

performed. After having ruled out a cytotoxicity by MTT assay at 10 µM, the 

reduction of L-Kyn production after 48 hours of treatment with 10 µM of the 

compounds was evaluated in A375 cells. Only one compound significantly affected 

cell viability (8, 76 ± 5%) and 5 analogues induced an IDO1 inhibition higher than 

85% (16, 17, 18, 19, 38). Among these, only compound 38 displays a side chain in 

which the α,β-dicarbonyl soft spot has been removed and therefore its metabolic 

stability was evaluated. After one hour of incubation in MLS9, the residual substrate 

recovered was 51% and the characterization of the metabolites revealed that no 

hydrolysis of the amide groups occurs. In contrast to what observed for VS-15, the 

main liabilities of this molecule are represented by the oxidative metabolism of the 

two indole rings. To further elucidate the enhanced metabolic stability in the 

analogues in which the soft spot has been removed, despite not being the most active 

ones, 3 other candidates (29, 39, 40, Table 1) have been evaluated for their stability 

in MLS9 and globally all of them are more stable than VS-15, with a residual 

substrate of 49, 67 and 70%, respectively).   
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On the basis of this evidence further optimization of the selected compounds will be 

performed, also taking into consideration the biological data that are currently 

ongoing.  

Despite the biological characterization of this class is currently under development, 

by these preliminary results we can draw the following conclusions: (i) the indole 

ring located in pocket A is crucial for IDO1 inhibition, and elongation of the carbon 

chain (8, 68 ± 15%) or substitution of the moiety with a benzofuran (9, 6 ± 7%) 

reduces the activity compared to VS-15; (ii) the substitution of the indole ring in 

pocket C with a benzofuran substructure (18, 97 ± 3%) or elongation of the carbon 

chain (16, 91 ± 3%) are well tolerated; (iii) the removal of the aryl amide group leads 

to a compound (38) slightly less active (88 ± 6%), but more stable (51% of residual 

substrate) than VS-15 (13% of residual substrate); (iv) on the contrary, the removal 

of the other amide group (34, 46 ± 10%) causes a drop-in the activity; (v) the 

insertion of an urea group in the side chain reduces the activity (39: 67 ± 4% , 40: 59 

± 3%), but leads to an enhanced metabolic stability (residual substrate of 67% for 39 

and 70% for 40).  

 

Table 1. Biological profile and metabolic stability of VS-15 analogues. 

Cpd 
Cell viability (%) 

@ 10 µM ± SD 

IDO1 cellular 

assay inhibition 

(%) @ 10 µM 

Residual 

substrate 

(MLS9) 

VS-15 96 ± 3 93 ± 3 15% 

8 76 ± 5 68 ± 15 - 

9 100 ± 0 6 ± 7 - 

10 93 ± 8 60 ± 2 - 

11 96 ± 3 27 ± 1 - 
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Cpd 
Cell viability (%) 

@ 10 µM ± SD 

IDO1 cellular 

assay inhibition 

(%) @ 10 µM 

Residual 

substrate 

(MLS9) 

16 100 ± 0 91 ± 3 - 

17 95 ± 5 91 ± 1 - 

18 91 ± 6 97 ± 3 - 

19 97 ± 3 87 ± 10 - 

20 100 ± 0 0 ± 0 - 

22 86 ± 7 to be done - 

26 97 ± 3 61 ± 3 - 

29 92 ± 7 57 ± 6 49% 

34 99 ± 1 46 ± 10 - 

38 93 ± 8 88 ± 6 51% 

39 90 ± 1 67 ± 4 67% 

40 92 ± 6 59 ± 3 70% 

 

Enzymatic activity 

To determine the inhibitory activity of VS-15 and its analogues (8-11, 16-20, 26, 34, 

38-40) toward the purified enzyme, an enzyme-based assay using recombinant 

human IDO1 (rhIDO1) was performed. 10 µM of each compound was added to the 

reaction buffer and the rhIDO1 conversion of Trp to Kyn was determined by HPLC. 

Epacadostat was chosen as reference compound. Surprisingly, while the reference 

compound exhibited a good activity on rhIDO1, none of the tested compounds 

provided a reduction in the Kyn levels in the enzyme-based assay.  
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On the contrary, VS-15 has demonstrated to possess a low Kd value (24.29±3.76 

µM) in the MST experiment, confirming its strong binding to IDO1, and a good IC50 

value (0.8 µM) in the cell-based assay. This unexpected result, while uncommon, is 

in accordance with the behaviour of the reported apo-IDO1 inhibitor linrodostat 

(type IV, see Chapter 5),7 or with the only known modulator of the signalling 

pathway of the protein, VIS351.6b This initial result has prompted us to further 

explore the mechanism of action of the compound, as described in the discussion.    

8.2 Experimental section 

General Experimental Methods. Commercially available reagents and solvents 

were used as purchased without further purification. When needed, solvents were 

distilled and stored on molecular sieves. Column chromatography was performed on 

silica gel. The following instrumentation was used: Stuart scientific SMP3 apparatus 

(melting point), FT-IR Thermo-Nicolet Avatar, FT-IR Bruker Alpha II (IR), Bruker 

Avance Neo 400 MHz (1H-NMR and 13C-NMR), Thermo Finningan LCQ-deca XP-

plus equipped with an ESI source and an ion trap detector (mass spectrometry). 

Chemical shifts are reported in parts per million (ppm). 

2-(2-Ethoxy-2-oxoacetamido)benzoic acid, (3).  

2-Aminobenzoic acid (1.0 g, 7.3 mmol) was solubilized in dry THF (12 mL) and 

ethyl 2-chloro-2-oxoacetate (0.8 mL, 7.3 mmol) was added dropwise at 0 °C and 

under nitrogen. After 1 hour, the reaction was not concluded and 0.3 eq of ethyl 2-

chloro-2-oxoacetate were added. After additional 30 minutes at 0 °C, the reaction 

was concluded and the volatile was removed under vacuo, yielded the title compound 

as a white solid (1.73 g, 7.3 mmol). The yield was quantitative; 1H-NMR (400 MHz, 

acetone-d6): δ 12.62 (br s, 1H), 8.74 (d, J = 7.4 Hz, 1H), 8.19 (d, J = 7.4 Hz, 1H), 

7.66 (t, J = 7.4 Hz, 1H), 7.23 (t, J = 7.4 Hz, 1H), 4.40 (q, J = 7.1 Hz, 2H), 1.40 (t, J 

= 7.1 Hz, 3H). MS (ESI): m/z 236 [M-H]-. 

2-(2-((2-(1H-Indol-3-yl)ethyl)amino)-2-oxoacetamido)benzoic acid, (5).  
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Intermediate 3 (1.85 g, 7.8 mmol) was solubilized in toluene (62 mL) and 2-(1H-

indol-3-yl)ethanamine (1.5 g, 9.4 mmol) and TEA (2.2 mL, 15.6 mmol) were added. 

The reaction was heated at reflux overnight, then was diluted with EtOAc and 

washed with HCl 3N. Purification with column chromatography (EtOAc as eluent) 

afforded the title compound as a yellow solid, with a yield of 68%; 1H-NMR (400 

MHz, acetone-d6): δ 9.94 (br s, 1H), 8.74 (d, J = 8.5 Hz, 1H), 8.29 (br s, 1H), 8.15 

(d, J = 8.5 Hz, 1H), 7.67-7.64 (m, 2H), 7.38 (d, J = 7.9 Hz, 1H), 7.24-7.22 (m, 2H), 

7.09-7.02 (m, 2H), 3.68 (q, J = 7.1 Hz, 2H), 3.07 (t, J = 7.1 Hz, 2H). MS (ESI): m/z 

350 [M-H]-. 

N1-(2-(1H-Indol-3-yl)ethyl)-N2-(2-((2-(1H-indol-3-

yl)ethyl)carbamoyl)phenyl)oxalamide, (6, VS15). 

2-(2-((2-(1H-Indol-3-yl)ethyl)amino)-2-oxoacetamido)benzoic acid was solubilized 

(100 mg, 0.28 mmol) in dry CH2Cl2 (2.5 mL) and TEA (90 µL, 0.63 mmol), HOBt 

(46.2 mg, 0.34 mmol), EDCI (65.5 mg, 0.34 mmol) and 2-(1H-indol-3-

yl)ethanamine (54.7 mg, 0.34 mmol) were added in order under nitrogen. After 

stirring at room temperature overnight, the reaction was diluted with water and 

extracted with CH2Cl2. The organic layer was dried over sodium sulfate and purified 

by column chromatography (PE/EtOAc 6:4 as eluent), affording the title compound 

as yellow solid (58%); mp: 186-188 °C. 1H-NMR (400 MHz, acetone-d6): δ 9.87 (br 

s, 1H), 8.63 (d, J = 8.3 Hz, 1H), 8.26 (br s, 1H), 7.85 (br s, 1H), 7.73-7.66 (m, 3H), 

7.49 (t, J = 7.2 Hz, 1H), 7.40-7.37 (m, 2H), 7.20-7.00 (m, 7H), 3.77-3.68 (m, 4H), 

3.15-3.07 (m, 4H). IR (neat): ṽ = 3458, 3321, 2920, 2852, 1678, 1519, 1448, 1190, 

735 cm-1. MS (ESI): m/z 516 [M+Na]+. 

N1-(2-(1H-Indol-3-yl)ethyl)-N2-(2-((3-(1H-indol-3-

yl)propyl)carbamoyl)phenyl)oxalamide, (8). 

Following the procedure described for compound 6, the reaction of intermediate 5 

and 3-(1H-indol-3-yl)propan-1-amine, after purification (PE/EtOAc 5:5 as eluent), 

yielded compound 8 as a white solid (53%); mp: 184-185 °C. 1H-NMR (400 MHz, 

acetone-d6): δ 12.81 (br s, 1H), 10.08 (br s, 1H), 10.00 (br s, 1H), 8.66 (d, J = 8.3 
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Hz, 1H), 8.40 (br s, 1H), 8.05 (br s, 1H), 7.75 (d, J = 7.8 Hz, 1H), 7.69 (d, J = 7.8 

Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.52 (t, J = 7.8 Hz, 1H), 7.42-7.39 (m, 2H), 7.19-

7.00 (m, 7H), 3.70 (q, J = 7.5 Hz, 2H), 3.55 (q, J = 6.6 Hz, 2H), 3.10 (t, J = 7.5 Hz, 

2H), 2.90 (t, J = 6.6 Hz, 2H), 2.07 (quint, J = 7.5 Hz, 2H). IR (neat): ṽ = 3395, 2920, 

1672, 1637, 1543, 1509, 1450, 1298, 1225, 744, 580, 500 cm-1. MS (ESI): m/z 530 

[M+Na]+. 

N1-(2-(1H-indol-3-yl)ethyl)-N2-(2-((2-(benzofuran-3-

yl)ethyl)carbamoyl)phenyl)oxalamide, (9). 

Following the procedure described for compound 6, the reaction of intermediate 5 

and 2-(benzofuran-3-yl)ethanamine, after purification (PE/EtOAc 7:3 as eluent), 

yielded compound 9 as a yellow solid (48%); mp: 180-181 °C. 1H-NMR (400 MHz, 

DMSO-d6): δ 10.80 (br s, 1H), 9.09 (br s, 1H), 8.92 (br s, 1H), 8.54 (d, J = 8.1 Hz, 

1H), 7.87 (s, 1H), 7.75-7.69 (m, 2H), 7.62-7.53 (m, 3H), 7.36-7.23 (m, 5H), 7.08 (t, 

J = 7.1 Hz, 1H), 7.00 (t, J = 7.6 Hz, 1H), 3.63 (t, J = 6.0 Hz, 2H), 3.51 (t, J = 7.2 Hz, 

2H), 3.00-2.93 (m, 4H). IR (neat): ṽ = 3321, 1680, 1595, 1519, 1448, 1088, 740, 496, 

420 cm-1. MS (ESI): m/z 495 [M+H]+. 

Methyl 2-(2-(2-((2-(1H-indol-3-yl)ethyl)amino)-2-oxoacetamido)benzamido)-3-

(1H-indol-3-yl)propanoate, (10). 

Following the procedure described for compound 6, the reaction of intermediate 5 

and methyl 2-amino-3-(1H-indol-3-yl)propanoate, after purification (PE/EtOAc 4:6 

as eluent), yielded compound 10 as a yellow solid (57%); mp: 152-153 °C. 1H-NMR 

(400 MHz, CD3OD): δ 8.51 (d, J = 8.3 Hz, 1H), 7.63-7.56 (m, 3H), 7.51 (t, J = 8.1 

Hz, 1H), 7.35-7.31 (m, 2H), 7.18-7.06 (m, 5H), 7.04-9.97 (m, 2H), 4.86-4.84 (m, 

1H), 3.74 (s, 3H), 3.62 (t, J = 7.3 Hz, 2H), 3.43-3.33 (m, 2H), 3.05 (t, J = 7.3 Hz, 

2H). IR (neat): ṽ = 3416, 3359, 2921, 1678, 1507, 1441, 1365, 1215, 1184, 733, 496, 

425 cm-1. MS (ESI): m/z 552 [M+H]+. 

2-(2-(2-((2-(1H-Indol-3-yl)ethyl)amino)-2-oxoacetamido)benzamido)-3-(1H-

indol-3-yl)propanoic acid, (11). 
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To a solution of compound 10 (165 mg, 0.3 mmol) in THF (1.5 mL), a solution of 

NaOH (24 mg, 0.6 mmol) in water (1.5 mL) was added. After 5 hours at room 

temperature, HCl 3N was added until pH 4 and the aqueous layer was extracted with 

EtOAc (x3). The collected organic phases were dried over sodium sulfate and 

evaporated. Purification by column chromatography (EtOAc as eluent) afforded the 

title compound (50%) as a yellow solid; mp: 182-183 °C. 1H-NMR (400 MHz, 

CD3OD): δ 8.35 (d, J = 8.6 Hz, 1H), 7.50-7.46 (m, 2H), 7.35-7.31 (m, 2H), 7.22 (d, 

J = 8.0 Hz, 1H), 7.16 (d, J = 8.0 Hz, 1H), 7.03 (s, 1H), 6.99-6.88 (m, 5H), 6.79 (t, J 

= 7.3 Hz, 1H), 4.77-4.74 (m, 1H), 3.51 (t, J = 7.4 Hz, 1H), 3.43 (dd, Js = 14.7, 5.0 

Hz, 1H), 3.26-3.24 (m, 1H), 2.93 (t, J = 7.4 Hz, 2H). IR (neat): ṽ = 3384, 2921, 1670, 

1584, 1508, 1447, 1224, 1092, 738, 422 cm-1. MS (ESI): m/z 538 [M+H]+. 

2-(2-((3-(1H-Indol-3-yl)propyl)amino)-2-oxoacetamido)benzoic acid, (12).  

Following the procedure described for compound 5, the reaction of intermediate 3 

and 3-(1H-indol-3-yl)propan-1-amine, after purification (PE/EtOAc 3:7 as eluent), 

yielded compound 12 as a yellow solid (51%); 1H-NMR (400 MHz, CD3OD): δ 8.71 

(d, J = 8.3 Hz, 1H), 8.14 (d, J = 7.4 Hz, 1H), 7.61-7.51 (m, 2H), 7.32 (d, J = 8.3 Hz, 

1H), 7.22 (t, J = 7.4 Hz, 1H), 7.09-7.06 (m, 2H), 7.00 (t, J = 7.4 Hz, 1H), 3.41 (t, J 

= 7.0 Hz, 2H), 2.84 (t, J = 7.0 Hz, 2H), 2.03 (quint, J = 7.0 Hz, 2H). MS (ESI): m/z 

366 [M+H]+. 

2-(2-(((1H-Indol-3-yl)methyl)amino)-2-oxoacetamido)benzoic acid, (13).  

Following the procedure described for compound 5, the reaction of intermediate 3 

and (1H-indol-3-yl)methanamine, after purification (PE/EtOAc 7:3 as eluent), 

yielded compound 13 as a red solid (60%); 1H-NMR (400 MHz, acetone-d6): δ 10.14 

(br s, 1H), 8.60 (d, J = 8.2 Hz, 1H), 8.34 (d, J = 7.6 Hz, 1H), 7.44-7.29 (m, 3H), 7.09 

(t, J = 7.6 Hz, 1H), 7.11-6.92 (m, 3H), 4.21 (s, 2H). MS (ESI): m/z 338 [M+H]+. 

2-(2-((2-(Benzofuran-3-yl)ethyl)amino)-2-oxoacetamido)benzoic acid, (14).  

Following the procedure described for compound 5, the reaction of intermediate 3 

and 2-(benzofuran-3-yl)ethanamine, after purification (EtOAc/MeOH 9:1 as eluent), 

yielded compound 14 as a dark yellow solid (46%); 1H-NMR (400 MHz, CD3OD): 
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δ 8.62 (d, J = 8.3 Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.64 (s, 

1H), 7.49-7.44 (m, 2H), 7.31-7.23 (m, 2H), 7.16 (t, J = 7.8 Hz, 1H), 3.66 (t, J = 7.4 

Hz, 2H), 3.01 (t, J = 7.4 Hz, 2H). MS (ESI): m/z 353 [M+H]+. 

2-(2-((3-(1H-Indol-3-yl)-1-methoxy-1-oxopropan-2-yl)amino)-2-

oxoacetamido)benzoic acid, (15). 

Following the procedure described for compound 5, the reaction of intermediate 3 

and methyl 2-amino-3-(1H-indol-3-yl)propanoate, after purification (PE/EtOAc 3:7 

as eluent), yielded compound 15 as a dark yellow solid (39%); 1H-NMR (400 MHz, 

CD3OD): δ 8.52 (d, J = 8.1 Hz, 1H), 7.99 (d, J = 7.2 Hz, 1H), 7.43-7.41 (m, 2H), 

7.22 (d, J = 8.1 Hz, 1H), 7.06 (t, J = 7.2 Hz, 1H), 7.00-6.95 (m, 2H), 6.89 (t, J = 7.2 

Hz, 1H), 3.58 (s, 3H), 3.29-3.26 (m, 2H). MS (ESI): m/z 432 [M+Na]+. 

N1-(2-((2-(1H-Indol-3-yl)ethyl)carbamoyl)phenyl)-N2-(3-(1H-indol-3-

yl)propyl)oxalamide, (16). 

Following the procedure described for compound 6, the reaction of intermediate 12 

and 2-(1H-indol-3-yl)ethanamine, after purification (PE/EtOAc 3:7 as eluent), 

yielded compound 16 as a yellow solid (46%); mp: 107-108 °C. 1H-NMR (400 MHz, 

CD3OD): δ 8.55 (d, J = 8.3 Hz, 1H), 7.63-7.48 (m, 4H), 7.35-7.32 (m, 2H), 7.17 (t, 

J = 7.7 Hz, 1H), 7.13 (s, 1H), 7.11-7.06 (m, 4H), 6.99 (t, J = 7.2 Hz, 1H), 3.70 (t, J 

= 7.4 Hz, 2H), 3.42 (t, J = 7.3 Hz, 2H), 3.11 (t, J = 7.3 Hz, 2H), 2.84 (t, J = 7.4 Hz, 

2H), 2.01 (quint, J = 7.3 Hz, 2H). IR (neat): ṽ = 3308, 2961, 1674, 1513, 1442, 1258, 

1086, 1017, 794 cm-1. MS (ESI): m/z 508 [M+H]+. 

N1-(2-((2-(1H-indol-3-yl)ethyl)carbamoyl)phenyl)-N2-((1H-indol-3-

yl)methyl)oxalamide, (17). 

Following the procedure described for compound 6, the reaction of intermediate 13 

and 2-(1H-indol-3-yl)ethanamine, after purification (PE/EtOAc 7:3 as eluent), 

yielded compound 17 as a yellow solid (22%); mp: 97-98 °C. 1H-NMR (400 MHz, 

CD3OD): δ 8.52 (d, J = 7.6 Hz, 1H), 7.67-7.56 (m, 3H), 7.37-7.31 (m, 2H), 7.28 (s, 

1H), 7.16-6.97 (m, 7H), 4.70 (s, 2H), 3.71 (t, J = 7.3 Hz, 2H), 3.11 (t, J = 7.3 Hz, 
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2H). IR (neat): ṽ = 2921, 2852, 1671, 1506, 1448, 1260, 1012, 799, 739 cm-1. MS 

(ESI): m/z 480 [M+H]+. 

N1-(2-((2-(1H-indol-3-yl)ethyl)carbamoyl)phenyl)-N2-(2-(benzofuran-3-

yl)ethyl)oxalamide, (18). 

Following the procedure described for compound 6, the reaction of intermediate 14 

and 2-(1H-indol-3-yl)ethanamine, after purification (PE/EtOAc 6:4 as eluent), 

yielded compound 18 as a dark yellow solid (55%); mp: 189-190 °C. 1H-NMR (400 

MHz, DMSO-d6): δ 12.62 (br s, 1H), 10.81 (br s, 1H), 9.19 (br s, 1H), 8.88 (br s, 

1H), 8.55 (d, J = 8.3 Hz, 1H), 7.84 (s, 1H), 7.77-7.70 (m, 2H), 7.60-7.53 (m, 3H), 

7.36-7.21 (m, 5H), 7.07 (t, J = 7.1 Hz, 1H), 6.98 (t, J = 7.9 Hz, 1H), 3.61-3.52 (m, 

4H), 3.00 (t, J = 7.5 Hz, 2H), 2.94 (t, J = 7.2 Hz, 2H). IR (neat): ṽ = 3299, 1670, 

1632, 1504, 1446, 1092, 737, 628, 425 cm-1. MS (ESI): m/z 495 [M+H]+. 

Methyl 2-(2-((2-((2-(1H-indol-3-yl)ethyl)carbamoyl)phenyl)amino)-2-

oxoacetamido)-3-(1H-indol-3-yl)propanoate, (19). 

Following the procedure described for compound 6, the reaction of intermediate 15 

and 2-(1H-indol-3-yl)ethanamine, after purification (PE/EtOAc 3:7 as eluent), 

yielded compound 19 as a dark yellow solid (45%); mp: 104-105 °C. 1H-NMR (400 

MHz, CD3OD): δ 8.44 (d, J = 8.2 Hz, 1H), 7.59-7.44 (m, 3H), 7.33-7.29 (m, 2H), 

7.09-6.93 (m, 8H), 4.83 (t, J = 6.6 Hz, 1H), 3.65-3.62 (m, 5H), 3.37-3.32 (m, 2H), 

3.03 (t, J = 7.3 Hz, 2H). IR (neat): ṽ = 3369, 1737, 1673, 1504, 1448, 1220, 1094, 

739, 481, 424 cm-1. MS (ESI): m/z 552 [M+H]+. 

2-(2-((2-((2-(1H-Indol-3-yl)ethyl)carbamoyl)phenyl)amino)-2-oxoacetamido)-

3-(1H-indol-3-yl)propanoic acid, (20). 

Following the procedure described for compound 11, the reaction of compound 19, 

after purification by column chromatography (EtOAc/MeOH 9:1 as eluent) afforded 

the title compound (46%) as a white solid; mp: 184-185 °C. 1H-NMR (400 MHz, 

CD3OD): δ 8.47 (d, J = 8.2 Hz, 1H), 7.65-7.55 (m, 3H), 7.47 (t, J = 7.3 Hz, 1H), 

7.34-7.29 (m, 2H), 7.20-6.96 (m, 7H), 4.71 (t, J = 5.6 Hz, 1H), 3.69 (t, J = 7.3 Hz, 
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2H), 3.42-3.39 (m, 2H), 3.09 (t, J = 7.2 Hz, 2H). IR (neat): ṽ = 3350, 2922, 2852, 

1671, 1508, 1449, 1259, 1012, 795, 739, 492 cm-1. MS (ESI): m/z 538 [M+H]+. 

N1-(2-(benzofuran-3-yl)ethyl)-N2-(2-((2-(benzofuran-3-

yl)ethyl)carbamoyl)phenyl)oxalamide, (22). 

Following the procedure described for compound 6, the reaction of intermediate 13 

and 2-(benzofuran-3-yl)ethanamine, after purification (PE/EtOAc 8:2 as eluent), 

yielded compound 22 as a yellow solid (60%); 1H-NMR (400 MHz, CDCl3): δ 12.77 

(br s, 1H), 8.62 (d, J = 8.3 Hz, 1H), 7.66 (br s, 1H), 7.63-7.59 (m, 2H), 7.53-7.47 (m, 

5H), 7.38-7.24 (m, 5H), 7.10 (t, J = 7.6 Hz, 1H), 6.40 (br s, 1H), 3.85 (q, J = 6.2 Hz, 

2H), 3.75 (q, J = 6.7 Hz, 2H), 3.08-3.00 (m, 4H). MS (ESI): m/z 496 [M+H]+. 

N-(2-(1H-Indol-3-yl)ethyl)-2-aminobenzamide, (23).  

Following the procedure described for compound 6, the reaction of 2-aminobenzoic 

acid and 2-(1H-indol-3-yl)ethanamine, after purification (PE/EtOAc 7:3 as eluent), 

yielded compound 23 as a yellow solid (82%); 1H-NMR (400 MHz, CD3OD): δ 7.48 

(d, J = 7.9 Hz, 1H), 7.21-7-17 (m, 2H), 7.03-6.96 (m, 2H), 6.94 (s, 1H), 6.89 (t, J = 

7.9 Hz, 1H), 6.58 (d, J = 8.2 Hz, 1H), 6.45 (t, J = 8.2 Hz, 1H), 3.49 (t, J = 7.2 Hz, 

2H), 2.91 (t, J = 7.2 Hz, 2H). MS (ESI): m/z 280 [M+H]+. 

N-(2-(1H-Indol-3-yl)ethyl)-2-(2-bromoacetamido)benzamide, (25).  

Intermediate 23 (391 mg, 1.4 mmol) was solubilized in dry CH2Cl2 (8 mL) and TEA 

(428 µL, 3.08 mmol) was added under nitrogen. Then, 2-bromoacetyl chloride (187 

µL, 2.24 mmol) was added dropwise at 0 °C. After 2 hours, the reaction was not 

concluded and 1 eq of 2-bromoacetyl chloride was added. After 2 additional hours, 

the reaction was diluted with CH2Cl2 and washed with water (x3). After 

anidrification over sodium sulfate and evaporation, the crude material was purified 

by column chromatography (PE/EtOAc 6:4), affording the title compound (67%) as 

a yellow solid; 1H-NMR (400 MHz, acetone-d6): δ 12.07 (br s, 1H), 10.02 (br s, 1H), 

8.58 (d, J = 8.1 Hz, 1H), 8.15 (br s, 1H), 7.73 (d, J = 8.1 Hz, 1H), 7.65 (d, J = 7.2 

Hz, 1H), 7.50 (t, J = 7.2 Hz, 1H), 7.40 (t, J = 8.1 Hz, 1H), 7.24 (s, 1H), 7.15-7.10 
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(m, 2H), 7.03 (t, J = 7.2 Hz, 1H), 4.13 (s, 2H), 3.76 (q, J = 7.1 Hz, 2H), 3.13 (t, J = 

7.1 Hz, 2H). MS (ESI): m/z 280 [M+H]+.  

N-(2-(1H-Indol-3-yl)ethyl)-2-(2-((2-(1H-indol-3-

yl)ethyl)amino)acetamido)benzamide, (26). 

To a solution of intermediate 25 (150 mg, 0.37 mmol) in CH3CN (3 mL), K2CO3 

(100 mg, 0.74 mmol) and 2-(1H-indol-3-yl)ethanamine (120 mg, 0.74 mmol) were 

added. The mixture was heated at reflux overnight. Then, the volatile was removed 

and the reaction was diluted with EtOAc and the organic phase was washed with 

water, dried over sodium sulfate and evaporated. Purification by column 

chromatography (PE/EtOAc 5:5 as eluent) afforded the title compound as a pink 

solid (62%); 1H-NMR (400 MHz, acetone-d6): δ 12.05 (br s, 1H), 9.96 (br s, 1H), 

8.72 (d, J = 8.4 Hz, 1H), 7.96 (br s, 1H), 7.71-7.64 (m, 3H), 7.44 (t, J = 8.4 Hz, 1H), 

7.39-7.36 (m, 2H), 7.25 (s, 1H), 7.19 (s, 1H), 7.10-7.04 (m, 3H), 7.00-6.96 (m, 2H), 

3.79 (q, J = 7.1 Hz, 2H), 3.39 (s, 2H), 3.18-3.13 (m, 4H), 3.00 (t, J = 7.1 Hz, 2H). 

MS (ESI): m/z 481 [M+H]+.  

2-((2-((2-(1H-Indol-3-yl)ethyl)carbamoyl)phenyl)amino)acetic acid, (28).  

Intermediate 23 (100 mg, 0.36 mmol) was solubilized in EtOH (5 mL) and 2-

bromoacetic acid (38 µL, 0.54 mmol), TEA (149 µL, 1.07 mmol) and DMAP (13 

mg, 0.03 mmol) were added in order. The mixture was heated at reflux for 72 hours, 

then the volatile was removed and EtOAc was added. The organic phase was washed 

with HCl 3N, dried over sodium sulfate and evaporated. Purification by column 

chromatography (EtOAc/MeOH 9:1 as eluent) afforded the title compound as a dark 

yellow solid (30%); 1H-NMR (400 MHz, CD3OD): δ 7.59 (d, J = 7.8 Hz, 1H), 7.37-

7.34 (m, 2H), 7.25 (t, J = 7.8 Hz, 1H), 7.11-7.07 (m, 2H), 6.99 (t, J =  7.1 Hz, 1H), 

6.62-6.58 (m, 2H), 3.65 (t, J = 7.4 Hz, 2H), 3.34 (s, 2H), 3.05 (t, J = 7.4 Hz, 2H). 

MS (ESI): m/z 338 [M+H]+. 

N-(2-(1H-indol-3-yl)ethyl)-2-((2-((2-(1H-indol-3-yl)ethyl)amino)-2-

oxoethyl)amino)benzamide, (29). 
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Following the procedure described for compound 6, the reaction of intermediate 28 

and 2-(1H-indol-3-yl)ethanamine, after purification (PE/EtOAc 4:6 as eluent), 

yielded compound 29 as a yellow solid (62%); mp: 80-81 °C. 1H-NMR (400 MHz, 

CD3OD): δ 7.96 (br s, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.51 (d, J = 7.9 Hz, 1H), 7.39-

7.30 (m, 3H), 7.20 (t, J = 7.0 Hz, 1H), 7.12-7.05 (m, 3H), 7.02-6.96 (m, 2H), 6.87 

(s, 1H), 6.66 (t, J = 7.3 Hz, 1H), 6.42 (d, J = 7.9 Hz, 1H), 3.71 (s, 2H), 3.67 (t, J = 

7.3 Hz, 2H), 3.50 (t, J = 7.1 Hz, 2H), 3.07 (t, J = 7.3 Hz, 2H), 2.89 (t, J = 7.1 Hz, 

2H). IR (neat): ṽ = 3273, 2922, 2852, 1629, 1510, 1454, 1259, 1011, 798, 738, 474 

cm-1. MS (ESI): m/z 480 [M+H]+. 

Ethyl 2-(4-(1H-indol-3-yl)butanamido)benzoate, (32).  

4-(1H-Indol-3-yl)butanoic acid (300 mg, 1.48 mmol) was solubilized in dry CH2Cl2 

and 2-aminobenzoic acid (244 mg, 1.48 mmol), EDCI (567 mg, 2.96 mmol), DIPEA 

(773 µL, 4.44 mmol) and DMAP (18 mg, 0.14 mmol) were added in order. After 

stirring at room temperature overnight, the reaction was not concluded and EDCI 

(1.2 eq), DIPEA (1.2 eq) and DMAP (0.1 eq) were added. After 2 days, the mixture 

was diluted with CH2Cl2 and the organic phase was washed with water, dried over 

sodium sulfate and evaporated. Purification by column chromatography (PE/EtOAc 

8:2 as eluent) afforded the title compound as a yellow solid (40%); 1H-NMR (400 

MHz, CD3OD): δ 8.49 (d, J = 8.4 Hz, 1H), 8.49 (d, J = 8.0 Hz, 1H), 7.58-7.53 (m, 

2H),  7.32 (d, J = 8.0 Hz, 1H), 7.15 (t, J = 8.4 Hz, 1H), 7.09-7.05 (m, 2H), 6.98 (t, J 

= 8.0 Hz, 1H), 4.38 (q, J = 7.1 Hz, 2H), 2.87 (t, J = 7.3 Hz, 2H), 2.50 (t, J = 7.3 Hz, 

2H), 2.15 (quint, J = 7.3 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H). 

MS (ESI): m/z 351 [M+H]+. 

2-(4-(1H-Indol-3-yl)butanamido)benzoic acid, (33).  

Following the procedure described for compound 11, the reaction of compound 32, 

after purification by column chromatography (EtOAc as eluent) afforded the title 

compound (54%) as a yellow solid; 1H-NMR (400 MHz, acetone-d6): δ 9.85 (br s, 

1H), 8.71 (d, J = 8.1 Hz, 1H), 8.28 (br s, 1H), 7.51 (d, J = 8.1 Hz, 1H), 7.33-7.31 (m, 
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2H), 7.06-6.95 (m, 5H), 2.65 (t, J = 7.4 Hz, 2H), 2.41-2.36 (m, 4H). MS (ESI): m/z 

323 [M+H]+.  

2-(4-(1H-Indol-3-yl)butanamido)-N-(2-(1H-indol-3-yl)ethyl)benzamide, (34). 

Following the procedure described for compound 6, the reaction of intermediate 33 

and 2-(1H-indol-3-yl)ethanamine, after purification (PE/EtOAc 7:3 as eluent), 

yielded compound 34 as a yellow solid (48%); mp: 188-189 °C. 1H-NMR (400 MHz, 

CD3OD): δ 8.29 (d, J = 8.2 Hz, 1H), 7.61-7.51 (m, 3H), 7.45 (t, J = 7.8 Hz, 1H), 

7.34-7.31 (m, 2H), 7.14-7.05 (m, 5H), 7.00-6.95 (m, 2H), 3.68 (t, J = 7.2 Hz, 2H), 

3.07 (t, J = 7.2 Hz, 2H), 2.86 (t, J = 7.4 Hz, 2H), 2.44 (t, J = 7.4 Hz, 2H), 2.12 (quint, 

J = 7.4 Hz, 2H). IR (neat): ṽ = 3305, 2919, 1512, 1443, 1260, 1091, 1010, 799, 737, 

422 cm-1. MS (ESI): m/z 466 [M+H]+. 

Methyl 2-(3-((2-(1H-indol-3-yl)ethyl)amino)-3-oxopropyl)benzoate, (36). 

Following the procedure described for compound 6, the reaction of 3-(2-

(methoxycarbonyl)phenyl)propanoic acid and 2-(1H-indol-3-yl)ethanamine, after 

purification (PE/EtOAc 5:5 as eluent), yielded compound 36 as a pale red oil (85%); 

1H-NMR (400 MHz, CD3OD): δ 7.83 (d, J = 6.8 Hz, 1H), 7.54 (d, J = 7.9 Hz, 1H), 

7.37-7.33 (m, 2H), 7.23-7.19 (m, 2H), 7.09 (t, J = 7.9 Hz, 1H), 7.01 (t, J = 7.9 Hz, 

1H), 6.98 (s, 1H), 3.81 (s, 3H), 3.44 (t, J = 7.3 Hz, 2H), 3.20 (t, J = 7.5 Hz, 2H), 2.87 

(t, J = 7.3 Hz, 2H), 2.45 (t, J = 7.5 Hz, 2H). MS (ESI): m/z 351 [M+H]+. 

2-(3-((2-(1H-Indol-3-yl)ethyl)amino)-3-oxopropyl)benzoic acid, (37).  

To a solution of compound 36 (143 mg, 0.4 mmol) in THF (1.6 mL), a solution of 

NaOH (32 mg, 0.8 mmol) in water (1.6 mL) was added. After 2 hours at 50 °C, the 

mixture was stirred overnight at room temperature. Then, HCl 3N was added until 

pH 4 and the aqueous layer was extracted with EtOAc (x3). The collected organic 

phases were dried over sodium sulfate and evaporated, yielding the title compound 

(68%) as a dark yellow solid; 1H-NMR (400 MHz, CD3OD): δ 7.92 (d, J = 6.3 Hz, 

1H), 7.58 (d, J = 7.1 Hz, 1H), 7.43 (t, J = 6.3 Hz, 1H), 7.39-7.30 (m, 3H), 7.11 (t, J 

= 7.1 Hz, 1H), 7.02-6.99 (m, 2H), 3.45 (t, J = 7.2 Hz, 2H), 3.25 (t, J = 7.8 Hz, 2H), 

2.88 (t, J = 7.2 Hz, 2H), 2.52 (t, J = 7.8 Hz, 2H). MS (ESI): m/z 337 [M+H]+. 
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2-(4-(1H-Indol-3-yl)butanamido)-N-(2-(1H-indol-3-yl)ethyl)benzamide, (38). 

Following the procedure described for compound 6, the reaction of intermediate 37 

and 2-(1H-indol-3-yl)ethanamine, after purification (PE/EtOAc 4:6 as eluent), 

yielded compound 38 as a white solid (71%); mp: 98-99 °C. 1H-NMR (400 MHz, 

acetone-d6): δ 9.98 (br s, 1H), 9.92 (br s, 1H), 7.86 (br s, 1H), 7.68 (d, J = 7.8 Hz, 

1H), 7.59 (d, J = 7.8 Hz, 1H), 7.40-7.35 (m, 3H), 7.32-7.26 (m, 3H), 7.12-7.07 (m, 

4H), 7.05-6.99 (m, 2H), 3.75 (q, J = 7.3 Hz, 2H), 3.46 (q, J = 7.5 Hz, 2H), 3.13 (t, J 

= 7.3 Hz, 2H), 3.03 (t, J = 7.5 Hz, 2H), 2.87 (t, J = 7.3 Hz, 2H), 2.54 (t, J = 7.5 Hz, 

2H). IR (neat): ṽ = 3254, 1629, 1521, 1454, 1226, 1095, 739, 423 cm-1. MS (ESI): 

m/z 480 [M+H]+. 

N-(2-(1H-Indol-3-yl)ethyl)-2-(3-(2-(1H-indol-3-yl)ethyl)ureido)benzamide, 

(39). 

2-(1H-Indol-3-yl)ethanamine (150 mg, 0.94 mmol) was solubilized in a solution of 

CH2Cl2 (3.3 mL) and NaHCO3 saturated aqueous solution (6.6 mL) and the mixture 

was cooled at 0 °C. At this temperature, triphosgene (111 mg, 0.38 mmol) was added 

portionwise. After 2 hours, the mixture was diluted with CH2Cl2 and washed with 

NaHCO3 saturated aqueous solution (3x), dried over sodium sulfate and evaporated. 

Purification with column chromatography (PE/EtOAc 8:2 as eluent) afforded 3-(2-

isocyanatoethyl)-1H-indole (99%) as a dark yellow oil; 1H-NMR (400 MHz, 

CDCl3): δ 8.34 (br s, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.39 (d, J = 7.8 Hz, 1H), 7.27 (t, 

J = 7.8 Hz, 1H), 7.20 (t, J = 7.8 Hz, 1H), 7.08 (s, 1H), 3.60 (t, J = 6.7 Hz, 2H), 3.12 

(t, J = 6.7 Hz, 2H).  

Intermediate 22 (100 mg, 0.36 mmol) was solubilized in dry THF (2.5 mL) and 

DIPEA (81 µL) and 3-(2-isocyanatoethyl)-1H-indole (80 mg, 0.43 mmol) were 

added under nitrogen. After 4 days, the reaction is worked-up: the volatile was 

removed under vacuo, EtOAc was added and the organic phase was washed with 

NaHCO3 saturated aqueous solution, dried over sodium sulfate and evaporated. 

Purification by column chromatography (PE/EtOAc 7:3 as eluent) afforded 

compound 39 (52%) as a yellow solid; 1H-NMR (400 MHz, acetone-d6): δ 10.52 (br 
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s, 1H), 10.07 (br s, 1H), 10.04 (br s, 1H), 8.05 (br s, 1H), 8.58 (d, J = 8.4 Hz, 1H), 

7.70-7.62 (m, 3H), 7.43-7.37 (m, 3H), 7.20 (s, 1H), 7.19 (s, 1H), 7.15-7.10 (m, 2H), 

7.07-7.03 (m, 2H), 6.90 (t, J = 7.5 Hz, 1H), 6.75 (br s, 1H), 3.73 (q, J = 6.5 Hz, 2H), 

3.63 (q, J = 7.5 Hz, 2H), 3.14-3.05 (m, 4H). MS (ESI): m/z 467 [M+H]+.  

N-(2-(1H-Indol-3-yl)ethyl)-2-(3-(3-(1H-indol-3-yl)propyl)ureido)benzamide, 

(40). 

3-(3-Isocyanatopropyl)-1H-indole was obtained as described for 3-(2-

isocyanatoethyl)-1H-indole, starting from 3-(1H-indol-3-yl)propan-1-amine and 

after purification by column chromatography (PE/EtOAc 8:2), the compound was 

obtained as a dark yellow oil (58%); 1H-NMR (400 MHz, CDCl3): δ 7.91 (br s, 1H), 

7.75 (d, J = 8.1 Hz, 1H), 7.44 (d, J = 8.1 Hz, 1H), 7.37 (t, J = 8.1 Hz, 1H), 7.30 (t, J 

= 8.1 Hz, 1H), 7.02 (s, 1H), 3.41 (t, J = 6.6 Hz, 2H), 2.99 (t, J = 6.6 Hz, 2H), 2.11 

(quint, J = 6.6 Hz, 2H).  

Compound 40 was obtained following the procedure described for compound 39, 

starting from amine 22 and 3-(3-isocyanatopropyl)-1H-indole. After purification by 

column chromatography (PE/EtOAc 7:3 as eluent), the title compound was obtained 

(77%) as a yellow solid; 1H-NMR (400 MHz, acetone-d6): δ 10.55 (br s, 1H), 10.05 

(br s, 1H), 9.96 (br s, 1H), 8.59 (d, J = 8.4 Hz, 1H), 8.03 (br s, 1H), 7.69 (d, J = 7.9 

Hz, 1H), 7.63-7.61 (m, 2H), 7.44-7.37 (m, 3H), 7.19-7.03 (m, 6H), 6.91 (t, J = 7.9 

Hz, 1H), 6.73 (br s, 1H), 3.76 (q, J = 6.8 Hz, 2H), 3.42 (q, J = 7.4 Hz, 2H), 3.14 (t, J 

= 7.4 Hz, 2H), 2.88 (t, J = 6.8 Hz, 2H), 2.03 (quint, J = 7.4 Hz, 2H). MS (ESI): m/z 

481 [M+H]+. 
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8.4 Contributions and collaborations 

The compounds described in this chapter have been partially synthesized first-hand 

by me or have been the object of co-supervision of Master students that have carried 

out their Thesis project in Prof. Pirali’s laboratory.  

The virtual screening that led to the identification of the hit compound and the 

evaluation of its docking pose in IDO1 active site has been performed by Prof. 

Massarotti from UPO. Metabolic and chemical stability have been evaluated by Dr. 

Aprile, while the in vitro screening of the compounds on A375 cell lines has been 

performed in collaboration with Dr. Fallarini and Dr. Torre from UPO.  

The determination of the selectivity over TDO, the evaluation of the signalling 

modulation the iNOS inhibition have been performed thanks to the collaboration 

with Dr. Pallotta from the University of Perugia. 
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9.1 The modulation of Store-Operated Calcium Entry as a therapeutic 

approach for the treatment of Tubular Aggregate Myopathy  

The development of SOCE modulators is a translational project, initially born in our 

academic laboratories and then become the core business of ChemICare, a spin-off 

company of UPO, whose mission is the discovery of therapeutic approaches for 

patients affected by TAM. 

Over time, three different classes of SOCE modulators have been discovered by us, 

the first represented by pyrtriazoles,1 the second by biphenyl triazoles2 and the last 

by oxadiazole-bearing pyrazoles (Figure 1).  

While the further development of the lead compound of pyrtriazoles, CIC-37, has 

been interrupted due to its unfavourable in vivo PK profile, the class of biphenyl 

triazoles represents the one on which our group of research and ChemICare are still 

focusing their efforts. Indeed, the lead compound, CIC-39, is a promising candidate 

for both its in vitro potency on SOCE (IC50: 851 nM) and its in vivo PK profile (half-

life: 3.2 h; Cl: 0.5 L/h/kg; Vd: 2.3 L/Kg). The in vivo proof of concept has been also 

provided by means of an experiment in which CIC-39 has proven to be effective in 

a model of acute pancreatitis.  

On the basis of these results, the preclinical development of the compound has been 

undertaken by ChemICare, together with an external CRO, in order to assess its full 

toxicological profile. These planned experiments include the evaluation of the 

toxicokinetic profile in minipig, the Ames test, toxicity on hERG channels, the 

evaluation of the toxicity after a single e.v. administration in mini-pig and rat species, 

formulation studies. In the meanwhile, an in vivo experiment aimed at evaluating the 

efficacy of the candidate in the mouse model of TAM is ongoing.  

Finally, while the class of oxadiazole-bearing pyrazoles has shown a promising in 

vitro profile, the in vivo PK evaluation of these compounds has not been performed, 

being our attention currently focused on the development of CIC-39. However, these 
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molecules represent a back-up strategy, in case our candidate fails in its 

development.  

 

Figure 1. Structures and characteristics of the identified candidates among the three 

classes.  

 

 

9.2 IDO1 inhibitors in cancer immunotherapy   

The project on IDO1 inhibitors started in 2014,3 when the multicomponent reaction 

(i.e. the Van Leusen reaction) was exploited in the synthesis of a class of imidazoles 

that possessed cellular inhibitory activity on IDO1 but with low potency (1, Figure 

2, lowest IC50 value of the series: 2.8 µM (rhIDO1) and 2.9 µM (A375)). From this 

starting point, two classes of imidazothiazoles4,5 have been synthesized (2-3 and 4-

5, Figure 2). While these classes showed a higher potency on the recombinant 

enzyme (lowest IC50 value (rhIDO1): 0.2 µM), these compounds were not able to 

cross the plasma membrane and therefore they were inactive in the cell-based assay.  

Nevertheless, the imidazothiazole inhibitors have allowed us to get insight in the 

IDO1 active site and to discover an additional pocket, named C, that can be exploited 

in the design of novel IDO1 inhibitors. After having integrated this structural 

information in a virtual screening, we were able to discover two novel hit 

compounds, VS-13 and VS-15 (Figure 2).  
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Figure 2. A journey in the discovery of IDO1 inhibitors.   

 

 

9.2.1 VS-13 is a promising candidate but is affected by a low metabolic stability  

VS-13 is extremely potent against IDO1, being its IC50 value of 16 nM. Moreover, 

the compound represents a completely new chemical scaffold, never reported 

before.6  

After having performed a complete SAR study, the most potent analogue of VS-13 

(6, Figure 3) has been selected for the evaluation of its pharmacokinetic and 

pharmacodynamic profile, being slightly more stable in vitro compared to VS-13 

(65% of residual substrate of 6 vs 32% of VS-13 in MLM after 1 hour).   

After administration in mice, the plasma levels of Kyn have been monitored and 

compound 6 showed a pharmacodynamic activity comparable to that of epacadostat. 

However, the compound is highly susceptible toward oxidative metabolism, 

resulting in dozens of metabolites formed and in a short half-life (less than one hour).  

Nevertheless, VS-13 and its analogue are promising hit compounds, able to produce 

a strong reduction of Kyn levels and to abrogate the immunosuppressive properties 

of monocytic myeloid-derived suppressor cells (MDSC) isolated from patients 

affected by pancreatic ductal adenocarcinoma, with an effect comparable (or even 
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superior in case of VS-13) to epacadostat. Therefore, different strategies are being 

put in place to overcome the metabolic instability.  

First, a chemical refinement will be performed by substitute the metabolically labile 

soft spots of the two molecules with either fluorine or deuterium as metabolic 

blockers (Figure 3). While fluorine represents a well-known isosteric replacement, 

deuterium incorporation has recently started to be used with the aim to bring new 

life to abandoned medicinal chemistry campaigns (Chapter 1). In this particular case, 

deuterium will be incorporated to reduce both oxidative metabolism of the 

benzimidazole ring mediated by aldehyde oxidase and N-dealkylation.7  

 

Figure 3. Compound VS-13 and its most potent analogue and possible strategies to 

improve the metabolic stability.  

 

Another possibility is the use of the compound as a starting point to design 

PROTACs to target and promote the degradation of IDO1 in the cells. As described 

in Chapter 1, PROTACs are bifunctional molecules composed by a ligand for the 

protein of interest, such as VS-13, linked to a known ligand able to recruit an E3 

ligase.8 The formation of this ternary complex (PROTAC, the protein of interest and 

the ligase with the E2 enzyme) induces the poly-ubiquitination of the target protein 

and its degradation through the proteasome system. Among the ligands that recruit 

the ligases, the most exploited are thalidomide and its analogues, that hijack cereblon 

(CRBN), and Von Hippen Lindau (VHL) ligands.  
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A recent study9 has evaluated the metabolism of 40 synthesized PROTACs in human 

hepatocytes and has compared their stability with that of the ligands which constitute 

the bifunctional molecules. This study highlighted that PROTACs are completely 

independent chemical entities, in which the metabolic liabilities are not retained from 

the parent small molecules, but largely depend on the linker features and on the site 

of attachment of the linker to the ligands.  

Therefore, the metabolism of VS-13-based PROTACs could not be predicted based 

on the soft spots that characterized the molecule alone and its intrinsic instability 

could be masked by exploiting PROTACs. At the same time, to design a successful 

bifunctional molecule that will lead to IDO1 degradation, a SAR study will be 

performed by modifying the ligase-recruiting moiety, the linker portion and the site 

of attachment between the linker and VS-13.  

 

9.2.3 VS-15 is characterized by a peculiar biological profile 

VS-15 is endowed with a peculiar biological profile: while its IC50 in A375 cell line 

is 0.48 µM and MST assay has highlighted a strong binding to IDO1 (Kd: 24.29 

µM), the compound is inactive in the enzyme-based assay.  

To get insight into its inhibition mechanism, a first experiment will be performed 

evaluating if the compound binds to IDO1 in its apo-form devoid of the heme 

group.10 This mechanism of action represents an off-beaten path in IDO1 field, since 

only two compounds11 have been reported as apo-inhibitors and one of them is 

currently the most advanced clinical candidate linrodostat.  

Also, while the compound is selective for IDO1 over TDO, it putatively acts also as 

an iNOS inhibitor. Inducible nitric oxide synthase (iNOS) is one of the three isoforms 

known to generate NO in response to external stimuli, together with the two 

constitutive isoforms, endothelial (eNOS) and neuronal (nNOS) nitric oxide 

synthases. iNOS is expressed upon cytokine exposure, produces more NO compared 

to the two related enzymes and promotes important tumour features, such as 

neoangiogenesis and metastasis.12  
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Moreover, a tight crosstalk between IDO1 and iNOS has been highlighted.13 Overall, 

therefore, the concomitant dual inhibition of both enzymes could represent an 

effective strategy in cancer treatment.  

One of the main weaknesses of the compound is its metabolic instability, that leads 

to a residual substrate in MLS9 of 15% after 1 hour. However, VS-15 has in the α,β-

dicarbonyl substructure its main soft spot and therefore the chemical refinement has 

been already started and has led to a more metabolically stable analogue (compound 

38, Chapter 8, residual substrate in MLS9 of 51% after 1 hour). The SAR study of 

this class is currently ongoing, but it is likely that the metabolic weaknesses of the 

compound will be solved while retaining inhibitory activity.   
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