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Abstract 

 

My PhD research project was finalized to the discovery of potential inhibitors of the ubiquitin 

ligase RNF5 able to trigger mutant CFTR rescue in Cystic Fibrosis (CF). Indeed, in CF the deletion 

of phenylalanine 508 (F508del) in the CFTR anion channel is associated to misfolding and 

defective gating of the mutant protein. Among the known proteins involved in CFTR processing, 

one of the most promising drug target is the ubiquitin ligase RNF5, which normally promotes 

F508del-CFTR degradation. In this context, a small molecule RNF5 inhibitor is expected to 

chemically mimic a condition of RNF5 silencing, thus preventing mutant CFTR degradation and 

causing its stabilization and plasma membrane trafficking. Hence, by exploiting a virtual screening 

(VS) campaign, the hit compound inh-2 was discovered as the first-in-class inhibitor of RNF5. 

Evaluation of inh-2 efficacy on CFTR rescue showed that it efficiently decreases ubiquitination of 

mutant CFTR and increases chloride current in human primary bronchial epithelia.  

Based on the promising biological results obtained with inh-2, this thesis reports the structure-

based design of potential RNF5 inhibitors having improved potency and efficacy. The 

optimization of general synthetic strategies gave access to a library of analogues of the 1,2,4-

thiadiazol-5-ylidene inh-2 for SAR investigation. The new analogues were tested for their 

corrector activity in CFBE41o- cells by using the microfluorimetric HS-YFP assay as a primary 

screen. Then, the effect of putative RNF5 inhibitors on proliferation, apoptosis and the formation 

of autophagic vacuoles was evaluated. Some of the new analogs significantly increased the basal 

level of autophagy, reproducing RNF5 silencing effect in cell. Among them, one compound also 

displayed a greater rescue of the F508del-CFTR trafficking defect than inh-2.  

Our preliminary results suggest that the 1,2,4-thiadiazolylidene could be a suitable scaffold for 

the discovery of potential RNF5 inhibitors able to rescue mutant CFTRs. Biological tests are still 

ongoing to acquire in-depth knowledge about the mechanism of action and therapeutic 

relevance of this unprecedented pharmacological strategy.  
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1 Introduction 

 

1.1 Cystic Fibrosis 

Cystic Fibrosis (CF) is the most common life-threatening inherited disorder in Caucasian 

populations, with incidence estimated, on average, between 1/3000 and 1/6000 live birth from 

the data of newborn screening (NBS) programs for CF.1,2 CF negatively affects many organ 

systems, leading to increased sweat chloride concentrations, biliary cirrhosis,3,4 cholestasis,4 

meconium ileus,5 infertility,6 diabetes,7 and poor growth or weight gain among the other effects.8 

However, the major cause of morbidity and mortality associated with CF is the chronic and 

progressive respiratory disorder.9  CF is caused by mutations in the gene that encodes for the 

cystic fibrosis transmembrane conductance regulator (CFTR) protein.10 CFTR is a member of the 

ATP binding cassette (ABC) family of transporter proteins. It is characterized by Transmembrane 

Domains (TMDs) that form an anion selective pore, two Nucleotide Binding Domains (NBD1 and 

NBD2), which contain two ATP-binding sites, and a regulatory region (R) (Figure 1).11,12 

Phosphorylation of the R domain by protein kinase A (PKA), followed by interaction and 

hydrolysis of ATP on the NBDs, powers NBDs dimerization and TMDs structural realignment to 

allow opening (or gating) of the CFTR channel pore (Figure 1).12-14  

CFTR mainly controls the transepithelial chloride (Cl−) secretion in several epithelial tissues (e.g. 

lung, pancreas, intestine).10 Furthermore, CFTR conducts bicarbonate (HCO3
−) anion, which 

contributes to the modulation of pH of secreted fluid. CFTR also regulates the activity of other 

epithelial channels, such as ENaC (epithelial Na+ channel). CFTR-mediated downregulation of 

ENaC normally decreases Na+ absorption though the apical membrane, causing increased water 

absorption by the osmotic driving force.10 In the CF pathophysiological cascade, the disruption of 

CFTR ion transport and, consequently, the diminished control of ENaC cause fluid depletion in 

the CF airway surface fluid (ASL), which increases the mucoviscosity and impairs the mucociliary 

transport.9 Consequently, a thickened mucus accumulates in the ducts and lumen of diseased 

organs, determining different degrees of disease expression. In the airways, the impaired 

mucociliary clearance favors chronic bacterial infections and inflammation, which induces 
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bronchiectasis. This vicious cycle of infection, inflammation and bronchiectasis eventually 

evolves in lung tissue deterioration, and ultimately leads to lethal respiratory failure.9 

 

 

Figure 1. Two functional states of human CFTR. A) Schematic diagram showing the domain structure of 
CFTR. The numbers represent the range of residues visible in the cryo-EM map defined by Z. Zhang et al.,12 
not the exact boundaries of different domains. B) Ribbon diagrams of the dephosphorylated, ATP-free 
conformation (Left; PDB: 5UAK) and the phosphorylated, ATP-bound conformation (Right; PDB: 6MSM). 
Regions not resolved or unstructured within the R domain are either not shown or shown as dashed lines. 
The Transmembrane Domains 1 (TMD1) and 2 (TMD2) are represented in magenta and pink, respectively. 
The two Nucleotide Binding Domains (NBD1 and NBD2) are represented in yellow and green, respectively. 
The NBDs contain two ATP-binding pockets and a regulatory region (R, red). ATP is shown in stick and 
colored by heteroatoms. 
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1.2 From the Gene to the Disease 

The identification in 1989 of the CF-causing gene, the CFTR gene,15-17 marked an important 

milestone in the history of CF, and paved the way for novel therapeutic approaches and for the 

advent of targeted therapies. Since then, advances in specialized CF care have remarkably 

changed the fate of CF population and increased life expectancy of CF patients, leading to an 

average estimated survival age of 50 years.18 

Currently, over 2000 mutations have been identified19 but, to date, pathogenicity has been 

confirmed only for 382 variants.20 CF-causing mutations are commonly classified into 6 classes, 

according to their effects on the CFTR protein and mechanisms of dysfunction (Figure 2).21,22 (1) 

Class I mutations result in no CFTR protein production, due to no mRNA (class IA) or to a  

premature termination codon (class IB) that leads to rapid elimination of the unstable mRNA by 

the nonsense mRNA decay surveillance system.21 (2) Class II mutations lead to decreased 

expression of CFTR at the plasma membrane (PM). Indeed, the synthetized CFTR protein is not 

properly processed to the mature glycosylated form, and the misfolded protein is rapidly 

degraded by the ubiquitin-proteasome system (UPS).23 (3) Class III mutations allow a normal 

amount of CFTR to be trafficked to the PM, but impair ATP-activation of CFTR channel, thus 

greatly reducing the channel opening time.24 (4) Class IV mutations determine a reduced 

conductivity of the CFTR channel.25 (5) Class V mutations reduce the synthesis of operating CFTR 

channels, by affecting pre-mRNA splicing that generates both aberrant and normal mRNA 

species.26,27 (6) Class VI mutations confer high instability to the CFTR protein, either by increasing 

the CFTR endocytosis or by decreasing its recycling back to the cell surface.28,29 

The most common CFTR mutation worldwide (~80%) is the deletion of phenylalanine 508 

(F508del), a class II mutation that is associated with misfolding and defective gating of the mutant 

protein.30,31 The misfolding defect results in reduced stability of F508del-CFTR, retention of the 

mutant channel at the endoplasmic reticulum (ER), and premature degradation by the UPS, which 

causes a reduced expression of F508del-CFTR at the PM.32-34 The gating defect results in reduced 

activity of the mutant channel due to its abnormal persistence in the closed state.35  

This mutations’ classification is a useful framework for devising potential therapeutic approaches 

to rescue specific basic defects stemming from each CFTR mutation (Figure 2). Patients with class 
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I, II and III mutations on both alleles tend to have a more rapid deterioration of respiratory 

function and more severe clinical outcomes, whilst mutations from classes IV, V and VI usually 

associate with late diagnosis and milder phenotypes.36 However, the consequences of all CFTR 

mutations have not been described jet, and there is considerable phenotypic overlap among 

classes, making the prediction of individual outcome based on CFTR genotype impossible.36  

 

 

Figure 2. Classes of CFTR mutations and therapeutic strategies based on small-molecule drugs. Class I 
results in no CFTR protein synthesis. Class II results in defective protein processing (includes F508del). 
Class III impairs channel gating. Class IV reduces channel chloride conductance. Class V shows reduced 
protein synthesis. Class VI induces protein instability at the plasma membrane. Normal condition is 
labelled in green, more severe disease-causing classes are labelled in orange and less severe disease-
causing classes are labelled in grey. WT=wild-type; ER=endoplasmatic reticulum; PM=plasma membrane. 
Created with BioRender.com. 

 

 

1.3 CFTR Modulators 

CFTR modulators are pharmaceutical agents that target specific CFTR defects that occur post-

transcriptionally to the CFTR protein, such as during protein folding, trafficking to the PM or 

functioning. Indeed, CFTR modulators are intended to be specific to the different CFTR mutations 

and their use in combination can address more than one CFTR defect, thus representing a viable 
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treatment option for many CF patients (Figure 2). Typically, there are four types of CFTR 

modulators, classified depending on their mechanism of action: correctors, potentiators, 

stabilizers and amplifiers.  

Correctors are small molecules that increase CFTR cell surface expression by improving the 

trafficking of the mutant channel from the ER to the PM. Correctors can act as pharmacological 

chaperones or as proteostasis regulators. Pharmacological chaperones are thought to bind 

directly to the mutant CFTR, stabilizing or improving specific domains’ interaction. Instead, 

proteostasis regulators target components of the CFTR regulome, such as chaperones, co-

chaperones, kinases or ubiquitin ligases involved in the processing and recognition of the mutant 

channel.37,38 Correctors, in combination with potentiators, stabilizers and amplifiers represent 

viable combination therapies for class I, II and V mutations.  

Potentiators are agents able to improve channel-open probability and potentiate the gating of 

CFTR proteins expressed at the PM, through directly binding to the mutant channel.39,40 

Potentiators are useful for gating (class III), conductance (class IV) mutations and for any mutant 

channel located at the PM and displaying residual function.  

Amplifiers are compounds enhancing CFTR mRNA translation, required for mutations leading to 

decreased CFTR synthesis (class V).41 Furthermore, amplifiers increase protein abundance at the 

ER and expression at the PM,41 and may be used as strategy for class II mutations in combination 

with correctors and potentiators.  

Stabilizers are molecules that increase the CFTR residence time at the PM by anchoring the 

defective protein42 or stabilizing its interaction with other membrane components.43 As class VI 

and corrected class II CFTRs show intrinsic protein instability, the use of stabilizers may be of 

relief for these types of mutations. 

 

1.3.1 Approved CFTR Modulators  

During the past ten years, several efforts have been made to develop and approve new effective 

therapeutic strategies to restore CFTR biological function in a large cohort of CF patients. VX-770 

(also known as ivacaftor, Figure 3) was the first potentiator that received a marketing 

authorization in 2012 (trade name Kalydeco®), thanks to its proven clinical efficacy. VX-770 
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structure is based on a 4-(1H)-quinolinone connected to a di-tert-butyl-substituted phenol by an 

amide linkage. VX-770 was selected through high throughput screening (HTS) and lead 

optimization effort by F Van Goor et al.44 Since then, several clinical trials demonstrated  

significant therapeutic benefits in CF patients bearing G551D mutation (class III), including 

sustained decrease in sweat chloride levels, ~10% increase in Forced Expiratory Volume in the 

1st second (FEV1), 55% reduction in pulmonary exacerbations, and improvement of patients 

quality of life.45-47 Based on further clinical outcomes, VX-770 monotherapy was later extended 

to treat patients aged 4 months and older carrying other gating mutations (G178R, S549N, S549R, 

G551D, G551S, G1244E, S1251N, S1255P, G1349D) and the conduction mutation R117H.48,49  

VX-809, also known as lumacaftor (Figure 3),50 was the first corrector to be approved for 

therapeutic use in CF patients carrying two copies of F508del mutation, and along with the 

potentiator VX-770 constitutes the combination drug Orkambi®, approved by both FDA and EMA 

in 2015. VX-809 is a di-fluorobenzodioxolyl-cyclopropane linked to a substituted arylpyridine 

through an amide linkage, and acts as pharmacological chaperone by restoring F508del-CFTR 

folding.34,51 Orkambi led to modest improvement in lung function, lower rate of pulmonary 

exacerbations, increased body mass index (BMI), reduction of sweat Cl- concentration and lung 

clearance index (LCI) in clinical studies on homozygous patients for F508del.52-54 However, 

frequent drug intolerance, strong induction of CYP3A4, and respiratory adverse effects were 

observed.55,56 Furthermore, Orkambi was not effective in heterozygous patients.57 

VX-661, also known as tezacaftor (Figure 3), is an analogue of VX-809 where the pyridine ring has 

been replaced by a functionalized indole moiety. VX-661 presents improved pharmacokinetics, 

less side effects and drug interactions than VX-809. Together with VX-809, VX-661 is considered 

a first generation corrector that stabilizes CFTR structure by improving the inter-domain 

interactions and CFTR folding.34,51,58 The VX-770/VX-661 co-therapy (trade name Symdeko®) 

received marketing authorization in 2018 for individuals aged 12 years and older.59 Different 

clinical trials showed that Symdeko displays similar effects compared to Orkambi in F508del 

homozygous patients,60 and is efficacious also in patients heterozygous F508del with G551D or 

with residual function (RF) mutations.61,62  
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Instead, the next generation correctors VX-445 (elexacaftor, Figure 3), and VX-659 (bamocaftor, 

Figure 3) likely act on different binding sites than the first-generation correctors.63 Therefore they 

exhibit additive or synergistic effects in combination with a first generation corrector (and with 

the potentiator VX-770) leading to markedly increased PM expression of F508del-CFTR.64 VX-445 

and VX-659 display a common pyrazolo pyrrolidinopyridine moiety connected respectively to a 

pyrazolylsulfonyl or a phenylsulfonyl group via an amide linker. Clinical trials reported positive 

results for the treatment of either VX-770/VX-661/VX-445 or VX-770/VX-661/VX-659 in both 

heterozygous F508del patients and patients with one minimal function (MF) mutation.64,65 A 

recent Phase III study by Vertex confirmed safety and benefits of VX-770/VX-661/VX-445 triple 

combination, and showed an 11 point rise in percent predicted FEV1 (ppFEV1) in a F508del cohort 

of patients receiving background Symdeko therapy.66 Although the combination VX-770/VX-

661/VX-659 showed virtually identical efficacy data, Vertex submitted for global regulatory 

approval just VX-445. Together with VX-770 and VX-661, VX-445 is now included in a triple drug 

combination (trade name Trikafta® in US and Kaftrio® in Europe) for CF patients aged 12 years 

and older who have at least one F508del mutation or another mutation known to be responsive 

to the drug (for the complete list of mutations see Trikafta.com).67  

 

Figure 3. Structures of the potentiator VX-770 and of the correctors VX-809, VX-661, VX-445 and VX-659. 

anot submitted for global regulatory approval. 

 

https://www.trikafta.com/who-trikafta-is-for#:~:text=TRIKAFTA%20is%20for%20people%20age,you%20are%20eligible%20for%20TRIKAFTA.
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1.3.2 CFTR Modulators in the Pipeline 

Although at the present both Orkambi and Symdeko represent the standard care for CF patients, 

their clinical effects remain moderate.54 Furthermore Trikafta, despite undoubtedly representing 

a breakthrough in CF treatment by significantly slowing down CF progress with substantiated 

clinical benefits,68 fails to fully restore mutant CFTR function.69 Hence, investigation of novel 

promising compounds acting with different mechanisms or with ameliorated characteristics is 

currently a thriving research field. Encouragingly, a number of correctors, potentiators and 

innovative mode of action compounds are currently in the pipeline for early phase clinical trials, 

the data for which can be seen in Table 1.  

Vertex Pharmaceutical is currently working on the potentiator VX-561, also known as 

deutivacaftor (Table 1), an analogue of VX-770 bearing a per-deuterated tert-butyl group.70 In 

vitro preliminary data confirmed similar pharmacological potency of VX-561 compared to VX-

770, and showed a greater metabolic stability, which may warrant a once-day dosing schedule.70 

Based on these encouraging data, a Phase II randomized, double-blind study was initiated in mid-

2019 to assess the efficacy and safety of VX-561 alone on certain gating mutations versus 

ivacaftor monotherapy (NCT03911713). Results are expected shortly. Furthermore, the company 

is developing other correctors, such as VX-221 and VX-440 (also known as olacaftor) (Table 1). 

VX-221 is currently in a Phase III clinical trial to evaluate its efficacy and safety in combination 

with VX-661 and VX-561, on patients heterozygous for F508del and a MF mutation (F/MF) 

(NCT05033080), a gating mutation, a RF mutation (F/RF), or patients homozygous F508del 

(NCT05076149). VX-440 safety and tolerability in combination with VX-770 and VX-661 was 

assessed through a Phase II study in CF patients who either have two copies of the F508del 

mutation or have one copy of F508del and one copy of a MF mutation (NCT02951182). In both 

cohorts, there was significant improvement in lung function and in sweat chloride, although 

elevated liver enzymes were observed in two participants, which led to therapy 

discontinuation.71  

Galapagos NV and AbbVie Inc. are currently developing several potentiators, such as ABBV-974, 

ABBV-2451 and ABBV-3067 (Table 1). ABBV-974 structure shows a pyrazole ring connected 

through an amide linkage to a substituted thiophen-carboxamide, while ABBV-3067 presents a 
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phenylsulfonyl aminopyridine connented to a hydroxypropyl group. In vitro, both potentiators 

enhanced CFTR activity in F508del, class II and class IV mutants to levels equal to VX-770, through 

binding to the same site on CFTR channel.39,72 Phase II clinical trials assessed safety and efficacy 

of ABBV-974 in patients with at least one G551D mutation (NCT02707562) or S1251N mutation 

(NCT02690519). However, some patients experienced increase in aminotransferase levels and 

other severe respiratory adverse effects.73 Instead, ABBV-2451 is now in a Phase Ib clinical trial  

aiming at evaluating safety, pharmacokinetics, and pharmacodynamics in combination with  

other correctors developed by AbbVie (FALCON trial). No clinical results have been made 

available to date. Finally, ABBV-3067 is built on a pyridinyloxadiazole moiety connected through 

a sulphonyl linkage to a trifluoromethoxyphenyl group. The company is currently recruiting 

participants for a Phase II clinical trial (NCT03969888) to assess ABBV-3067 effect in CF patients 

homozygous for F508del in combination with other two correctors, ABBV-2222 and ABBV-2737 

(Table 1), developed by AbbVie using HTS screening.74 ABBV-2222, also known as galicaftor, is a 

2-phenyl substituted chromane analogue of VX-809 and VX-661. In two placebo-controlled Phase 

IIa studies, treatment with ABBV-2222 reported a dose-dependent decrease of sweat chloride 

concentrations in patients homozygous for F508del treated with VX-770 (FLAMINGO trial) and 

heterozygous for F508del and a gating mutation (ALBATROS trial).75 ABBV-2737 is a second-

generation corrector, who showed to significantly increase F508del-CFTR expression at the PM 

and channel activity in combination with the potentiator ABBV-3067 and the corrector ABBV-

2222.76 A Phase IIa study (PELICAN trial) showed improvement in lung function of F508del 

homozygous patients treated with Orkambi compared to the VX-770/VX-809 combination, 

without reporting serious adverse effects.77 

Proteostasis Therapeutics Inc. recently identified through a phenotypic HTS of thousands of 

compounds PTI-428 (Table 1),78 the first amplifier that reached a Phase II clinical trial. Notably, 

the ppFEV1 of CF patients homozygous for F508del treated with PTI-428 and receiving 

background Orkambi therapy increased by 5.2% points over days 14–28 and the therapy was well 

tolerated.79 Therefore, PTI-428 safety and efficacy evaluations are currently ongoing through 

early stage clinical trials in CF patients treated with Kalydeco (NCT03258424), and Symdeko 

(NCT03591094). Proteostasis Therapeutics is also developing the potentiator PTI-808, also known 
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as dirocaftor, and the corrector PTI-801, also known as posenacaftor, for combination therapies 

(Table 1). PTI-808 is an analogue of VX-770, where tert-butyl groups were replaced by 

trimethylsilyl ones, while PTI-801 shows a benzofuranyl quinolone central motif. In a Phase I/II 

study (NCT03500263), the triple combination PTI-801/PTI-808/PTI-428 showed to have an 

acceptable safety and tolerability profile, and led to a statistically significant reduction in sweat 

chloride levels and improvement in lung function after 14 days of treatment.80 Currently, a Phase 

I/II clinical trial is assessing the triple combination treatments’ effectiveness in 180 patients 

treated for a longer period (28 days) (NCT03251092).  

Novartis Pharmaceuticals identified through a triage by HTS the novel anthranilate potentiator 

QBW251, also known as icenticaftor (Table 1).81 In vitro, QBW251 proved to efficiently potentiate 

class II and F508del mutants’ currents. In primary bronchial epithelial (HBE) cells from F508del 

homozygous patients QBW251 increased CFTR currents up to 20% of those observed in healthy 

volunteers. Furthermore, QBW251 showed high cellular permeability in vitro, moderate-to-high 

plasma protein binding and good oral bioavailability in vivo.81 Based on these results, QBW251 

was advanced into the clinic and showed to be safe and well-tolerated in healthy volunteers and 

to slightly improve LCI in CF patients with class III and IV CFTR mutations (NCT02190604).82 

Finally, the Flatley Discovery Lab is working on the potentiator FDL-176 and the corrector FDL-

169 (Table 1). FDL-169 presents an oxophthalazine moiety connected to a benzooxazole via an 

amide linkage. Based on in vitro results, FDL-169 seems to act as lumacaftor but with better 

plasma protein binding and lung distribution properties.83 Furthermore, in primary HBE cells the 

combination of FDL-169 and FDL-176 efficiently increased CFTR protein expression and currents, 

similarly to ivacaftor/tezacaftor co-treatment.84 Thus, FDL-176 and FDL-169 proceeded to the 

clinic. Phase I clinical trials to establish the safety, tolerability, and pharmacokinetics of FDL-176 

(NCT03173573) and FDL-169 (NCT03093714, NCT02767297) in healthy volunteers and CF 

patients have been completed. No results have been published jet. Moreover, another Phase I 

clinical trial (NCT03516331) aiming at evaluating the safety and interactions between FDL-176 

and FDL-169 in healthy volunteers was initiated. This trial was also completed, but the results 

have not been published jet. 
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Table 1. List of Current Clinical Trials Involving CFTR Modulators (accessed 13 Gen, 2022). 

Name Phase Mechanism Structure Trial Identifier Summary Status 

VX-561 

deutivacaftor 

CTP-656 

II potentiator 

 

NCT03911713 Evaluate the efficacy, safety, pharmacodynamics (PD) 
and pharmacokinetic (PK) effect of VX-561 in CF 
participants aged 18 years and older  

Completed 

 

ABBV-3067 

GLPG-3067 

II potentiator 

 

NCT03969888 Evaluate the safety, tolerability, and efficacy of ABBV-
3067 given alone and in combination with various 
doses of ABBV-2222 in CF participants who are 
homozygous for the F508del mutation 

Recruiting 

ABBV-974 

GLPG-1837 

IIa potentiator 

 

NCT02690519 Evaluate GLPG1837 in CF participants with S1251N 
mutation (SAPHIRA2) 

Completed 

NCT02707562 Evaluate GLPG1837 in CF participants with G551D 
mutation (SAPHIRA1) 

Completed 

ABBV-2451 

GLPG-2451 

Ib potentiator 

 

NCT03540524 Evaluate the safety, tolerability, pharmacokinetics, 
and pharmacodynamics of multiple doses of a 
combination treatment of GLPG2451 and GLPG2222, 
with and without GLPG2737, in adult CF participants 
(FALCON) 

Completed 

FDL-176 I potentiator NA NCT03173573 Evaluate the safety, tolerability and PK profile of 
FDL176 in healthy and CF participants 

Completed 

NCT03516331 Evaluate the safety, tolerability and pharmacokinetics 
of single and repeated doses of FDL176 with and 
without co-administration of FDL169 in healthy 
subjects 

Completed 
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QBW251 

icenticaftor 

I/II potentiator 

 

NCT02190604 Evaluate the safety, tolerability, pharmacokinetics and 
preliminary pharmacodynamics (proof of concept) of 
QBW251 in healthy subjects and CF patients following 
single and multiple doses. 

Completed 

VX-121 III 

 

corrector NA NCT05033080 Evaluate the efficacy and safety of VX-121/VX661/VX-
561 in CF participants who are heterozygous for 
F508del and a minimal function mutation (F/MF). 

Recruiting 

NCT05076149 Evaluate the efficacy and safety of VX-121/VX-661/VX-
561 combination therapy in CF participants who are 
homozygous for F508del, heterozygous for F508del 
and a gating (F/G) or residual function (F/RF) 
mutation, or have at least 1 other TCR CF 
transmembrane conductance regulator (CFTR) gene 
mutation and no F508del mutation. 

Recruiting 

ABBV-2222 

GLPG-2222 

galicaftor 

II corrector 

 

NCT03119649 Evaluate 4 different doses of GLPG2222 administered 
for 4 weeks to adult CF subjects and homozygous for 
the F508del CFTR mutation (FLAMINGO) 

Completed 

NCT03045523 Evaluate two doses of orally administered GLPG2222 
in adult CF subjects harboring one F508del CFTR 
mutation and a second gating (class III) mutation and 
on stable treatment with ivacaftor (ALBATROS) 

Completed 

ABBV-2737 

GLPG-2737 

IIa corrector NA NCT03474042 Evaluate GLPG2737 administered orally b.i.d. for 28 
days to adult male and female CF subjects 
homozygous for the F508del CFTR mutation and on 
stable treatment with Orkambi (PELICAN) 

Completed 

VX-440 

olacaftor 

 

II corrector 

 

NCT02951182 Evaluate the safety, tolerability, and efficacy of VX-440 
in dual and triple combination with tezacaftor and 
ivacaftor in CF participants who are homozygous for 
the F508del mutation, or who are heterozygous for 
the F508del mutation and a minimal function (MF) 
CFTR mutation not likely to respond to TEZ and/or IVA 
therapy (F508del/MF). 

Completed 
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FDL-169 I/II corrector 

 

NCT03093714 Evaluate safety, PK and PD of FDL169 in CF subjects Completed 

NCT02767297 Evaluate bioavailability and pharmacokinetics study of 
FDL169 in healthy subjects and subjects with CF 

Completed 

PTI-808 

dirocaftor 

I/II potentiator 

 

NCT03500263 Evaluate the safety, tolerability, and pharmacokinetics 
of PTI-808, PTI-801, and PTI-428 combination therapy 
in subjects with CF who are either homozygous for the 
F508del mutation or heterozygous with at least copy 
of the F508del mutation 

Completed 

PTI-801 

posenacaftor 

I/II corrector 

 

NCT03251092 Evaluate the safety, tolerability, and pharmacokinetics 
of PTI-808 in healthy adult subjects and in adults with 
CF co administered with PTI 801 and PTI 428 

Completed 

PTI-428 

nesolicaftor 

I/II amplifier 

 

NCT03258424 Evaluate the safety, tolerability, and pharmacokinetics 
of PTI-428 in subjects with CF on KALYDECO® as 
Background Therapy 

Completed 

NCT03591094 Evaluate PTI-428 safety, tolerability, and 
pharmacokinetics in subjects homozygous for the 
F508del mutation and that are currently receiving 
background treatment with tezacaftor/ivacaftor for a 
minimum of 1 month. 

Completed 

NA = the structure has not yet been disclosed.  
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1.4 Recent Progress in the Discovery of CFTR Proteostasis Regulators  

The development of new compounds targeting biological components of CFTR physiological 

pathway represents a powerful tool to optimize the few available combination therapies, above 

all for those patients with trafficking and/or gating mutations poorly responsive to current 

treatments. However, at the present no CFTR proteostasis regulator has entered the market. 

Nevertheless, the research in this field is flourishing and many proteostasis targets have been 

recently uncovered thanks to siRNA-mediated silencing techniques, proteomic and interactomic 

studies,37,85-88 while others remain elusive yet.  

 

1.4.1 Targeting Heat Shock Proteins and Co-chaperones 

Two main chaperone systems are involved in the biosynthesis of the CFTR protein, mainly 

assisting the folding and assembly of the cytosolic domains of CFTR: the Hsp70/Hsc70 and the 

Hsp90 chaperone systems. Hsp70/Hsc70 is involved in early steps of CFTR folding,89,90 

preferentially recognizing unfolded proteins while the Hsp90 system is involved in later steps, 

binding to partially folded intermediates.91 These two complexes help CFTR to fold properly, 

protects the channel from aggregation and trigger the degradation of non-native conformers 

(Figure 4). Both systems share ATP-dependent mechanisms that are regulated by several co-

chaperones. DNAJA1 stimulates ATP hydrolysis and CFTR binding to Hsp70/Hsc70, while NEFs 

promote the release of ADP and Hsp70/Hsc70 dissociation from substrate.92,93 Multiple DNAJ-

stimulated cycles of Hsc70 substrate binding promote CFTR folding. Then, the co-chaperone HOP 

transfers CFTR from Hsc70/Hsp70 to Hsp90 to complete folding and allow trafficking of CFTR to 

the PM. Among the variety of co-chaperones that participate to the ATPase cycle of Hsp90,94,95 

the activator of the Hsp90 ATPase (Aha1) was seen having a major role.96 However, Hsc70/Hsp70 

chaperone complex is also involved in CFTR degradation pathway (Figure 4). In the cytosol, Hsc70 

in complex with the soluble E3 ubiquitin ligase CHIP binds to misfolded CFTR and promotes its 

degradation by the proteasome.97,98 In parallel at the ER level, Hsc70 promotes the degradation 

of misfolded CFTR dependent on the membrane-anchored gp78 and RMA1 E3 ligase complex.99 

Even if evidences suggest that targeting the Hsc70/Hsp70 and Hsp90 complexes might have 

pleiotropic effects, both pro-folding and anti-degradation strategies could be therapeutically of 
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interest. For that, small molecules that target components of these two systems can either block 

mutant CFTR degradation or promote its folding, and therefore have potential applications as CF 

therapeutics. 

 

 

Figure 4. Chaperone-assisted maturation and ERAD of nascent CFTR. CFTR could follow either a 
chaperone-mediated degradation pathway (top) or a folding pathway (bottom). In the folding pathway, 
DNAJA1 activates Hsc/Hsp70 binding to CFTR to initiate folding. The co-chaperone HOP transfers CFTR 
from Hsc/Hsp70 to Hsp90 and its co-chaperone Aha1 to complete folding and allow trafficking to the PM. 
In the degradation pathway, the E3 ligase CHIP cooperates with the Hsc/Hsp70 complex to promote CFTR 
degradation of misfolded CFTR by the proteasome. The NEFs BAG1, BAG2 and HspBP1 interfere with CHIP 
activity, causing Hsc/Hsp70 release of the substrate. In parallel, the membrane anchored ER ubiquitin 
ligase complex also promotes degradation of misfolded CFTR through ERAD pathway. Created with 
BioRender.com. 

 

The rhodacyanine derivative MKT-077 (Figure 5) is an allosteric inhibitor of Hsp70 in study as anti-

cancer agent.100,101 J.C. Young and coworkers proved that MKT-077 could increase the stability of 

F508del-CFTR against ER associated degradation (ERAD), and in combination with the corrector 

VX-708 could efficiently correct the trafficking defect of F508del-CFTR and boost the mutant 
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channel activity.102 However, MKT-077 was withdrawn by Phase I clinical study due to its poor 

metabolic stability.103 Since then, many analogues of MKT-077 with improved pharmacokinetic 

profile were developed,104,105 although an analysis of their efficacy on CFTR rescue is still missing.  

I. Shin and coworkers discovered the Hsc70 inhibitor Apoptozole (Az, Figure 5) by using a cell-

based assay to screen a previously synthetized imidazole library of 216 derivatives.106,107 Through 

a ligand-directed protein labeling method, the authors demonstrated that Az could inhibit Hsc70 

activity by interacting with the ATP-binding pocket. Treatment of F508del-CFTR expressing cells 

with nanomolar concentrations of Az induced CFTR activity by increasing its expression and 

stability at the PM, thus demonstrating that Az could disrupt mutant CFTR association with Hsc70 

and CHIP.   

 

 

Figure 5. Structures of the allosteric Hsc70 inhibitor MKT-077, the Hsc70 ATPase activity inhibitor Az, the 
Hsp70 agonist DWN-723-23 and the Hsp90 inhibitor HAM-1. 

 

In contrast to the inhibition of Hsc70, an increase of the activity of Hsp70 might prevent protein 

aggregates accumulation and improve CFTR folding. J. L. Brodsky and coworkers recently 

conducted a chemical modification campaign that led to the identification of the 

dihydropyrimidinone Hsp70 activator DWN-723-23 (Figure 5).108 In vitro studies showed that 

DWN-723-23 could accelerate the ATPase and protein-folding activity of Hsp70, thus increasing 

the amount of the ER glycosylated form of CFTR (~2.1 fold) largely than the corrector VX-809.108 

Concerning the Hsp90 chaperone system, J. Buchner and coworkers screened ~15,000 chemical 

compounds using a FRET-based assay for drug like small molecule Aha1 inhibitors.109 The authors 

identified the dihydropyranopyrazole HAM-1 (Figure 5) that almost completely suppressed the 
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stimulatory effect of Aha1 on the Hsp90 ATPase without preventing binding of Aha1 to Hsp90. 

Further studies demonstrated that HAM-1 could affect mutant CFTR processing, thus increasing 

the amount and the lifetime of F508del-CFTR.109  

 

1.4.2 Targeting Ubiquitination/Deubiquitination Enzymes 

The newly synthesized mutant CFTR proteins that fail to reach their proper conformations 

accumulate in a kinetically trapped conformation at the ER. The misfolded proteins are then 

ubiquitylated by the sequential action of an ubiquitin activating enzyme (E1), an ubiquitin-

conjugating enzyme (E2) and an ubiquitin ligase (E3). Following, the poly-ubiquitylated CFTR is 

prematurely degraded by the UPS, leading to reduced PM expression of the mutant channel.110 

Deubiquitinating enzymes (DUBs) regulate the ubiquitination process by catalyzing the 

deconjugation of ubiquitin from substrates. Therefore, the plasma abundance of the mutant 

CFTR channel is largely dependent on the balance between ubiquitin ligation by E3 ligases and 

deubiquitination by DUBs. Efforts to manipulate this delicate balance have focused on different 

strategies, such as (i) the inhibition of the proteasome, (ii) inhibition of E1 or E3 ligases and (iii) 

activation of endogenous DUBs. However, all three approaches have several drawbacks, due to 

the UPS widespread role in protein homeostasis that may lead to several off-target effects.  

Early studies investigated whether proteasome inhibitors could rescue F508del-CFTR. However, 

M. S. Gelman et al. showed that proteasome inhibition led to the accumulation of insoluble, 

multiubiquitylated F508del-CFTR proteins, without increasing the levels of folded CFTRs.111  

Whereas the proteasome represents the final destination for many ubiquitylated proteins, the 

ubiquitin-activating enzyme E1 is the common first step in ubiquitination.112 Therefore, 

compounds developed to inhibit E1 enzyme could efficiently suppress mutant CFTR degradation. 

J. L. Brodsky and coworkers carried out a SAR exploration around the pyrazone PYR-41 (Figure 6), 

a previously reported E1 inhibitor that showed to efficiently rescue F508del-CFTR trafficking to 

and activity at the PM.113 Analogue 7134 (Figure 6), bearing a nitrobenzodioxolyl substituent in 

place of the 5-nitrofuroyl moiety, markedly inhibited E1, meanwhile lacking the toxicity of the 

parent compound PYR-41.114 Further in vitro experiments confirmed that when 7134 was 



19 
 

combined with the corrector VX-809, a significant increase in maturation, expression and activity 

of F508del-CFTR at the PM was observed. 

 

 

Figure 6. Depiction of the SAR strategy around E1 inhibitor PYR-41 to obtain the optimized analogue 7134.  

 

However, there is just one major E1 in human and its inhibition may prevent degradation of all 

proteins targeted by the UPS. On the contrary, E3s determine the substrate specificity of 

ubiquitination.115 Therefore, the research group where I carried out my PhD project recently 

reported the identification of the first known inhibitor of the ubiquitin ligase RNF5 using a virtual 

screening (VS) approach and the halide-sensitive yellow fluorescent protein (HS-YFP) functional 

assay in CFBE41o- cells.116 The thiadiazolylidene derivative inh-2 (Figure 7) increased F508del-

CFTR currents, decreased ubiquitination of mutant CFTR and synergized with other known 

correctors to efficiently rescue the F508del-CFTR trafficking defect.116 For further details on this 

innovative approach, see chapter “2. Motivation, aim and hit identification”. 

H. M. Colecraft and coworkers successfully developed engineered DUBs (enDUBs) demonstrating 

that selective ubiquitin chain removal could rescue the functional expression of trafficking-

deficient CFTR.117 Indeed, CF-targeted enDUBs synergistically rescued the common F508del 

mutation and the pharmacotherapy-resistant N1303K mutation when combined with Orkambi 

and Trikafta.117 

More recently, N. J. Henning and coworkers extended the paradigm of achieving CFTR 

stabilization by targeting DUBs, and developed a deubiquitinase targeting chimera (DUBTAC).118 

Using chemoproteomic approaches, the authors identified OTUB1 as candidate endogenous DUB 

for induced proximity with CFTR. Then, they synthetized the heterobifunctional stabilizer NJH-2-

057 (Figure 7) by linking the acrylamide OTUB1 recruiter EN523 to the corrector VX-809 through 
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a C5 alkyl linker. In vitro, NJH-2-057 dose-dependently increased CFTR stabilization through 

selectively targeting a non-catalytic cysteine of OTUB1, without interfering with its 

deubiquitination activity.118 

 

 

Figure 7. Chemical structures of the putative RNF5 inhibitor inh-2 found by an HTS screening and of the 
DUBTAC NJH-2-057 synthetized by linking the CFTR ligand VX-809 to the OTUB1 recruiter EN523 through 
a C5 linker.  

 

1.4.3 Restoring Defective Autophagy and Targeting PARPs 

In CF, the presence of defective CFTR appears to produce a redox imbalance in epithelial cells 

and extracellular fluids and to cause an abnormal generation of reactive oxygen species (ROS).119 

The generation of ROS leads to an increase of the activity of pro-fibrotic tissue transglutaminase 

2 (TG2),120 which, in turn, drives the sequestration of beclin-1 and the corresponding 

accumulation of p62, two key proteins in autophagosome formation (Figure 8).121 These events 

trap misfolded CFTR at the ER level, thus leading to rapid CFTR degradation and decreased 

trafficking to the PM. The signaling pathway PI3K/Akt/mTOR is also involved in autophagy,122 cell 

growth and stress response (Figure 8).123,124 Indeed, the serine/threonine kinase rapamycin 

(mTOR) tightly regulates autophagosome formation, while Akt directly phosphorylates beclin-

1.125,126 Furthermore, abnormal ROS generation causes increased susceptibility to oxidative-

induced DNA damage, although this appears to be independent of clinical status.127 ROS-induced 

DNA damage activates nuclear Poly (ADP-ribose) polymerase (PARP) enzymes, which show a 

central role in cellular stress response (Figure 8). Indeed, PARP-16 can induce the stress sensors 

PERK and IRE-1, ultimately triggering the activation of the unfolded protein response (UPR), 



21 
 

whose role is to eliminate aberrant proteins like mutant CFTRs.128 Furthermore, PARP-1 was seen 

directly affecting trafficking and function of F508del-CFTR.129 

 

 

Figure 8. In CF, a defective F508del-CFTR channel induces ROS generation and TG2 upregulation, which 
cause beclin-1 cross-linking and impairment of autophagy. Depression of autophagy leads to p62 
accumulation, which traps misfolded CFTRs and prevent their trafficking to the PM. ROS-induced DNA 
damage also activates PARPs, which prevent CFTR folding and trafficking to the cell surface and activate 
the UPR through PERK/IRE1α stress sensors. Created with BioRender.com. 

 

D.Y. Thomas and coworkers first demonstrated that PARP-1 inhibition could increase expression 

and folding of mutant CFTRs, at least partially by altering PARy(lation) of key members of CFTR 

folding interactome.129 Indeed, they tested various well-known PARP-1 inhibitors for their effect 

on CFTR function and expression. Among them, treatment with ABT888 (Veliparib, Figure 9), a 

benzimidazole inhibitor now in a Phase III trial for breast cancer,130 caused F508del-CFTR activity 

and trafficking rescue in vitro, ex vivo and in vivo.129  

The same research group also identified the alkaloid latonduine A (Figure 9) through screening a 

marine extract collection via a bioassay-guided fractionation.131 Latonduine A showed to correct 

F508del-CFTR trafficking up to 45% of WT-CFTR surface expression by strongly inhibiting PARP-3 

and PARP-6 isozymes. To further increase CFTR corrector potency, they conducted an early 

chemical campaign modification on latonduine A.132 The removal of the aminopyrimidine moiety 
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and the replacement of the pyrrole with a phenyl ring led to the tetrahydrobenzoazepinone 

analogue MCG315 (Figure 9), a 10-fold more potent corrector than the parent compound 

latonduine A. Finally, the authors confirmed that the F508del-CFTR rescue exhibited by 

latonduine A and MCG315 was caused by the dual-target simultaneous inhibition of PARP-3 and 

PARP-16, and that both inhibitory activities were necessary to trigger F508del-CFTR correction.133 

 

 

Figure 9. Chemical structure of the PARP-1 inhibitor ABT888134 and latonduine A optimization strategy to 
obtain the PARP-3/PARP-6 dual-target inhibitor MCG315.133   
 

Autophagy is also a key process in cellular clearance of protein aggregates and removal of ROS 

sources.135 Furthermore, CF airways are believed to be autophagy deficient, a condition that 

leads to decreased clearance of aggresomes (misfolded proteins aggregates) and increased 

mutant CFTR degradation (Figure 8). Thus, autophagy inducers may revert these events and allow 

rescue of mutant CFTR trafficking.120,136 In order to find a potent and effective autophagy 

activator, F. Liu and coworkers synthetized a small set of covalent conjugates of cysteamine and 

docosahexaenoic acid (DHA).137 Indeed, cysteamine previously reported to slightly increase PM 

expression of F508del-CFTR at a concentration of 250 µM in nasal epithelial cells from CF 

patients,120,138 while DHA is a ω-3 fatty acid that previously demonstrated to induce 

autophagy.139,140 Among the set of conjugates, conjugate CAT-5571 (Figure 10) increased beclin-

1 levels, activated autophagy, and synergized with the potentiator VX-770 and the corrector VX-

809 to enhance cell-surface trafficking and function of F508del-CFTR. Thanks to high stability and 

oral availability,137 CAT-5571 could proceed to preclinical studies at Catabasis Pharmaceuticals. 

Treatment with CAT-5571 in vitro and in vivo efficiently restored autophagy and caused a 

significant reduction in the intracellular bacterial load of P. aeruginosa and B. cenocepacia,141 

which is highly recommendable in CF patients that are subjected to chronic lung bacterial 
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infections. At the present, Catabasis is conducting a preclinical study to evaluate CAT-5571 as a 

potential oral therapy to promote autophagy and clear persistent lung infections.142 

J. A. Coppinger and coworkers showed that the selective mTOR/Akt inhibitor MK-2206 (Figure 

10), now in a Phase II trial for breast cancer,143 could increase mutant CFTR maturation, stability 

and expression by causing a strong induction of autophagy.122 Furthermore, MK-2206 decreased 

BAG3 levels, a co-chaperone of the Hsp70/Hsc70 complex involved in the autophagic degradation 

of misfolded protein aggregates, thus suggesting a role of this folding pathway in MK-2206-

mediated CFTR rescue.122 

 

 

Figure 10. Chemical structure of CAT-5571, a conjugate of cysteamine and DHA in study as autophagy 
activator and structure of the mTOR/Akt inhibitor MK-2206. 

 

1.4.4 Targeting Kinases 

Several protein kinases are involved in CFTR processing and degradation where they presumably 

affect specific chaperones that normally control the maturation of CFTR protein (e.g. 

Hsp70/Hsc70, Hsp90 chaperone complexes). Therefore, the inhibition of those specific kinases 

could lead to rescue F508del-CFTR function. D. Rotin and coworkers, using a high-content 

screening protocol, found that inhibitors of the receptor Tyr kinases (FGFRs, VEGFR and PDGFR), 

such as the indolinone SU5402 and its analogue SU6668 (Figure 11), already in clinical trials 

mainly for cancer therapy, could achieve a robust rescue of the mutant CFTR channel.144 

Furthermore, treatment of F508del-CFTR mice or intestinal organoids generated from the same 

animals with SU5402 led to a promising rescue of the mutant channel.145  

More recently, M. P. Bruchez and coworkers used a fluorogen-activating-protein (FAP) based 

platform to perform a siRNA screening and to identify druggable kinases able to enhance 
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F508del-CFTR trafficking and stability at the cell surface.146 With this technique they found that 

kinases CAMKK1 and RAF1 were the most promising targets, and their selective inhibitors, 

GW5074 (Figure 11) and STO609 (Figure 11), respectively, showed significant F508del-CFTR 

rescue compared to VX-809 treatment alone. 

 

 

Figure 11. Chemical structures of some of the hit kinase inhibitors identified by Rotin et al. and Bruchez 
et al. that showed an enhancement of F508del-CFTR rescue.  

 
 
 

1.5 Ubiquitin ligase RNF5 as novel drug target for CFTR proteostasis regulators 

The pharmacological rescue of processing and trafficking defects caused by F508del mutation is 

still a critical goal in CF research. This outcome may be achieved by inhibiting the activity of 

proteins that interfere with CFTR trafficking and promote mutant CFTR degradation. Several 

components of CFTR regulome has been identified as potentially useful drug targets for novel CF 

therapeutic approaches based on proteostasis regulation. However, many issues have to be 

considered in the future of CF proteostasis regulators development. For example, some target 

proteins may have pleiotropic effects on CFTR processing, such as the Hsc/Hsp70 and Hsp90 

complexes that are implicated in both degradation and folding of mutant CFTR.89 Furthermore, 

both Hsc70 and Hsp90 systems have a crucial role in cell signaling and protein homeostasis, and 

therefore their pharmacological manipulation hides many challenges, on first glance many 

opportunities for toxicity. Other strategies under investigation, such as targeting the ubiquitin-

activating enzyme E1 or deubiquitinating enzymes DUBs, are relatively nonspecific way to 

achieve mutant CFTR rescue and for this reason may not be amenable to therapeutic 
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development. Indeed, inhibiting E1 might nonspecifically block the degradation of all the proteins 

degraded by the UPS, leading to undesirable off target effects. On the other hand, the alteration 

of the deubiquitination process might lead to the dysregulation of other DUB-associated 

biological networks. Some candidate proteostasis regulators, such as PARP inhibitors or 

authophagy inducers, still have unknown or under investigation mechanisms of F508del-CFTR 

correction, which make the hit optimization campaign challenging. Above all the restoration of 

autophagy remains, for many reasons, a controversial field of research. For example, Romani et 

al. recently proposed the polypeptide autophagy inducer Tα1 as a single-molecule-based therapy 

for CF patients with F508del in view of its activity of immune tolerance potentiator, anti-

inflammatory agent and CFTR corrector.147,148 Since then, six independent CF research groups 

have been trying to reproduce the results obtained by Romani and coworkers with Tα1, but failed 

to achieve any correction of F508del-CFTR.149-151 Meanwhile, the autophagy activator CAT-5571 

represents the first proteostasis regulator with multiple therapeutic effects that was included in 

preclinical studies.141 These contradictory results call for other confirmatory evidences. 

In this context, the E3 ubiquitin ligase RNF5 (also known as RMA1) represents one of the most 

promising drug target for novel CFTR proteostasis regulators, as validated by in vitro and in vivo 

evidences. RNF5 is a 180 amino acid residues tail anchored ER protein that contains a cytoplasmic 

zinc finger RING domain at the N-terminal end, while the transmembrane region of the protein 

is localized at the C-terminal (Figure 12).152 The most important residue of the catalytic RING 

domain is C42, which is required for RNF5 ubiquitin-ligase activity.  

 

 

Figure 12. Predicted domain structure of RNF5, based on its sequence (UniProtKB code: Q99942). C42 is 
the residue, localized in the RING domain, required for RNF5 ubiquitin ligase activity. TM denotes the 
transmembrane region. N- and C- identify the amino- and carboxy- terminal ends of RNF5, respectively. 
Created with BioRender.com. 
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RNF5 along with the E2 Ubc6e and the transmembrane quality-control (QC) factor Derlin-1 forms 

the so-called ER-associated ubiquitin ligase complex.152 This RNF5 QC checkpoint cooperates with 

the cytosolic Hsc/Hsp70-CHIP complex to monitor the conformation and to triage nascent WT-

CFTR and mutant CFTR (Figure 4).153 However, while CHIP QC checkpoint inspects the folding 

status of CFTR’s cytosolic domains,92,98,153 the RNF5 QC checkpoint senses the assembly status of 

amino-terminal regions of CFTR.152 Moreover, the CHIP E3 complex performs its function after 

CFTR’s NBD2 synthesis (posttranslational role), while RNF5 E3 complex acts prior to NBD2 

synthesis (cotranslational role). Although these two sequential QC checkpoints are both 

responsible for the degradation of misfolded CFTR, RNF5 was seen to be particularly relevant, as 

its loss by siRNA interference strongly increased the folding of F508del-CFTR and synergized with 

other known correctors to rescue F508del-CFTR folding.154 Recently, N. Pedemonte and 

coworkers screened a siRNA library targeting known CFTR interactors and found that RNF5 

knockdown elicited a 70-80% increase in F508del-CFTR function.155 Furthermore, RNF5 genetic 

inhibition displayed an additive effect with the approved corrector VX-809. As validation of in 

vivo efficacy of RNF5 modulation, RNF5 knockdown in F508del-CFTR transgenic mice exhibited 

improved intestinal absorption and increased CFTR activity in intestinal epithelial cells, relative 

to animals expressing WT-RNF5.155 These findings validated RNF5 as a drug target for CF and 

provided the basis for the development of RNF5-targeting molecules that could inhibit its activity. 

Notably, this unprecedented pharmacological strategy could also be exploited to relieve other 

CFTR mutations’ dysfunctions, such as orphan mutations that result poorly responsive to 

approved CFTR modulators. Furthermore, given the selectivity of ubiquitination provided by E3s, 

targeting RNF5 may overcome the specificity issues encountered with other proteostasis 

regulators. Thus, inhibiting RNF5 ligase is expected to affect only a limited set of substrates, 

leading to fewer side effects.  

However, RNF5 regulates the degradation of other proteins involved in different cellular 

processes, such as autophagy,156  inflammation,157 cell migration158 and innate antiviral 

response,159 with possible pathophysiological implications. RNF5 mediates ubiquitination of 

Paxillin (PXN), and abolishes PXN localization within the focal adhesions, thus affecting cell 

motility.160 RNF5 also mediates polyubiquitination of the JNK1-Associated Membrane Protein 
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(JAMP), a 7-transmembrane protein located within the ER membrane that facilitates degradation 

of misfolded proteins.161 Thereby, RNF5 regulates JAMP function by decreasing its association 

with components of the proteasome and ERAD, ultimately leading to impaired clearance of 

misfolded proteins such as F508del-CFTR.161 Furthermore, RNF5 mediates polyubiquitination of 

STING1, leading to its proteasomal degradation.162 STING1, also known as MITA, is an adaptor 

that links virus-sensing receptors to the transcription factor IRF3. STING1 ubiquitination by RNF5 

occurs in mitochondria after viral transfection and negatively regulates virus-triggered 

signaling.162 Finally, RNF5 ubiquitinates the Salmonella effector SopA, which contributes to 

Salmonella-induced enteropathogenicity.163 Therefore, given the involvement of RNF5 in various 

cellular pathways, the concept of pharmacologically inhibiting this E3 ligase to treat CF remains 

controversial, and further investigations are required to address it as potential therapeutic.  
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2 Motivation, Aim and Hit Identification 

 

My PhD research project aims at developing small molecules as inhibitors of the ubiquitin ligase 

RNF5 to synergize with other modulators and induce mutant CFTR rescue in Cystic Fibrosis (CF).  

CF is most frequently caused by the deletion of F508 in the CFTR anion channel, which is 

associated with misfolding and defective gating of the mutant protein. The misfolding defect 

results in premature degradation by the UPS, which in turn leads to a reduced expression of 

F508del-CFTR at the PM. The gating defect results in reduced activity of the mutant channel due 

to its abnormal persistence in the closed state.37 To address these F508del-CFTR basic defects, 

two types of pharmaceutical agents, namely CFTR modulators, are necessary: CFTR correctors 

that increase the number of mutant channels at the PM and CFTR potentiators that improve 

channel gating. CFTR correctors can act as pharmacological chaperones or as proteostasis 

regulators. The first type of correctors is thought to act directly on the mutant CFTR, stabilizing 

or improving specific domains’ interaction. Instead, proteostasis regulators can modulate CFTR 

processing, maturation, or trafficking to the PM through targeting components of the CFTR 

regulome.37,38  

Over the last 30 years, advancements in CF therapeutic landscape have increased the expectancy 

and quality of life of people with CF. Industry and academic institutions have done an extensive 

work to develop new CFTR potentiators and correctors, as approximately 80% of CF patients can 

now benefit from one or more approved drugs. However, these therapies can only afford a partial 

rescue of the mutant CFTR channel,69 and their cost remains very high, leading to accessibility 

disparities worldwide. Furthermore, it has been extensively reported that the use of a single CFTR 

modulator is not sufficient to promote a therapeutically relevant F508del-CFTR rescue. 

Combination therapy is therefore required, and drug that modulate CFTR proteostasis 

environment are particularly attractive as they target specific steps in CFTR processing that may 

create bottlenecks in its rescue. Furthermore, many evidences suggest that proteostasis 

regulators’ effects are additive with other correctors, and therefore are expected to expand 

pharmacological treatment applicability and effectiveness. In this way, proteostasis regulators 



29 
 

hold great promise and novel drug targets and their modulators must be identified in order to 

design new CF therapies.  

One of the most promising targets for novel CFTR proteostasis regulators is the E3 ubiquitin ligase 

RNF5/RMA188,155 that acts at early stages of CFTR biosynthesis and promotes premature 

degradation of the misfolded protein (Figure 13 – A).152 Recently, N. Pedemonte and coworkers 

demonstrated that RNF5 knockdown could efficiently rescue F508del-CFTR function in vitro and 

in vivo, thus validating RNF5 as a drug target for CF.88,155 Hence, a small molecule able to inhibit 

RNF5 could chemically mimic a condition of RNF5 silencing, and thus appears to be a valuable 

tool to prevent mutant CFTR degradation (Figure 13 – B). This strategy could cause stabilization 

and increased PM abundance of the mutant CFTR protein, ultimately leading to the development 

of synergic drug combinations. 

 

 

Figure 13. F508del-CFTR fate in cell. A) The mutant CFTR channel is poly-ubiquitylated by the ER 
membrane-anchored RNF5 E3 ligase complex, retained at the ER and prematurely degraded by the UPS. 
B) Putative RNF5 inhibitors could decrease ERAD of misfolded CFTR and increase their trafficking to and 
expression at the PM. Created with BioRender.com. 

 

However, RNF5 is a very challenging target, as to date there are no structures available in the 

PDB and no known inhibitors. To identify potential RNF5 inhibitors, the research group where I 

carried out my PhD project has performed a VS campaign targeting the RING domain of RNF5.116 

Two complementary computational approaches were adopted to increase the chances of 

identifying RNF5 inhibitors.116 On one side, a homology model of RNF5 RING domain was 

generated (Figure 14), and used in the VS protocol. The Life Chemicals database was directly 

collected from the vendor and prepared by discarding compounds with more than two chiral 
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centers, Pan-Assay Interference Compounds (PAINS), compounds containing Michael acceptor 

groups, and frequent hitters. Furthermore, to enrich the selection with potential protein-protein 

interaction (PPI) inhibitors, it was filtered with the PPI-HitProfiler tool using the ‘‘soft’’ methods. 

After the VS campaign a first set of 1623 ligands was selected by HTS docking.116 On the other 

side, a second diversity set of 1000 ligands, based on molecular fingerprinting chemical diversity 

was extracted from the LifeChemicals database. From both complementary computational 

approaches, a total of 2623 molecules were purchased and tested as F508del-CFTR correctors, 

by using the microfluorimetric assay based on the HS-YFP in CFBE41o- cells.   

 

                                
 

Figure 14. A conformational state of the RNF5 ring domain extracted from the molecular dynamics 
trajectory conducted on the model built by homology modeling. A) Cartoon representation of RNF5 ring 
domain, zinc ions are represented as spheres. B) Surface representation of RNF5 ring domain.  

 

This primary biological screening identified few hit compounds having a clear dose-dependent 

effect. To select the most promising hit candidate as F508del-CFTR corrector, electrophysiological 

techniques on human primary bronchial epithelia were used. Herein, inh-2 (Figure 15) emerged 

as the compound giving the highest increase in F508del-CFTR mediated currents. Ubiquitination 

experiments confirmed that inh-2 decreased ubiquitination of mutant CFTR, thus increasing half-

life of F508del-CFTR. To further investigate the mechanism of action of the putative RNF5 

inhibitor inh-2, known RNF5 downstream targets were exploited, such as the regulator of basal 

autophagy ATG4B and the actin cytoskeleton factor PXN. Functional and biochemical 

experiments confirmed that inh-2 could decrease the ubiquitylated form of ATG4B and increase 

the basal level of autophagy, while scratch/wound healing assays confirmed that inh-2 could 

A B 
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increase cell motility, consistent with what has been described for RNF5 knockdown. Taken 

together all these data demonstrated that inh-2 could act as RNF5 inhibitor able to rescue the 

F508del-CFTR trafficking defect (EC50 = 2.6 µM in CFBE41o- cells), and pioneered inh-2 

optimization through a medicinal chemistry campaign.  

In this context, my PhD research project aims at optimizing the hit compound inh-2 to develop 

RNF5 inhibitors having both improved potency and efficacy, and to evaluate the therapeutic 

relevance of optimized E3 ubiquitin ligase inhibitors for the rescue of mutant CFTRs. Ultimately, 

the combination of RNF5 inhibitors and currently approved correctors and/or potentiators would 

provide a new paradigm for the discovery of innovative CF therapies. To achieve this objective, 

by exploiting the identified 1,2,4-thiadiazolylidene hit inh-2, a novel class of potential RNF5 

inhibitors was developed and general structure-activity relationships (SAR) were depicted from 

the library of compounds. The chemical modification campaign around the 1,2,4-

thiadiazolylidene scaffold led to the development of promising new derivatives, which elicited a 

greater F508del-CFTR rescue than inh-2 and RNF5-mediated activation of basal level of 

autophagy. Notably, the putative RNF5 inhibitors could also be usefull for the rescue of several 

trafficking mutations other than F508del, which are poorly responsive to approved CFTR 

modulators. Furthermore, targeting the ligase RNF5 is expected to be more specific and lead to 

fewer off target effects than other pharmacological strategies under investigation based on 

proteostasis modulation. 

For sake of clarity, my PhD research activity was focused on compounds design and synthesis. 

Biological and biophysical profile evaluations were performed in the context of the research 

group. Details about test protocols are reported in the Appendix.  
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3 Structure-based hit optimization strategy 

 

Based on the recent discovery of the first ever reported inhibitor of RNF5,116 we designed and 

synthesized a series of new analogues to explore the SAR of this class of compounds. Indeed, the 

1,2,4-thiadiazolylidene inh-2 (Figure 15 - A) demonstrated to act as a RNF5 inhibitor, and 

displayed an EC50 equal to 2.6 µM in CFBE41o- cells from the HS-YFP assay. Notably, the same 

study showed that a close analog of inh-2 (analog-1, Figure 15 - A) had no activity as CFTR 

corrector, whether elicited the opposite effects on RNF5 downstream targets as compared with 

inh-2.116 Therefore, small differences in the chemical structure may shift the effect of inh-2 

analogues from RNF5 inhibition to activation, as exemplified by analog-1.116 Furthermore, 

although the biological effects of inh-2 are consistent with what has been described as RNF5-

dependent, inh-2 could also affect other cellular targets. Therefore, inh-2 structural tuning is 

mandatory in order to gain a deeper knowledge on the handling of misfolded CFTR mutants by 

the QC system of the cell. 

 

 

Figure 15. Discovery of the first RNF5 inhibitor, the 1,2,4-thiadiazolylidene inh-2 by N. Pedemonte et al.116 
A) Chemical structures of the RNF5 inhibitor inh-2 and the RNF5 activator analog-1. B) Proposed binding 
mode of inh-2 into RNF5 pocket. Blue dashed lines indicate π-π stacking interactions, while yellow dashed 
lines indicate hydrogen bonds. 
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The proposed binding mode based on docking simulations of inh-2 into the homology model of 

RNF5 (Figure 15 - B) suggests (i) an H-bond between the amidine portion of inh-2 and ARG73, (ii) 

two π-π interactions among the thiadiazolidine, phenyl ring B, TRP48 and HIS52, and (iii) some 

hydrophobic interactions between the benzyl ring A and the hydrophobic pocket outlined by 

LEU51, VAL38, and VAL76. Despite this binding mode should be considered rather preliminary, it 

offers the possibility to rationally modify inh-2. Furthermore, the 1,2,4-thiadiazole ring is a 

versatile scaffold in medicinal chemistry and exhibits substantial therapeutic potential.164-167  

Indeed, the meso-ionic (mesomeric + ionic) character of this 5-membered heterocycle has shown 

to enable thiadiazolic compounds to easily cross cellular membranes and interact strongly with 

biological targets.168 Therefore, to improve the inhibitory activity of inh-2 we conducted a 

chemical modification campaign around the 1,2,4-thiadiazol-5-ylidene scaffold. Figure 16 

provides an overview of the structural variations introduced on the thiadiazole scaffold.  

 

 

Figure 16. Depiction of the SAR exploration around inh-2 for hit optimization.  

 

First, we investigated the role of the methyl group in 3-position of the thiadiazolidine core, by 

replacing it with different alkyl moieties or attempting its removal (pink region, Figure 16). As the 

3-methyl group of the thiadiazolidine central ring showed to lie in a small hydrophobic pocket of 

the target, we introduced in this position ethyl, fluoromethyl and isopropyl moieties (1-3, Table 

2) in order to define the optimal steric hindrance of this portion. Unfortunately, the removal of 
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the methyl group was not possible, due to poor chemical tractability of the 5-amino-1,2,4-

thiadiazole and to the low reactivity of the functionalizable nitrogen atom of the ring.  

In the attempt to find the proper length of the alkyl chain connecting the thiadiazolidine and the 

phenyl ring A (blue region, Figure 16), we replaced the methylene of inh-2 with ethylene or 

propylene tethers (4, 5, Table 2). Then, we moved to ring A (red region, Figure 16), which showed 

to interact with a large hydrophobic pocket of the target from the docking simulation (Figure 15 

- B). Herein, we explored different EDGs and EWGs, such as methyl, methoxyl, hydroxyl, carboxyl, 

ethoxyl, isopropoxyl, trifluoromethyl, amino, methylamino, dimethylamino groups and fluorine, 

chlorine, bromine atoms in ortho, meta or para positions (6-30, Table 2). Indeed, we intended to 

investigate the role of this portion and increase the possible hydrophobic interactions with the 

target pocket. Next, we focused on ring B and C of the N-phenylbenzamidine moiety (green 

region, Figure 16). In particular, the phenyl ring B was modified by introducing methoxyl or 

hydroxyl groups at different positions (31-34, Table 2) or replaced by 4-pyridyl, 3-pyridyl, or 2-

furanyl moieties (35-37, Table 2). Indeed, we reasoned that proton acceptor or donor groups on 

ring B could engage favorable interactions with HIS52 of the site, while different heterocycles 

could stabilize the T-shape type π-π stacking interaction with TRP48. The phenyl ring C was 

substituted with a m-methyl group (38, Table 2) or replaced by benzyl, cyclohexyl and pyridyl 

moieties (39-42, Table 2). Indeed, we intended to assess the importance of ring C, as from in silico 

prediction studies this portion was not involved in the interaction of the molecule with the target, 

whereas it emerged to be exposed to the solvent.  

Subsequently, a set of compounds carrying the removal of ring B and C was synthetized in order 

to explore the role of the N-phenylbenzamidine portion in possible π-π stacking interactions 

(green region, Figure 16). Therefore, the whole N-phenylbenzamidine was replaced by pyridin-2-

yl, 4-(2-methoxyethyl)pyridin-2-yl and 4-(2-hydroxyethyl)pyridin-2-yl moieties (44-46, Table 2). 

Actually, we reasoned that this substitution should maintain the same H-bonds with ARG73 of 

the parent compound, while simplifying the synthesis and increasing the solubility of compounds. 

In addition, the substitution of the pyridyl ring with methoxyethyl or hydroxyethyl moieties could 

engage favorable H-bonds with HIS52, as suggested by docking simulation (data not shown).  
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Lastly, we envisioned modifications of the central 3-methyl-1,2,4-thiadiazolidine core through 

substitution with alternative five membered heterocycles (orange region, Figure 16), such as 5-

methyl-1,3,4-thiadiazolidine, 1,3,4-thiadiazolidine and 1,3-thiazolidine (47-49, Table 2). Indeed, 

we intended to investigate if different meso-ionic systems could affect the π-π stacking 

interaction with TRP48 and HIS52, thus improving the inhibitory activity.  

 

3.1 Chemistry 

The 1,2,4-thiadiazolidines 1-43 were synthesized following a versatile method which involved the 

use of 1,2,4-thiadiazolium bromides as intermediates that could be easily obtained by 

Hugerschoff ring-closure reactions of thioureas (Scheme 1).169,170 The bromine-mediated 

cyclization process of imidoylthioureas most probably involves electrophilic addition to the 

thiocarbonyl moiety, which is then attacked by the π-electron system of the adjacent imine, 

followed by the rapid formation of the corresponding 1,2,4-thiadiazolium salts.170 These salts, in 

basic medium, present a high reactivity towards electrophiles, leading to nucleophilic addition of 

the free base to the appropriate alkyl nitrile, thus providing an easy synthetic route to substituted 

1,2,4- thiadiazolylidenes.169,171 

 

Scheme 1. Hypothesis of 1,2,4-thiadiazolylidenes formation mechanism.  

 

 

Scheme 2 illustrates the general synthesis of final compounds 1-7, 9-11, 13-16, 19, 20, 23-29, 31, 

32, 34-43. The intermediate imidoylthioureas 50a-82a underwent intramolecular cyclization by 
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bromine oxidation yielding thiadiazolium salts 50b-82b. Following, the hydrobromide salts were 

treated with the appropriate nitriles 83-86 under basic conditions (trietylamine) to afford the 

1,2,4-thiadiazolylidene final compounds.  

 

Scheme 2. Synthesis of final 1,2,4-thiadiazolylidenes 1-7, 9-11, 13-16, 19, 20, 23-29, 31, 32, 34-
43. 

 

Cpd R1 R2 R3 R4 

1 Ph Ph Ph Et 

2 Ph Ph Ph FMe 

3 Ph Ph Ph iPr 

4 Ph Ph Bn Me 

5 Ph Ph PhEt Me 

6 Ph Ph 4-MePh Me 

7 Ph Ph 4-OMePh Me 

9 Ph Ph 4-FPh Me 

10 Ph Ph 4-ClPh Me 

11 Ph Ph 4-BrPh Me 

13 Ph Ph 4-NH2Ph Me 

14 Ph Ph 3-MePh Me 

15 Ph Ph 3-CF3Ph Me 

16 Ph Ph 3-OMePh Me 

19 Ph Ph 3-OEtPh Me 

20 Ph Ph 3-NH2Ph Me 

23 Ph Ph 3-FPh Me 

24 Ph Ph 3-ClPh Me 

25 Ph Ph 2-MePh Me 

26 Ph Ph 2-CF3Ph Me 

27 Ph Ph 2-OMePh Me 

28 Ph Ph 2-ClPh Me 

29 Ph Ph 2-NH2Ph Me 

31 4-OMePh Ph Ph Me 

32 3-OMePh Ph Ph Me 

34 2-OMePh Ph Ph Me 

35 Pyridin-4-yl Ph Ph Me 

36 Pyridin-3-yl Ph Ph Me 

37 Furan-2-yl Ph Ph Me 
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38 Ph 3-MePh Ph Me 

39 Ph Bn Ph Me 

40 Ph Cyclohexyl Ph Me 

41 Ph Pyridin-4-yl Ph Me 

42 Ph Pyridin-3-yl Ph Me 

43 Pyridin-4-yl Ph 3-OMePh Me 

50a, 50b Ph Ph Ph - 

51a, 51b Ph Ph Bn - 

52a, 52b Ph Ph PhEt - 

53a, 53b Ph Ph 4-MePh - 

54a, 54b Ph Ph 4-OMePh - 

55a, 55b Ph Ph 4-FPh - 

56a, 56b Ph Ph 4-ClPh - 

57a, 57b Ph Ph 4-BrPh - 

58a Ph Ph 4-NHBocPh - 

58b Ph Ph 4-NH2Ph - 

59a, 59b Ph Ph 3-MePh - 

60a, 60b Ph Ph 3-CF3Ph - 

61a, 61b Ph Ph 3-OMePh - 

62a, 62b Ph Ph 3-OEtPh - 

63a Ph Ph 3-NHBocPh - 

63b Ph Ph 3-NH2Ph - 

64a, 64b Ph Ph 3-FPh - 

65a, 65b Ph Ph 3-ClPh - 

66a, 66b Ph Ph 2-MePh - 

67a, 67b Ph Ph 2-CF3Ph - 

68a, 68b Ph Ph 2-OMePh - 

69a, 69b Ph Ph 2-ClPh - 

70a Ph Ph 2-NHBocPh - 

70b Ph Ph 2-NH2Ph - 

71a, 71b 4-OMePh Ph Ph - 

72a, 72b 3-OMePh Ph Ph - 

73a, 73b 2-OMePh Ph Ph - 

74a, 74b Pyridin-4-yl Ph Ph - 

75a, 75b Pyridin-3-yl Ph Ph - 

76a, 76b Furan-2-yl Ph Ph - 

77a, 77b Ph 3-MePh Ph - 

78a, 78b Ph Bn Ph - 

79a, 79b Ph Cyclohexyl Ph - 

80a, 80b Ph Pyridin-4-yl Ph - 

81a, 81b Ph Pyridin-3-yl Ph - 

82a, 82b Pyridin-4-yl Ph 3-OMePh - 

83 - - - Me 

84 - - - Et 

85 - - - FMe 

86 - - - iPr 

Reagents and conditions: (i) Br2, DCM/EtOAc (1:2 v/v), 5 °C to rt; then rt, 12h, yield 33% - quantitative; (ii) 
TEA, reflux 30 min, yield 13-95%. 

 



38 
 

Afterword, derivatives 8, 17 and 33 were obtained by demethylation of the corresponding ether 

derivatives 7, 16 and 32 with BBr3 (Scheme 3).  

 

Scheme 3. Synthesis of final 1,2,4-thiadiazolylidenes 8, 17 and 33. 

 

Reagents and conditions: (i) BBr3, DCM, 0 °C, 30 min; then rt, 12h, yield 23-59%. 

 

The carboxylic acid 12 was obtained starting from the p-bromo derivative 11 by lithium-halogen 

exchange reaction using n-butyllithium, followed by reaction with carbon dioxide (Scheme 4).  

 

Scheme 4. Synthesis of final 1,2,4-thiadiazolylidene 12. 

 

Reagents and conditions: (i) n-BuLi, THF, -78 °C, 30 min; then CO2, -78 °C to rt, yield 26%. 

 

The isopropoxy derivative 18 was afforded by alkylation of the hydroxy derivative 17 with 

isopropyl bromide in the presence of K2CO3 (Scheme 5).  
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Scheme 5. Synthesis of final 1,2,4-thiadiazolylidene 18. 

 

Reagents and conditions: (i) K2CO3, DMF, rt 1h; then isopropyl bromide, 70 C°, 3 h, yield 18%. 

 

Finally, alkylation of the primary amino group of derivative 20 with iodomethane under basic 

conditions gave the monomethylated and dimethylated derivatives 21 and 22 (Scheme 6 – A). 

Instead, when the o-amino group of compound 29 was alkylated under the same conditions, just 

the monomethylated analogue 30 was obtained (Scheme 6 – B). 

 

Scheme 6. Synthesis of final 1,2,4-thiadiazolylidene 21, 22 and 30.  

 

Reagents and conditions: (i) MeI, K2CO3, DMF, 50°C, 24h, yield 22-59%. 

 

The key thioureidic intermediates 50a-82a, necessary for final compounds synthesis, were 

prepared following two main strategies, namely Route A and Route B, which were chosen as most 

convenient for our purpose among the variety of protocols reported in literature.172,173 Indeed, 

thioureas have gained significant interest due to their biological activities174 in agriculture,175-177 
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medicinal chemistry178,179 and as corrosion inhibitors.180,181 For that, several methods for the 

preparation of unsymmetrical 1,3-disubstituted thioureas have been described as illustrated in 

Figure 17. The most common method for preparing 1,3-disubstituted thioureas is the reaction of 

an alkyl or aryl isothiocyanate with an amine (Route A).174,182,183 Another strategy that have 

attracted high attention is the treatment of an acyl or imidoyl chloride with a thiocyanate salt, 

followed by reaction with the amine (Route B).184-186 Other methods include the preparation of 

thioureas from dithiocarbamates and amines (Route C),174,187 treatment of the primary amines 

with chloroform and elementary sulfur acting as thiocarbonyl surrogate (Route D),188 

transforming the carbonyl of an appropriate urea to thiocarbonyl by using Lawesson’s reagent189 

or P2S5 (Route E),190 and via a two-step approach from phenyl chlorothionoformate (Route F).191 

 

 

Figure 17. Current methods for the preparation of unsymmetrical 1,3-disubstituted thioureas.   

 

However, most of these methods have some major drawbacks. Concerning Route C, 

dithiocarbamates are instable compounds and have to be prepared in situ from carbon disulfide 
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and amines. The use of CS2 suffers of several drawbacks, such as volatility, flammability, and 

unpleasant smell that restricts this strategy.174 Route D may lead to a mixture of thioureas, 

including symmetrical thioureas obtained from the condensation of a single amine. Finally, the 

major defects of Lawesson’s reagent or P2S5 (Route E) are the low economy and unpleasant smell, 

while Route F, disclosed by Li et al.,191 was developed in water, a solvent that is not suitable for 

our purpose. Therefore, after careful consideration of several aspects Routes A and B were 

chosen for imidoylthioureas 50a-82a synthesis.  

 

In the early phase of my PhD, Route A was followed, as the hit compound inh-2 had been 

previously synthetized through this strategy.116 Indeed, thioureas 51a-56a, 61a, 65a, 68a, 69a, 

80a and 81a were obtained through coupling of appropriates N-arylbenzamidines 87-89 and 

isothiocyanates 90-100 (Scheme 7).  

 

Scheme 7. Synthesis of the thioureidic intermediates 51a-56a, 61a, 65a, 68a, 69a, 80a, 81a 
through Route A. 

 

Reagents and conditions: (i) dry DCE, 55°C, 22h, yield 14-51%. 

 

The commercially unavailable N'-(pyridinyl)benzimidamides 88 and 89 were synthetized through 

activation of the appropriate aryl amine 102 or 103 with NaH, followed by coupling with 

benzonitrile 101 (Scheme 8). Isothiocyanates 93-100, not commercially available, were prepared 

by treating the appropriate primary amines 104-111 with the thiocarbonyl transfer reagent 1,1′-

Thiocarbonyldiimidazole (TCDI) 112 in the presence of TEA (Scheme 9). Notably, the use of TCDI 
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avoided the high toxicity of thiophosgene, which is commonly used for isothiocyanates 

preparation.182 

 

Scheme 8. Synthesis of N'-(pyridinyl)benzimidamides 88 and 89.  

 

Reagents and conditions: (i) NaH, dry DMF, 0°C, 30 min; then rt, 8-12h, yield 69-91%. 

 
Scheme 9. Synthesis of Isothiocyanates 93-100. 

 

Reagents and conditions: (i) TEA, dry DMF, 50°C, 6-7h, yield 36-79%. 

 

Although convenient in terms of number of steps and feasibility due to the mild conditions, Route 

A was not suitable for the synthesis of all the necessary thioureidic intermediates, due to the 

formation, in some cases, of inseparable by-products that affected purification processes and 

reactions’ yields (see appendix: Scheme A1). We spent many efforts in trying to optimize 

conditions of Route A and uncover the mechanistic pathway that led to by-products formation 

(see appendix: Figure A1, Table A1). However, the screening of reaction conditions revealed that 

the formation of by-products could never be avoided, and the maximum yield of the reaction 

could never exceed 45%.  

Therefore, the imidoylthioureas 50a, 57a-60a, 62a-64a, 66a, 67a, 70a-79a, 82a were synthesized 

through the alternative Route B as described in Scheme 10. The aromatic or heteroaromatic acyl 
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chlorides 113-119 were reacted with the appropriate amines 120-123 to obtain the 

corresponding amides 124a-133a. The latter were converted into imidoyl chlorides 124b-133b 

through treatment with thionyl chloride or phosphorus pentachloride. Substitution of chlorine 

atom by sodium thiocyanate followed by addition of the appropriate amines 134-145 afforded 

the desired thioureas.  

 

Scheme 10. Synthesis of the intermediate imidoylthioureas 50a, 57a-60a, 62a-64a, 66a, 67a, 70a-
79a, 82a through Route B. 

 

Reagents and conditions: (i) TEA, THF, 0 °C, 2-5h, yield 85% - quantitative; (ii) treatment of compounds 
124a-126a, 128a-133a: SOCl2, 70°C 2-2.5 h yield 76-98%; treatment of compound 127a: PCl5, dry toluene, 
reflux, 4 h, yield 81%; (iii) NaSCN, dry acetone, -15°C to 0°C; then benzylamines 134-145, dry acetone, 0 
°C to rt, yield 22-99%. 
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The 1,2,4-thiadiazolidines 44-46 bearing pyridylimino substituents were synthesized taking 

advantage of a synthetic strategy previously reported by A. Martinez et al. (Scheme 11).171 

Reaction of appropriates pyridin-2-amines 146 and 147 with benzyl isothiocyanate 90 afforded 

the pyridinylthioureas 148a and 149a. Oxidation of 148a and 149a with bromine gave 

regioselective ring-closure reaction yielding the corresponding thiadiazolopyridinium bromides 

148b and 149b in good yields. Then, reaction of salts 148b and 149b in basic medium 

(diisopropylethylamine) with acetonitrile 83 at reflux temperature afforded the 5-pyridylimino 

1,2,4-thiadiazolidines 44 and 45. Finally, cleavage of the methyl ether present in compound 45 

under mild conditions gave the corresponding hydroxyethyl analogue 46.  

 

Scheme 11. Synthesis of final N-(pyridin-2-yl)-1,2,4-thiadiazolic compounds 44-46. 

 
 
Reagents and conditions: (i) dry DCE, 55°C, 22h, yield 68% - quantitative; (ii) Br2, DCM/EtOAc (1:2 v/v), 5 
°C to rt; then rt, 12h, yield 71-93%; (iii) ACN (83), DiPEA, reflux 2h, yield 23 – 24%. (iv) BBr3, DCM, -78 °C, 
1h; then -25 °C, 4h, yield 57%. 

 

The 1,3,4-thiadiazolidines 47, 48 and 1,3-thiazolidine 49 were readily synthesized through the 

synthetic procedure illustrated in Scheme 12, which was adapted from a synthesis reported by Y. 

Nagao et al.192 Treatment of commercially available 2-amino-1,3,4-thiadiazoles 150a and 151a or 

2-amino-1,3-thiazole 152a with trifluoroacetic anhydride afforded the corresponding 2-
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trifluoroacetylamino derivatives 150b-152b. Regioselective alkylation of heterocycles 150b-152b 

with benzyl bromide 153 in the presence of K2CO3 gave their 3-benzylthiadiazoline derivatives 

150c and 151c or 3-benzylthiazoline 152c. After hydrolysis of the trifluoroacetyl protecting group 

with 5% aqueous NaOH, the resultant 2-imino derivatives 150d-152d were reacted with N-

phenylbenzimidoyl chloride 124b in the presence of pyridine to obtain the corresponding final 

compounds 47-49. 

 

Scheme 12. Synthesis of final 1,3,4-thiadiazolylidenes 47, 48 and 1,3-thiazolylidene 49. 

 

Reagents and conditions: (i) trifluoroacetic anhydride, toluene, 0°C to rt; then 12h, rt, yield 87% - 
quantitative; (ii) K2CO3, dry DMF, rt, 24h, quantitative yield; (iii) NaOH 5%, THF, rt, yield 92% - quantitative; 
(vi) pyridine, DCM, 0°C, 1h; then rt, 12h, yield 16 – 27%. 

 

All the synthetized compounds 1-49 were characterized by 2D NMR analysis and the geometries 

of the double bonds established with selective 1D nuclear Overhauser effect (NOE) experiments. 

The reported NOE spectra of compound 10 (Figure 18 - A), taken as example, shows that 

irradiation of H-22 (δH 5.54 ppm) resulted in obvious enhancement of H-24,29 (δH 7.35 ppm) of 
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the ring A and H-21 (δH 2.41 ppm) of the methyl group. Instead, no enhancement of protons of 

rings B or C were detectable, ascertaining that the benzyl group A and the N-phenylbenzamidine 

portion are opposite oriented, and indicating that geometry of the double bond N6=C5 is Z. 

Whereas, irradiation of H-14,10 (δH 6.75 ppm) of phenyl C (Figure 18 - B) resulted in predictable 

enhancement of H-13,11 (δH 7.23 ppm) and rebound enhancement of H-12 (δH 7.02 ppm) of the 

same ring. Notably, this selective irradiation caused enhancement of H-16,20 (δH 7.41 ppm) of 

phenyl B too, indicating that the two rings are cis oriented and confirming the E geometry of the 

double bond N8=C7.  

Concerning the N-(pyridin-2-yl)-1,2,4-thiadiazolic compounds 44-46, no enhancement of protons 

of the pyridin-2-yl portion were detectable after irradiation of the benzylic protons, thus 

indicating that the geometry of the imine double bond is Z for this set of compounds too (data 

not shown). Finally, irradiation of benzylic protons of 1,3,4-thiadiazolylidenes 47, 48 and 1,3-

thiazolylidene 49 ascertained both the isomerism and the regioselectivity of benzylation on the 

nitrogen in 3-position of the central core (data not shown). 
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Figure 18. 1D NOE (DMSO-d6) spectrum of compound 10. A) Selective irradiation of H-22 (δH 5.54 ppm); 
B) Selective irradiation of H-14,10 (δH 6.75 ppm). 

 

Finally, the synthesis of the analogue of inh-2 carrying the removal of the 3-methyl group of the 

1,2,4-thiadiazoline core was attempted. As no appropriate nitriles were useful for the synthesis 

of 154 through the route described for 1,2,4-thiadiazolines 1-43, a different strategy was devised 

starting from the 5-amino-1,2,4-thiadiazole ring 155 (Scheme 13).  

 

Scheme 13. Hypothesized retrosynthesis for analogue 154. 

 

 

The retrosynthesis (Scheme 13) is based on two main disconnections of N-C bounds, the first one 

in the N-phenylbenzamidine moiety that can be formed through nucleophilic attack of the imine 

on the electron-deficient imidoyl halide, while the second one in the benzyl region that can be 
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achieved through regioselective alkylation of 155. The presence of several reactive nitrogen 

atoms in the 5-amino-1,2,4-thiadiazole ring (155) requires the use of suitable protecting groups 

and evaluation of the stability and reactivity of the substrate towards benzyl halides.  

Although the chemistry of 1,2,4-thiadiazoles has been rather widely studied,193 the alkylation of 

these compounds by alkyl halides has been described only in isolated cases. Despite the sensitive 

nature of 5-amino-1,2,4-thiadiazoles, it has been reported that the exocyclic nitrogen can be 

substituted with alkyl, acyl, sulfonyl and nitroso groups.194 Then, the methylation of the 

substituted 5-amino-1,2,4-thiadiazoles can occur as shown in Figure 19 - A, based on the imine–

amine tautomerism of the 1,2,4-thiadiazole (Figure 19 – B). Thus, two isomers are possible upon 

reaction with MeI, one obtained via substitution at the 4-position within the cycle, which is 

preferred over the 2-position, and the other through substitution on the exocyclic N.194 However, 

to our knowledge no one attempted this type of reaction with N-alkylating reagents different 

from MeI until now.  

 

 

Figure 19. Hypothesized reactivity of 1,2,4-thiadiazoles. A) Methylation of the substituted 5-amino-1,2,4-
thiadiazoles as it was reported by J. Goerdeler et al. B) Hypothesized imine–amine tautomerism of the 
1,2,4-thiadiazole. 

 

Based on this knowledge, it was reasoned that the feasibility of each isomer may obviously 

depend on the alkyl halide and conditions, and judged that the synthesis of 154 could be 

attempted through the forward synthesis reported in Scheme 14. For that,  the thiadiazole ring 

155 was first synthetized taking advantage of a procedure previously reported by C. Landreau et 

al.195  Coupling of N,N-dimethyl formamide dimethyl acetal 156 and thiourea 157 yielded the 

formimidamide 158. Then, treatment of 158 at reflux temperature with the aminating agent 

hydroxylamine-O-sulfonic acid (HOSA), afforded the desired 5-amino-1,2,4-thiadiazole 155. 
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Unfortunately, the protection of 155 with trifluoroacetic anhydride failed to afford the 

corresponding 2-trifluoroacetylamino derivative, probably due to the poor reactivity of the 

exocyclic amino group. For that, trifluoroacetic anhydride was replaced by Boc2O and DMAP was 

added as nucleophilic catalyst, leading to compound 159, although with a moderate 26% yield. 

Disappointingly, alkylation of heterocycle 159 with benzyl bromide 153 did not give the desired 

4-benzylthiadiazoline derivative, and just the deprotected compound 155 was isolated from the 

reaction mixture. This may be due to the low reactivity towards electrophiles of the 4-position of 

155 ring, or to concurrent reactions, such as the hydrolysis of the protecting group, that may shift 

the equilibrium.  

 

Scheme 14. Route attempted for final 1,2,4-thiadiazolylidene 154 synthesis. 

 

Reagents and conditions: (i) MeOH, reflux, 4h, yield 59%; (ii) HOSA, EtOH, 80°C, 8h; then TEA, rt, 16h, yield 
28%; (iiia) trifluoroacetic anhydride, toluene, 0°C to rt; then 12h, rt; (iiib) Boc2O, DMAP, THF, 50°C, 2h, 
yield 26%; (iv) K2CO3, dry DMF, rt, 24h. 

 

In order to further explore the reactivity of the 1,2,4-thiadiazole and optimize reaction 

conditions, we reasoned that it would have been easier to work with the commercially available 

and more stable 3-methyl-1,2,4-thiadiazole 160. For that, compound 161 was planned (Scheme 

15), in the attempt to shed light on the regioselectivity of ring alkylation.  

Acetylation of the 3-methyl-1,2,4-thiadiazole 160 afforded the corresponding acetylamino 

derivative 162 in reasonable yield (52%), which was in turn alkylated with benzyl bromide 153 
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(Scheme 15). Disappointingly, the 1H and 13C NMR spectra indicated that a single regioisomer had 

formed, presumably the compound bearing the benzyl ring on the exocyclic nitrogen (163). This 

suggests that under the used conditions the 1,2,4-thiadiazole system possess the same 

characteristics of a non-tautomeric amino compound, leading to regioselective alkylation just on 

the exocyclic atom.  

 

Scheme 15. Route attempted for 1,2,4-thiadiazolylidene 161 synthesis. 

 

Reagents and conditions: (i) acetic anhydride, toluene, 0°C to rt; then 12h, rt, yield 52%; (ii) K2CO3, dry 
DMF, rt, 24h, yield 51%. 

 

The structure of the obtained compound 163 was elucidated through 2D NMR analysis. 

Heteronuclear multiple bond correlation (HMBC) experiment was used to correlate long-range 

proton to carbon connectivities (Figure 20 – A). Observation of the HMBC cross peaks for benzylic 

protons H-11 (δH 5.51 ppm) with the carbonyl group C-7 (δc 172.61 ppm) and C-2 (δc 176.71 ppm) 

of the thiadiazole confirmed that substitution occurred exclusively at the substituted nitrogen N-

6 to yield 163. This conclusion was further corroborated by 1H two-dimensional NOE 

spectroscopy (NOESY). NOESY spectra (Figure 20 - B) shows coupling between the benzylic H-11 

(δH 5.51 ppm) and H-8 (δH 2.35 ppm) of the acetyl moiety, as well as coupling between H-13,17 

(δH 7.21 ppm) and H-8 (δH 2.35 ppm), suggesting the proximity of these two moieties. Instead, no 

couplings of protons of the benzyl or acetyl moieties with the 3-methyl group (H-10, δH 2.42 ppm) 
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were detectable, ascertaining that these portions stand as far as possible in the molecule 

structure.  

These findings highlight that, although certain reactions were previously reported with the 1,2,4-

thiadiazole having an imino form, in this case only the amino form participates to the reaction 

and for that its reactivity could not be exploited to synthetize compound 154.  
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Figure 20. 2D NMR spectrums of compound 163. A) 1H−13C HMBC (DMSO-d6) spectra. Only the region of 
benzyl and acetyl moieties’ interactions is shown. B) NOESY (DMSO-d6) spectra. 

 
 

 

3.2 SAR study and biological evaluation 

The biological evaluation of the synthetized compounds was performed by Dr. Nicoletta 

Pedemonte’s group at the department UOC Genetica Medica of IRCCS Giannina Gaslini Institute.  

As a primary screen, compounds 1-29, 31-42, 44, 45, 47-49 (Table 2) were tested for their ability 

to rescue the F508del-CFTR trafficking defect in CFBE41o- cells, stably co-expressing F508del-

CFTR and the HS-YFP. Compounds 30, 43 and 46 that were obtained in the last period of my PhD 

research activity, are currently under evaluation. This cell line has been extensively used by Dr. 
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Pedemonte and coworkers, in combination with the microfluorimetric assay based on the HS-

YFP, to identify and characterize many CFTR correctors.116,155,196 The resulting CFTR activities of 

test compounds at different concentrations (0.625 – 20 µM) in comparison to the parent inh-2 

and the RNF5 activator analog-1 are shown in Figure 21. 

 

Table 2. Structures of inh-2, analog-1 and the newly synthesized compounds 1-29, 31-42, 44, 45, 
47-49.  

  

Cp Structure Cp Structure Cp Structure Cp Structure 

1 

 

2 

 

3 

 

4 

 

5 

 

6 

 

7 

 

8 

 

9 

 

10 

 

11 

 

12 

 

13 

 

14 

 

15 

 

16 

 



54 
 

17 

 

18 

 

19 

 

20 

 

21 

 

22 

 

23 

 

24 

 

25 

 

26 

 

27 

 

28 

 

29 

 

31 

 

32 

 

33 

 

34 

 

35 

 

36 

 

37 

 

38 

 

39 

 

40 

 

41 

 

42 

 

44 

 

45 

 

47 

 

48 

 

49 

     

 



55 
 

 

Figure 21. Bar graph showing CFTR activity in CFBE41o- cells following treatment with vehicle alone or 
with analogs of inh-2 at the indicated concentrations. The vehicle alone (DMSO) and corrector VX-809 (1 
µM) were used as negative and positive controls, respectively. 

 

The substitution of the methyl group of the thiadiazoline core with larger lipophilic moieties as 

in compounds 1-3 (i.e. ethyl, fluoromethyl and isopropyl, respectively) was not tolerated (Table 

2, Figure 21), suggesting that a methyl group best fits into the small lipophilic niche in the target 

pocket. Concerning the alkyl chain connecting phenyl ring A to the central core, the proper length 

of the tether emerged to be a methylene, as compounds 4 and 5, bearing ethylene and propylene 
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linkers, respectively, were devoid of significant F508del-CFTR corrector activity (Table 2, Figure 

21). This speculation was further corroborated by the lack of CFTR corrector activity shown by 

analog-1, in which the phenyl ring A is directly connected to the thiadiazoline core.116 

Next, we examined the effect of different substituents on the benzyl group A, which showed to 

allocate in a large lipophilic pocket of RNF5 protein. Among the explored ortho-substituents, the 

methyl (25) and methoxyl (27) groups caused a slight increase of activity while the 

trifluoromethyl (26) had a detrimental effect (Table 2, Figure 21). 28 and 29, bearing a chloride 

atom and an amino moiety, respectively, showed a comparable activity to the unsubstituted 

original hit inh-2. Regarding the meta- substituted series, derivatives 16, 17 and 24 carrying a 

methoxyl, hydroxyl groups and a chloride atom, respectively, proved to have increased activity, 

while 15, 18 and 20, bearing trifluoromethyl, isopropoxyl and amino groups, respectively, 

presented a decreased potency. Furthermore, the meta-methyl (14), ethoxyl (19), methylamino 

(21), dimethylamino (22) groups and meta-fluoride atom (23) did not affect the activity. In para-

position, different lipophilic substituents such as a methyl group (6), fluoride (9), chloride (10) 

and bromide (11) atoms maintained the activity unaltered. Whereas, polar, EWG and EDG 

substituents such as hydroxyl (8), amino (13), carboxyl (12) and methoxyl (7) groups resulted in 

a reduced potency. Overall, among the explored variations on ring A, compounds 16 and 17 

showed the best activities of the series, with EC50 equal to 1.2 and 1.6 µM, respectively (inh-2, 

EC50 = 2.6 µM)116 (Figure 22).  

Moving to the N-phenylbenzamidine portion, addition of a methoxyl and hydroxyl groups in 

ortho-, meta-, and para-positions of phenyl ring B (31-34), or replacement of ring B with pyridine-

3-yl and furan-2-yl moieties (36, 37, respectively) resulted in a drop of activity (Table 2, Figure 

21). While the substitution of phenyl B with a pyridine-4-yl moiety, as in compound 35, was 

tolerated, maintaining the activity equal to inh-2. Hence, it appears that only a para-pyridine at 

this position could engage favorable hydrogen bond interactions with TRP48 of RNF5 pocket, 

which may be responsible for the maintenance of the activity. Noteworthy this modification led 

to a moderate increase of solubility (~20 µM in NMR buffer for 35) compared to inh-2 (<5 µM in 

NMR buffer), as measured by the SPAM filter.197 The replacement of the phenyl ring C with meta-

tolyl (38), benzyl (39), cyclohexyl (40) rings or pyridines (41, 42) led to inactive analogs (Table 2, 
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Figure 21). From the results obtained, it appears that both phenyl B and C of the N-

phenylbenzamidine portion are necessary for π-π stacking interactions with RNF5 pocket. This 

speculation was further corroborated by analogues 44 and 45, in which the removal of both rings 

and their replacement with pyridin-2-yl moieties led to inactive compounds (Table 2, Figure 21), 

contrary to what expected from the docking model.  

 

 

Figure 22. Bar graph showing CFTR activity in CFBE41o- cells following treatment with the most promising 
compounds 16 and 17 of the series in comparison to inh-2 at the indicated concentrations. The vehicle 
alone (DMSO) and corrector VX-809 (1 µM) were used as negative and positive controls, respectively. 

 

Finally, the replacement of the central 1,2,4-thiadiazolidine core of the scaffold with different 

meso-ionic heterocycles, such as 5-methyl-1,3,4-thiadiazolidine (47), 1,3,4-thiadiazolidine (48) 

and 1,3-thiazolidine (49) abolished any corrector activity of the compounds (Table 2, Figure 21). 

Therefore, we concluded that the 1,2,4-thiadiazolidine ring is mandatory for optimal π-π stacking 

interactions with TRP48 and HIS52 of the target pocket and thus for the activity of compounds. 
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The SARs of the new series of 1,2,4-thiadiazolidines were rather complex to rationalize, and no 

clear pattern could be identified, above all regarding phenyl ring A. However, the SAR campaign 

allowed us to identify several compounds with promising activity profiles, such as compounds 6, 

9-11, 14, 16, 17, 19, 21-25, 27-29 and 35 that were selected for further biophysical and cell-based 

studies.  

 

In order to assess the putative physical interaction of the inhibitors with RNF5 target, binding 

assays were attempted with the hit inh-2 and compounds 17, 35, selected as the most soluble of 

the series. Indeed, testing the compounds at different theoretical concentrations in MST and 

NMR assay buffers showed a solubility of around 40 µM in MST buffer for inh-2 and 17, and 

around 20 µM in NMR buffer for 35. Furthermore, all the compounds showed aggregation at 

theoretical concentration higher than 100 µM in both buffers from Water-LOGSY (Water-Ligand 

Observation with Gradient SpectroscopY) experiments,198,199 which is highly recommendable to 

avoid false positive results. However, to our knowledge, no previous binding assay on human 

RNF5 has ever been reported, probably due to the fragmentary understanding of RNF5 E3 ligase 

functional structure and its ligand space. The binding affinity evaluations of the selected 

compounds were performed at Computational and Chemical Biology (CCB) department of the 

Italian Institute of Technology IIT.  

As first binding check, recombinant 10XHIS-RNF5-GST protein was purchased from SAB and 

subjected to MicroScale Thermophoresis (MST) analysis with inh-2 and analogue 17 in Hepes 

buffer enriched with Zn2+. For comparison, GST protein alone was tested in order to avoid false 

positive binding results. From these preliminary analyses, inh-2 emerged to bind RNF5 

recombinant protein, without showing binding to GST protein (Figure 23 - A). However, it was 

not possible to estimate a dissociation constant (Kd) value, due to the low response amplitude 

and signal-to-noise ratio observed in the experiments. Also compound 17 showed binding to 

RNF5, with a slightly higher response amplitude than inh-2 (Figure 23 - B), although it might 

weakly bind the GST protein, as two borderline contradictory results were obtained for the GST 

binding checks (data not shown). 
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Figure 23. MST binding check. Blue traces represent the target alone at 20 nM, while green traces 
represent the complex between target and ligand. A) 10XHIS-RNF5-GST – inh-2 binding check; B) 10XHIS-
RNF5-GST – 17 binding check. 

 

Saturation Transfer Difference (STD) NMR experiments on purified RNF5 protein and analogue 

35 were also performed. Unfortunately, no STD signals of the compound in the presence of the 

protein could be detected (data not shown). However, due to limited solubility of compound 35 

we could not confirm nor exclude the binding to RNF5. 

 

Then, a preliminary study of side effects due to inhibition of RNF5 activity was performed by 

evaluating the effect of analogues 6, 9-11, 14, 16, 17, 19, 21-25, 27-29 and 35 on the proliferation 

and apoptosis of CFBE41o- cells (Figure 24). Chronic treatment of all compounds at the 

concentration tested for corrector activity (5µM) caused a modest but statistically significant 

increase in cell proliferation (Figure 24 – A). However, compounds 27-29 showed a modest 

enhancement in the number of apoptotic cells, although only at very high concentration (100 

µM; Figure 24 - B). Similar effects were observed upon treatment with VX-809 and analog-1 at 

100 μM. Notably, treatment with compound 17 at 100 μM markedly increased the number of 

apoptotic cells, as compared to Mg132, a potent inductor of cell apoptosis.200  

 

A                                                                                     B 
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Figure 24. Evaluation of the effect of putative RNF5 inhibitors on Cell Proliferation, and Apoptosis. A) The 
bar graph shows the number of living CFBE41o- cells following 48h treatment with test compounds at 5 
µM. B) The bar graph shows the number of apoptotic CFBE41o- cells following 48h treatment with test 
compounds at the indicated concentrations. Data are expressed as means ± SEM, n = 4-6.  
 

Finally, the effect of inh-2 analogues on the formation of autophagic vacuoles was evaluated in 

F508del-CFTR-expressing CFBE41o- cells (Figure 25) by using the autolysosomes marker 

monodansylcadaverine (MDC).201 Indeed, the ubiquitination of ATG4B, a known regulator of 

basal autophagy, is mediated by RNF5.202 Furthermore, in vivo ubiquitination experiments 
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previously confirmed that inh-2 inhibits ATG4B degradation, thus increasing the basal level of 

autophagy. Therefore, restoring basal autophagy appears to be a confident readout useful to 

demonstrate the ability of test compounds to inhibit RNF5. Determination of signal spots clearly 

demonstrated that the number of autophagic vacuoles was significantly increased 

after treatment with compounds 11, 16 and 21 (Figure 25), similarly to what obtained with inh-2 

and the autophagy inducer torin-1 (20 nM). In contrast, incubation with compounds 6, 10, 14, 

17, 19, 22-25, 27-29 did not affect autophagy, whereas 9 and 35 significantly decreased the 

number of autophagic vacuoles, similarly to what observed after SAR-405 (2 µM) treatment, a 

potent inhibitor of the autophagic pathway.  

 

 

Figure 25. Evaluation of effects of putative RNF5 inhibitors on ATG4B-mediated basal autophagy. The bar 
graph shows the quantification of the number of spots (resembling autophagic vesicles) in cells treated 
with the indicated compounds, normalized for the control condition. Data are expressed as means ± SEM, 
n = 4-6.  
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From these investigations, we could discard compounds exhibiting (i) lower or no CFTR corrector 

activity compared to inh-2 (1-5, 7, 8, 12, 13, 15, 18, 20, 26, 31-34, 36-42, 44, 45, 47-49), (ii) 

cytotoxic effects (17, 27-29) and (iii) discrepancy between data obtained from MDC signal spots 

evaluation and the HS-YFP assay (6, 9, 10, 14, 17, 19, 22-25, 27-29, 35). Therefore, 11, 16 and 21 

resulted the most promising compounds of the library, and between them analogue 16 caused 

both a strong activation of basal autophagy and a greater F508del-CFTR rescue than inh-2. These 

findings suggest that 16 may represent the strongest RNF5 inhibitor of the series of tested 

compounds. The proposed binding mode based on docking simulations of compound 16 into 

RNF5 homology model (Figure 26) showed that the addition of a meta-methoxide group on the 

benzyl ring of the 1,2,4-thiadiazolylidene scaffold may engage favorable hydrophobic 

interactions with VAL38 and VAL76 of the target pocket. Hence, these additional interactions 

could be responsible for the greater F508del-CFTR rescue activity elicited by compound 16 with 

respect to the parent compound inh-2.  

 

 

Figure 26. Proposed binding mode of analogue 16 into RNF5 pocket. Yellow dashed lines indicate 
hydrogen bonds.  
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4 Conclusions 

 

With the aim of gaining a better insight into the SAR of the previously discovered RNF5 inhibitor 

inh-2, a large library of analogs of the original hit compound was designed and synthetized. The 

optimization of general and versatile synthetic routes gave access to a series of novel 1,2,4-

thiadiazolylidene-based compounds, which were subjected to biological activity evaluations as 

F508del-CFTR correctors. SAR efforts ultimately led to compound 16 that elicited a greater 

F508del-CFTR rescue than inh-2 in the HS-YFP functional assay. Evaluation of 16 effect on cell 

proliferation and apoptosis showed good tolerability and no toxic side effects of the putative 

ubiquitin ligase inhibitor. These results are particularly encouraging, as small molecules ligase 

inhibitors could also act on ligases other than RNF5, leading to cytotoxic effects. On the contrary, 

RNF5 genetic suppression has no apparent negative effects both in vitro and in vivo,155 and 

therefore putative RNF5 inhibitors are expected to lead to few side effects. The mechanism of 

action of analogue 16 was further investigated by exploiting known cellular targets of RNF5, such 

as the regulator of basal autophagy ATG4B. Functional evidences demonstrated that 16 strongly 

increases the basal level of autophagy of F508del-CFTR-expressing CFBE41o- cells, similarly to the 

parent compound inh-2. Notably, there is an emerging interest for autophagy modulating 

compounds in controlling pathogenesis of CF disease,203 and the restoration of autophagy has 

been proposed per se as strategy to allow the rescue of F508del-CFTR trafficking.120,137,138,147,204  

Furthermore, RNF5 knockout has shown to enhance autophagy-mediated clearance of bacterial 

infection,202 which is highly recommendable in CF patients having chronic lung infections. 

Although the induction of basal autophagy provided by 16 has to be considered as a secondary 

effect of RNF5 inhibition, it may have an additional positive effect on mutant CFTR rescue and 

innate host defense. These findings suggest that compound 16 may act as a stronger inhibitor of 

RNF5 ligase activity than inh-2, although the extent of rescue remains lower than that obtained 

with VX-809.  

We hypothesize that 16 directly binds to RNF5 RING domain, as suggested by in silico prediction 

studies. However, although a weak binding of the putative inhibitors to RNF5 target protein was 

observed, their physical interaction with the target was not fully demonstrated. Indeed, the low 
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response amplitude and signal-to-noise ratio observed in the MST experiments may be due to 

either the GST-tag (26 kDa of GST-tag over 46 kDa of the recombinant protein) that could affect 

protein migration and binding signal detection, or the instability and/or unfolding of the full-

length form of the protein. 

Taken together, our findings suggest that the 1,2,4-thiadiazolylidene scaffold could be further 

exploited for the discovery of novel RNF5 inhibitors able to rescue mutant CFTRs. Therefore, 

structural tuning will be further implemented to increase the promising corrector activity of 16 

and its pharmacokinetic profile, ultimately providing a more drug-like 1,2,4-thiadiazolylidene 

derivative. In-depth biological studies are still ongoing to evaluate the therapeutic relevance of 

16 and its parent compound inh-2 on F508del and on several other trafficking mutations. New 

data will be available in the near future to support our working hypothesis. Indeed, we are 

confident that the inhibition of RNF5 could be a valuable strategy for mutant CFTR rescue. 
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5 Experimental Section 

 

5.1 Materials and Methods 

Solvents and reagents were purchased from commercial sources and used without further 

purification. If required, solvents were distilled prior to use. For simplicity, solvents and 

commonly used reagents are indicated as follows: acetonitrile (ACN), dichloromethane (DCM), 

1,2-dichloroethane (DCE), diethyl ether (Et2O), petroleum ether (PE), dimethyl sulfoxide (DMSO), 

ethanol (EtOH), ethyl acetate (EtOAc), methanol (MeOH), N,N-dimethylformamide (DMF), 

tetrahydrofuran (THF), triethylamine (TEA), N,N-diisopropylethylamine (DIPEA), 1,1′-

thiocarbonyldiimidazole (TCDI). When stated, reactions were performed in an inert atmosphere. 

Reaction progress was monitored by thin layer chromatography (TLC) analyses on pre-coated 

silica gel plates (Kieselgel 60 F254, Merck) and detected with UV light (254 nm) and/or KMnO4 

stain. Flash column chromatography was carried out using silica gel (particle size 40-63 µM, 

Merck) with the indicated solvent system as eluent. NMR experiments were run on a Varian 

Gemini 401 MHz spectrometer (401.13 MHz for 1H and 100.62 MHz for 13C), equipped with a BBI 

probe and Z-gradients. Spectra were acquired at 300 K, using deuterated dimethyl sulfoxide 

(DMSO-d6) or deuterated chloroform (Chloroform-d) as solvents. Chemical shifts (δ) for 1H and 

13C spectra were recorded in parts per million (ppm) using the residual non-deuterated solvent 

as the internal standard (for Chloroform-d, 1H 7.26 ppm; for DMSO-d6, 1H 2.50 ppm, 13C 39.52 

ppm). Multiplicities are indicated using the following abbreviations: bs, broad signal; s, singlet; d, 

doublet; t, triplet; q, quartet; m, multiplet. The 2D experiments were acquired as follows: 1H-1H 

COSY (2 transients, 256 increments), 1H-13C HSQC (4 transients, 256 increments), 1H-13C HMBC (8 

transients, 512 increments), 2D NOESY (16 transients, 256 increments). 1D NOESY experiment 

was performed with NOE DPFGSE pulse sequence at the mixing time of 2.5 seconds. UPLC/MS 

analyses of all the final compounds were run on a Waters ACQUITY UPLC-MS system consisting 

of an SQD (Single Quadrupole Detector) Mass Spectrometer equipped with an Electrospray 

Ionization (ESI) interface and a Photodiode Array Detector (PDA). The PDA range was 210−401 

nm. ESI in positive and negative mode was applied in the mass scan range 100−500 Da. Analyses 

were performed on an ACQUITY UPLC BEH C18 column (50 mm × 2.1 mm i.d., particle size 1.7 μm) 
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with a VanGuard BEH C18 pre-column (5 mm × 2.1 mm i.d., particle size 1.7 μm) (log D > 1). The 

mobile phase was 10 mM NH4OAc in H2O at pH 5 adjusted with AcOH (A) and 10 mM NH4OAc in 

ACN/H2O (95:5) at pH 5 (B). Methods and gradients used were the following: Generic method. 

Column: Waters ACQUITY UPLC BEH C18, 1.7 μm, 50 mm × 2.1 mm i.d. Linear gradient: 0−0.2 min, 

5% B; 0.2−2.7 min, 5−95% B; 2.7−2.8 min, 95−100% B; 2.8−3.0 min, 100% B. Flow rate: 0.5 

mL/min. Apolar method. Column: Waters ACQUITY UPLC BEH C18, 1.7 μm, 50 mm × 2.1 mm i.d. 

Precolumn: VanGuard BEH C18, 1.7 μm, 5 mm × 2.1 mm i.d. Gradient: 0−0.2 min, 50% B; 0.2− 2.7 

min, 50−100% B; 2.7−3.0 min, 100% B. Flow rate: 0.5 mL/min. Compounds were named using the 

naming algorithm developed by CambridgeSoft Corporation and used in ChemBioDraw Ultra 

19.0. All final compounds displayed ≥96% purity as determined by UPLC-MS analysis. 

 

 

5.2 General procedure for the synthesis of final 1,2,4-thiadiazolylidenes 1-7, 9-11, 13-16, 

19, 20, 23-29, 31, 32, 34-45 

To a suspension of thiadiazolium bromide salt 50b-82b, 148b, 149b (1.0 equiv) in the appropriate 

nitrile 83, 84 and 86 (100 equiv) solvent, TEA (for 50b-82b, 1.5 – 2.5 equiv) or DiPEA (for 148b 

and 149b, 1 equiv) were added. For the 1,2,4-thiadiazolylidenes 2, fluoroacetonitrile 85 (3 equiv) 

was added to the suspension of 50b in THF (0.2 M), followed by TEA (1.5 equiv). The mixture 

became a clear solution, which was refluxed for 0.5-2h, then quenched with ice. The crude was 

extracted with DCM (3 x 10 mL), washed with water (2 x 10 mL), dried over Na2SO4 and the solvent 

evaporated in vacuum. The crude material was purified via flash silica gel column 

chromatography or recrystallized from the appropriate solvent, unless otherwise noted (Scheme 

2, Scheme 11).   
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 (E)-N-((Z)-4-benzyl-3-ethyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-phenylbenzimidamide (1).  

N-benzyl-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide 50b 

(403 mg, 1.05 mmol), propionitrile 84 (7.5 mL, 105 mmol) and TEA (220 

μL, 1.6 mmol) were reacted according to general procedure. The crude 

product was purified by flash silica gel chromatography (PE/EtOAc in 95/5 

ratio) to achieve the final compound 1 as a light yellow solid (205 mg, 

yield 49%). 1H NMR (401 MHz, DMSO-d6) δ 7.43 – 7.36 (m, 4H), 7.35 – 7.27 (m, 6H), 7.26 – 7.20 

(m, 2H), 7.05 – 6.98 (m, 1H), 6.78 – 6.74 (m, 2H), 5.57 (s, 2H), 2.72 (q, J = 7.3 Hz, 2H), 1.18 (t, J = 

7.3 Hz, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 171.02, 158.54, 157.56, 146.85, 135.98, 134.72, 

129.48, 129.24 (2C), 128.94 (2C), 128.90 (2C), 127.98 (2C), 127.75, 126.85 (2C), 123.00, 122.04 

(2C), 48.18, 22.43, 9.93 ppm. Rt = 4.65 min (apolar method); ESI-MS for C24H22N4S: calculated 

398.16, found m/z 399.18 [M + H]+; UPLC-MS purity (UV 215 nm) >99.5 %.  

 

 (E)-N-((Z)-4-benzyl-3-(fluoromethyl)-1,2,4-thiadiazol-5(4H)-ylidene)-N'-phenylbenzimidamide 

(2).  

N-benzyl-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide 50b 

(395 mg, 0.93 mmol), fluoroacetonitrile 85 (155 µL, 2.79 mmol) and TEA 

(194 μL, 1.4 mmol) were reacted according to general procedure. The 

crude product was purified by flash silica gel chromatography (PE/EtOAc 

in 97/3 ratio), and washed with n-hexane to achieve the final compound 

2 as a yellow solid (248 mg, yield 66%). 1H NMR (401 MHz, DMSO-d6) δ 7.43 – 7.38 (m, 3H), 7.37 

– 7.32 (m, 4H), 7.30 (d, J = 7.6 Hz, 2H), 7.28 – 7.23 (m, 3H), 7.08 – 7.01 (m, 1H), 6.81 – 6.76 (m, 

2H), 5.59 (d, J = 46.7 Hz, 2H), 5.59 (s, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.04, 158.32, 

151.19 (d, JCF = 18.6 Hz), 146.18, 135.67, 134.20, 129.74, 129.27 (2C), 129.00 (2C), 128.66 (2C), 

128.03 (2C), 127.77, 127.21 (2C), 123.37, 122.04 (2C), 77.38 (d, JCF = 168.1 Hz), 48.87 ppm. Rt = 

4.22 min (apolar method); ESI-MS for C23H19FN4S: calculated 402.13, found m/z 403.25 [M + H]+; 

UPLC-MS purity (UV 215 nm) >99.5 %. 
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(E)-N-((Z)-4-benzyl-3-isopropyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-phenylbenzimidamide (3).  

N-benzyl-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide 50b 

(1.2 g, 2.8 mmol), isobutyronitrile 86 (25.46 mL, 280 mmol) and TEA (600 

μL, 4.2 mmol) were reacted according to general procedure. The crude 

product was purified by flash silica gel chromatography (PE/EtOAc in 

95/5 ratio) to achieve the final compound 3 as a yellow solid (401 mg, 

yield 35%). 1H NMR (401 MHz, DMSO-d6) δ 7.43 – 7.36 (m, 4H), 7.34 – 7.21 (m, 8H), 7.01 (tt, J = 

7.3, 1.1 Hz, 1H), 6.75 (dd, J = 7.3, 1.2 Hz, 2H), 5.63 (s, 2H), 3.18 (hept, J = 6.7 Hz, 1H), 1.13 (d, J = 

6.7 Hz, 6H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.93, 161.45, 158.57, 146.83, 136.28, 134.71, 

129.45, 129.20 (2C), 128.92 (2C), 128.85 (2C), 127.95 (2C), 127.68, 126.60 (2C), 123.00, 122.01 

(2C), 48.25, 27.87, 20.94 ppm. Rt = 5.04 min (apolar method); ESI-MS for C25H24N4S: calculated 

412.17, found m/z 413.38 [M + H]+; UPLC-MS purity (UV 215 nm) >99.5 %. 

 

(E)-N-((Z)-3-methyl-4-phenethyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-phenylbenzimidamide (4). 

N-phenethyl-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 51b (200 mg, 0.46 mmol), ACN 83 (2.402 mL, 46 

mmol) and TEA (96 μL, 0.69 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 9/1 ratio) and washed with n-hexane 

to achieve the final compound 4 as a shiny yellow solid (115 mg, yield 63%). 1H NMR (401 MHz, 

DMSO-d6) δ 7.51 – 7.46 (m, 2H), 7.40 – 7.29 (m, 5H), 7.28 – 7.20 (m, 5H), 7.01 (t, J = 7.0 Hz, 1H), 

6.77 – 6.73 (m, 2H), 4.42 (t, J = 7.2 Hz, 2H), 3.19 – 3.12 (m, 2H), 2.21 (s, 3H) ppm. 13C NMR (101 

MHz, DMSO-d6) δ 169.97, 158.53, 153.61, 146.98, 138.14, 134.93, 129.48, 129.33 (2C), 128.96 

(2C), 128.93 (2C), 128.60 (2C), 128.02 (2C), 126.72, 122.92, 122.04 (2C), 47.56, 33.26, 15.72 ppm. 

Rt = 4.32 min (apolar method); ESI-MS for C24H22N4S: calculated 398.16, found m/z 399.25 [M + 

H]+; UPLC-MS purity (UV 215 nm) 99 %. 
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(E)-N-((Z)-3-methyl-4-(3-phenylpropyl)-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (5).  

2,3-diphenyl-N-(3-phenylpropyl)-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 52b (300 mg, 0.66 mmol), ACN 83 (3.447 mL, 66 

mmol) and TEA (139 μL, 0.99 mmol) were reacted according to 

general procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 9/1 ratio) and washed with n-hexane 

to achieve the final compound 5 as a light yellow solid (204 mg, yield 75%). 1H NMR (401 MHz, 

DMSO-d6) δ 7.43 – 7.38 (m, 2H), 7.38 – 7.25 (m, 7H), 7.25 – 7.17 (m, 3H), 6.99 (ddt, J = 7.7, 7.0, 

1.2 Hz, 1H), 6.76 – 6.70 (m, 2H), 4.23 (t, J = 7.7 Hz, 2H), 2.75 (t, J = 7.4 Hz, 2H), 2.46 (s, 3H), 2.14 

(p, J = 7.5 Hz, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.14, 158.29, 153.53, 146.97, 140.75, 

134.75, 129.41, 129.26 (2C), 128.88 (2C), 128.32 (2C), 128.26 (2C), 127.93 (2C), 125.94, 122.83, 

121.93 (2C), 45.43, 32.11, 28.63, 15.94 ppm. Rt = 4.61 min (apolar method); ESI-MS for C25H24N4S: 

calculated 412.17, found m/z 413.21 [M + H]+; UPLC-MS purity (UV 215 nm) >99.5 %. 

 

(E)-N-((Z)-3-methyl-4-(4-methylbenzyl)-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (6). 

N-(4-methylbenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 53b (216 mg, 0.49 mmol), ACN 83 (2.559 mL, 49 mmol) 

and TEA (103 μL, 0.74 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 9/1 ratio) and washed with n-hexane to 

achieve the final compound 6 as a shiny yellow solid (161 mg, yield 82%). 1H NMR (401 MHz, 

DMSO-d6) δ 7.45 – 7.40 (m, 2H), 7.37 – 7.26 (m, 3H), 7.26 – 7.17 (m, 6H), 7.04 – 6.98 (m, 1H), 6.78 

– 6.73 (m, 2H), 5.51 (s, 2H), 2.41 (s, 3H), 2.28 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.66, 

158.46, 153.65, 146.80, 137.01, 134.71, 132.83, 129.44, 129.38 (2C), 129.20 (2C), 128.87 (2C), 

127.95 (2C), 126.97 (2C), 122.94, 121.98 (2C), 48.30, 20.64, 16.20 ppm. Rt = 4.57 min (apolar 
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method); ESI-MS for C24H22N4S: calculated 398.16, found m/z 399.16 [M + H]+; UPLC-MS purity 

(UV 215 nm) >99.5 %. 

 

(E)-N-((Z)-4-(4-methoxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (7).  

 N-(4-methoxybenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 54b (114 mg, 0.25 mmol), ACN 83 (1.306 mL, 25 mmol) 

and TEA (53 μL, 0.38 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 9/1 ratio) and washed with n-hexane 

to achieve the final compound 7 as a shiny yellow solid (62 mg, yield 60%). 1H NMR (401 MHz, 

DMSO-d6) δ 7.47 – 7.42 (m, 2H), 7.38 – 7.26 (m, 5H), 7.23 (t, J = 7.8 Hz, 2H), 7.01 (t, J = 7.4 Hz, 

1H), 6.95 (d, J = 8.6 Hz, 2H), 6.76 (d, J = 7.0 Hz, 2H), 5.48 (s, 2H), 3.73 (s, 3H), 2.43 (s, 3H) ppm. 13C 

NMR (101 MHz, DMSO-d6) δ 170.69, 158.85, 158.49, 153.68, 146.83, 134.75, 129.47, 129.23 (2C), 

128.91 (2C), 128.65 (2C), 127.99 (2C), 127.80, 122.96, 122.00 (2C), 114.25 (2C), 55.09, 48.05, 

16.29 ppm. Rt = 3.93 min (apolar method); ESI-MS for C24H22N4OS: calculated 414.15, found m/z 

415.41 [M + H]+; UPLC-MS purity (UV 215 nm) 99 %. 

 

(E)-N-((Z)-4-(4-fluorobenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (9).  

 N-(4-fluorobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 55b (90 mg, 0.2 mmol), ACN 83 (1.045 mL, 20 mmol) 

and TEA (41 μL, 0.3 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 9/1 ratio) and washed with n-hexane to 

achieve the final compound 9 as a yellow solid (48 mg, yield 60%). 1H NMR (401 MHz, DMSO-d6) 

δ 7.45 – 7.37 (m, 4H), 7.37 – 7.27 (m, 3H), 7.27 – 7.19 (m, 4H), 7.01 (tt, J = 7.3, 1.2 Hz, 1H), 6.79 – 

6.73 (m, 2H), 5.54 (s, 2H), 2.42 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.62, 161.62 (d, 
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JCF = 244.0 Hz), 158.46, 153.58, 146.76, 134.66, 132.11 (d, JCF = 3.1 Hz), 129.49, 129.31 (d, JCF = 

8.4 Hz, 2C), 129.22 (2C), 128.91 (2C), 127.99 (2C), 123.00, 121.98 (2C), 115.70 (d, JCF = 21.5 Hz, 

2C), 47.85, 16.23 ppm. Rt = 4.12 min (apolar method); ESI-MS for C23H19FN4S: calculated 402.13, 

found m/z 403.09 [M + H]+; UPLC-MS purity (UV 215 nm) >99.5 %. 

 

(E)-N-((Z)-4-(4-chlorobenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (10).  

 N-(4-chlorobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 56b (70 mg, 0.15 mmol), ACN 83 (783 µL, 15 mmol) and 

TEA (32 μL, 0.23 mmol) were reacted according to general procedure. 

The crude product was purified by flash silica gel chromatography 

(PE/EtOAc in 9/1 ratio) and washed with n-hexane to achieve the final 

compound 10 as a shiny yellow solid (50 mg, yield 80%). 1H NMR (401 MHz, DMSO-d6) δ 7.48 – 

7.44 (m, 2H), 7.43 – 7.39 (m, 2H), 7.37 – 7.26 (m, 5H), 7.26 – 7.21 (m, 2H), 7.04 – 6.98 (m, 1H), 

6.78 – 6.73 (m, 2H), 5.54 (s, 2H), 2.41 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.58, 158.45, 

153.55, 146.75, 134.89, 134.62, 132.40, 129.50, 129.22 (2C), 128.97 (2C), 128.92 (2C), 128.86 

(2C), 127.98 (2C), 123.02, 121.98 (2C), 47.90, 16.19 ppm. Rt = 4.55 min (apolar method); ESI-MS 

for C23H19ClN4S: calculated 418.10, found m/z 419.13/421.16 [M + H]+; UPLC-MS purity (UV 215 

nm) 99.5 %. 

 

 (E)-N-((Z)-4-(4-bromobenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (11).  

N-(4-bromobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 57b (558 mg, 1.11 mmol), ACN 83 (5.80 mL, 111 

mmol) and TEA (232 μL, 1.67 mmol) were reacted according to 

general procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 88/12 ratio) to achieve the final 

compound 11 as a yellow solid (380 mg, yield 74%). 1H NMR (401 MHz, DMSO-d6) δ 7.65 – 7.55 
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(m, 2H), 7.41 (dd, J = 6.8, 1.6 Hz, 2H), 7.38 – 7.24 (m, 5H), 7.28 – 7.19 (m, 2H), 7.01 (tt, J = 7.4, 1.2 

Hz, 1H), 6.75 (dd, J = 8.3, 1.3 Hz, 2H), 5.53 (s, 2H), 2.41 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-

d6) δ 170.58, 158.45, 153.55, 146.75, 135.31, 134.61, 131.78 (2C), 129.51, 129.28 (2C), 129.23 

(2C), 128.92 (2C), 127.99 (2C), 123.03, 121.98 (2C), 120.92, 47.95, 16.19 ppm. Rt = 4.63 min 

(apolar method); ESI-MS for C23H19BrN4S: calculated 462.05, found m/z 462.89/464.83 [M + H]+; 

UPLC-MS purity (UV 215 nm) >99.5 %. 

 

(E)-N-((Z)-4-(4-aminobenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (13). 

4-(((2,3-diphenyl-1,2,4-thiadiazol-5(2H)-ylidene)amino)methyl) 

aniline dihydrobromide 58b (137 mg, 0.26 mmol), ACN 83 (1.358 mL, 

26 mmol) and TEA (65 μL, 0.47 mmol) were reacted according to 

general procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 7/3 ratio) and washed with n-hexane 

to achieve the final compound 13 as a shiny yellow solid (42 mg, yield 40%). 1H NMR (401 MHz, 

DMSO-d6) δ 7.48 – 7.42 (m, 2H), 7.38 – 7.27 (m, 3H), 7.23 (t, J = 7.8 Hz, 2H), 7.05 (d, J = 8.4 Hz, 

2H), 7.00 (tt, J = 7.3, 1.3 Hz, 1H), 6.75 (dd, J = 8.2, 1.3 Hz, 2H), 6.54 (d, J = 8.4 Hz, 2H), 5.35 (s, 2H), 

5.13 (s, 2H), 2.43 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.77, 158.54, 153.85, 148.48, 

146.92, 134.87, 129.46, 129.27 (2C), 128.92 (2C), 128.46 (2C), 128.01 (2C), 122.93, 122.46, 122.04 

(2C), 113.88 (2C), 48.50, 16.41 ppm. Rt = 3.02 min (apolar method); ESI-MS for C23H21N5S: 

calculated 399.15, found m/z 400.12 [M + H]+; UPLC-MS purity (UV 215 nm) 96.5 %. 

 

(E)-N-((Z)-3-methyl-4-(3-methylbenzyl)-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (14).  

N-(3-methylbenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 59b (342 mg, 0.78 mmol), ACN 83 (4.07 mL, 78 mmol) 

and TEA (162 μL, 1.16 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 
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chromatography (PE/EtOAc in 93/7 ratio) to achieve the final compound 14 as a yellow solid (100 

mg, yield 74%). 1H NMR (401 MHz, DMSO-d6) δ 7.46 – 7.38 (m, 2H), 7.37 – 7.19 (m, 6H), 7.17 (s, 

1H), 7.13 (d, J = 7.6 Hz, 1H), 7.07 (d, J = 7.7 Hz, 1H), 7.01 (t, J = 7.4 Hz, 1H), 6.80 – 6.72 (m, 2H), 

5.51 (s, 2H), 2.42 (s, 3H), 2.30 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.64, 158.50, 153.72, 

146.81, 138.04, 135.79, 134.73, 129.48, 129.22 (2C), 128.91 (2C), 128.81, 128.44, 127.98 (2C), 

127.67, 123.99, 122.99, 122.01 (2C), 48.55, 21.01, 16.28 ppm. Rt = 4.39 min (apolar method); ESI-

MS for C24H22N4S: calculated 398.16, found m/z 399.09 [M + H]+; UPLC-MS purity (UV 215 nm) 

>99.5 %. 

 

(E)-N-((Z)-3-methyl-4-(3-(trifluoromethyl)benzyl)-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (15). 

N-(3-(trifluoromethyl)benzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-

imine hydrobromide 60b (328 mg, 0.67 mmol), ACN 83 (3.48 mL, 67 

mmol) and TEA (140 μL, 1 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 96/4 ratio) to achieve the final 

compound 15 as a yellow solid (198 mg, yield 65%). 1H NMR (401 MHz, DMSO-d6) δ 7.87 (s, 1H), 

7.71 (d, J = 7.7 Hz, 1H), 7.63 (t, J = 7.7 Hz, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.40 – 7.30 (m, 3H), 7.30 – 

7.25 (m, 2H), 7.23 (t, J = 8.0 Hz, 2H), 7.06 – 6.97 (m, 1H), 6.79 – 6.71 (m, 2H), 5.62 (s, 2H), 2.47 (s, 

3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.49, 158.40, 153.50, 146.72, 137.34, 134.62, 131.09 

(q, JCF = 1.6 Hz), 130.09, 129.49, 129.15 (2C), 128.92 (2C), 127.93 (2C), 124.57 (q, JCF = 3.7, Hz), 

122.88, 121.97 (2C), 48.26, 16.29 ppm. Rt = 4.40 min (apolar method); ESI-MS for C24H19F3N4S: 

calculated 452.13, found m/z 453.18 [M + H]+, 451.36 [M - H]-, 511.35 [M + OAc]-; UPLC-MS purity 

(UV 215 nm) >99.5 %. 
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(E)-N-((Z)-4-(3-methoxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (16). 

N-(3-methoxybenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 61b (191 mg, 0.42 mmol), ACN 83 (2.194 mL, 42 mmol) 

and TEA (88 μL, 0.63 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 9/1 ratio) and washed with n-hexane 

to achieve the final compound 16 as a shiny yellow solid (134 mg, yield 77%). 1H NMR (401 MHz, 

DMSO-d6) δ 7.45 – 7.40 (m, 2H), 7.36 – 7.21 (m, 6H), 7.04 – 6.98 (m, 1H), 6.95 – 6.87 (m, 2H), 6.85 

– 6.80 (m, 1H), 6.78 – 6.74 (m, 2H), 5.52 (s, 2H), 3.72 (s, 3H), 2.42 (s, 3H) ppm. 13C NMR (101 MHz, 

DMSO-d6) δ 170.63, 159.47, 158.45, 153.70, 146.79, 137.41, 134.69, 130.09, 129.49, 129.22 (2C), 

128.91 (2C), 127.98 (2C), 123.00, 122.00 (2C), 118.86, 113.15, 112.94, 55.01, 48.43, 16.22 ppm. 

Rt = 4.00 min (apolar method); ESI-MS for C24H22N4OS: calculated 414.15, found m/z 415.16 [M 

+ H]+; UPLC-MS purity (UV 215 nm) >99.5 %. 

 

 (E)-N-((Z)-4-(3-ethoxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (19). 

 N-(3-ethoxybenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 62b (600 mg, 1.28 mmol), ACN 83 (6.67 mL, 128 

mmol) and TEA (260 μL, 1.92 mmol) were reacted according to 

general procedure. The crude product was purified by flash silica 

gel chromatography (PE/EtOAc in 90/10 ratio) to achieve the final 

compound 19 as a yellow solid (486 mg, yield 89%). 1H NMR (401 MHz, DMSO-d6) δ 7.45 – 7.40 

(m, 2H), 7.37 – 7.26 (m, 4H), 7.26 – 7.21 (m, 2H), 7.01 (ddt, J = 8.6, 7.1, 1.2 Hz, 1H), 6.91 – 6.85 

(m, 2H), 6.83 (ddd, J = 7.6, 1.7, 0.9 Hz, 1H), 6.79 – 6.74 (m, 2H), 5.51 (s, 2H), 3.96 (q, J = 7.0 Hz, 

2H), 2.42 (s, 3H), 1.28 (t, J = 6.9 Hz, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.63, 158.72, 

158.45, 153.72, 146.81, 137.39, 134.70, 130.09, 129.52, 129.24 (2C), 128.93 (2C), 127.99 (2C), 

123.02, 122.01 (2C), 118.83, 113.53, 113.43, 62.96, 48.46, 16.25, 14.56 ppm. Rt = 4.37 min (apolar 
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method); ESI-MS for C25H24N4OS: calculated 428.17, found m/z 429.31 [M + H]+; UPLC-MS purity 

(UV 215 nm) 99 %. 

 

(E)-N-((Z)-4-(3-aminobenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (20). 

3-(((2,3-diphenyl-1,2,4-thiadiazol-5(2H)-ylidene)amino)methyl) 

aniline dihydrobromide 63b (1.757 g, 3.4 mmol), ACN 83 (17.65 mL, 

338 mmol) and TEA (1.186 mL, 8.5 mmol) were reacted according to 

general procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 70/30 ratio) to achieve the final 

compound 20 as a yellow solid (230 mg, yield 17%). 1H NMR (401 MHz, DMSO-d6) δ 7.46 – 7.40 

(m, 2H), 7.36 – 7.26 (m, 3H), 7.26 – 7.20 (m, 2H), 7.01 (tt, J = 7.6, 1.1 Hz, 2H), 6.79 – 6.73 (m, 2H), 

6.48 (ddd, J = 8.0, 2.2, 1.0 Hz, 1H), 6.42 (ddd, J = 7.4, 1.7, 1.0 Hz, 1H), 6.39 (t, J = 1.9 Hz, 1H), 5.42 

(s, 2H), 5.17 (s, 2H), 2.39 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.74, 158.56, 153.89, 

149.20, 146.87, 136.40, 134.73, 129.46, 129.35, 129.28 (2C), 128.93 (2C), 127.98 (2C), 122.96, 

122.02 (2C), 113.99, 113.23, 111.36, 48.65, 16.21 ppm. Rt = 5.41 min (generic method); ESI-MS 

for C23H21N5S: calculated 399.15, found m/z 400.3 [M + H]+, 398.47 [M - H]-; UPLC-MS purity (UV 

215 nm) >99.5 %. 

 

(E)-N-((Z)-4-(3-fluorobenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (23). 

 (Z)-N-(3-fluorobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 64b (416 mg, 0.94 mmol), ACN 83 (4.89 mL, 94 mmol) 

and TEA (197 μL, 1.41 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 9/1 ratio) to achieve the final 

compound 23 as a yellow solid (308 mg, yield 81%). 1H NMR (401 MHz, DMSO-d6) δ 7.48 – 7.38 

(m, 3H), 7.37 – 7.09 (m, 8H), 7.01 (t, J = 7.4 Hz, 1H), 6.79 – 6.73 (m, 2H), 5.56 (s, 2H), 2.42 (s, 3H) 
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ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.59, 162.24 (d, JCF = 244.2 Hz), 158.44, 153.58, 146.76, 

138.70 (d, JCF = 7.5 Hz) 134.64, 131.00 (d, JCF = 8.3 Hz), 129.52, 129.22 (2C), 128.92 (2C), 127.99 

(2C), 123.04, 122.95 (d, JCF = 2.8 Hz), 122.00 (2C), 114.68 (d, JCF = 20.8 Hz), 114.10 (d, JCF = 22.1 

Hz), 48.06, 16.21 ppm. Rt = 3.99 min (apolar method); ESI-MS for C23H19FN4S: calculated 402.13, 

found m/z 403.09 [M + H]+, 401.21 [M - H]-; UPLC-MS purity (UV 215 nm) >99.5 %. 

 

(E)-N-((Z)-4-(3-chlorobenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (24).  

 N-(3-chlorobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 65b (133 mg, 0.29 mmol), ACN 83 (1.515 mL, 29 mmol) 

and TEA (61 μL, 0.43 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 9/1 ratio) and washed with n-hexane 

to achieve the final compound 24 as a shiny yellow solid (115 mg, yield 95%). 1H NMR (401 MHz, 

DMSO-d6) δ 7.48 (d, J = 2.2 Hz, 1H), 7.46 – 7.37 (m, 4H), 7.37 – 7.27 (m, 3H), 7.26 – 7.20 (m, 3H), 

7.05 – 6.98 (m, 1H), 6.78 – 6.73 (m, 2H), 5.54 (s, 2H), 2.44 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-

d6) δ 170.52, 158.43, 153.53, 146.73, 138.33, 134.64, 133.33, 130.83, 129.52, 129.20 (2C), 128.91 

(2C), 127.99 (2C), 127.82, 127.32, 125.65, 123.04, 121.99 (2C), 48.04, 16.24 ppm. Rt = 4.53 min 

(apolar method); ESI-MS for C23H19ClN4S: calculated 418.10, found m/z 419.14/421.13 [M + H]+; 

UPLC-MS purity (UV 215 nm) 99 %. 

 

(E)-N-((Z)-3-methyl-4-(2-methylbenzyl)-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (25).  

N-(2-methylbenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 66b (239 mg, 0.55 mmol), ACN 83 (2.872 mL, 55 mmol) 

and TEA (114 μL, 0.82 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 92/8 ratio), and washed with n-hexane to 
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achieve the final compound 25 as a yellow solid (111 mg, yield 51%). 1H NMR (401 MHz, DMSO-

d6) δ 7.37 – 7.32 (m, 2H), 7.32 – 7.21 (m, 6H), 7.21 – 7.12 (m, 2H), 7.05 – 6.98 (m, 1H), 6.78 – 6.72 

(m, 2H), 6.60 (dd, J = 7.5, 1.5 Hz, 1H), 5.53 (s, 2H), 2.42 (s, 3H), 2.35 (s, 3H) ppm. 13C NMR (101 

MHz, DMSO-d6) δ 170.55, 158.58, 153.88, 146.77, 135.17, 134.64, 133.71, 130.45, 129.48, 129.21 

(2C), 128.93 (2C), 127.96 (2C), 127.33, 126.46, 124.29, 123.04, 122.06 (2C), 46.45, 18.85, 15.95 

ppm. Rt = 4.27 min (apolar method); ESI-MS for C24H22N4S: calculated 398.16, found m/z 399.33 

[M + H]+; UPLC-MS purity (UV 215 nm) 99.5 %. 

 

(E)-N-((Z)-3-methyl-4-(2-(trifluoromethyl)benzyl)-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (26).  

N-(2-(trifluoromethyl)benzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-

imine hydrobromide 67b (375 mg, 0.76 mmol), ACN 83 (3.98 mL, 76 

mmol) and TEA (159 μL, 1.14 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 98/2 ratio), and washed with n-hexane 

to achieve the final compound 26 as a yellow solid (251 mg, yield 73%). 1H NMR (401 MHz, DMSO-

d6) δ 7.85 (d, J = 7.8 Hz, 1H), 7.66 (t, J = 7.7 Hz, 1H), 7.54 (t, J = 7.7 Hz, 1H), 7.34 – 7.27 (m, 3H), 

7.27 – 7.20 (m, 4H), 7.02 (t, J = 7.4 Hz, 1H), 6.88 (d, J = 7.8 Hz, 1H), 6.76 (dt, J = 7.4, 1.1 Hz, 2H), 

5.70 (s, 2H), 2.37 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.35, 158.28, 153.57, 146.69, 

134.34, 133.89 (q, JCF = 1.5 Hz), 133.52, 129.57, 129.16 (2C), 128.95 (2C), 128.12, 127.92 (2C), 

126.43 (q, JCF = 5.9 Hz), 126.22, 126.13, 125.76, 123.04, 121.93 (2C), 45.54, 15.82 ppm. Rt = 4.54 

min (apolar method); ESI-MS for C24H19F3N4S: calculated 452.13, found m/z 453.17 [M + H]+; 

UPLC-MS purity (UV 215 nm) >99.5 %. 
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(E)-N-((Z)-4-(2-methoxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (27).  

N-(2-methoxybenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 68b (235 mg, 0.52 mmol), ACN 83 (2.716 mL, 52 mmol) 

and TEA (108 μL, 0.78 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 9/1 ratio) and washed with n-hexane to 

achieve the final compound 27 as a shiny yellow solid (97 mg, yield 45%). 1H NMR (401 MHz, 

DMSO-d6) δ 7.38 – 7.26 (m, 6H), 7.25 – 7.20 (m, 2H), 7.08 (dd, J = 8.4, 1.0 Hz, 1H), 7.00 (tt, J = 7.3, 

1.3 Hz, 1H), 6.93 (td, J = 7.4, 1.0 Hz, 1H), 6.87 (dd, J = 7.6, 1.8 Hz, 1H), 6.76 – 6.71 (m, 2H), 5.45 (s, 

2H), 3.87 (s, 3H), 2.41 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.47, 158.46, 156.48, 

153.84, 146.79, 134.70, 129.38, 129.15 (2C), 128.97, 128.85 (2C), 127.90 (2C), 127.15, 123.10, 

122.91, 121.96 (2C), 120.48, 111.05, 55.46, 44.43, 15.87 ppm. Rt = 4.26 min (apolar method); ESI-

MS for C24H22N4OS: calculated 414.15, found m/z 415.11 [M + H]+; UPLC-MS purity (UV 215 nm) 

99 %. 

 

(E)-N-((Z)-4-(2-chlorobenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (28).  

N-(2-chlorobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 69b (323 mg, 0.7 mmol), ACN 83 (3.656 mL, 70 mmol) and 

TEA (147 μL, 1.1 mmol) were reacted according to general procedure. 

The crude product was purified by flash silica gel chromatography 

(PE/EtOAc in 9/1 ratio) and washed with n-hexane to achieve the final 

compound 28 as a shiny yellow solid (102 mg, yield 35%). 1H NMR (401 MHz, DMSO-d6) δ 7.56 

(dd, J = 7.2, 2.0 Hz, 1H), 7.39 – 7.28 (m, 5H), 7.24 (q, J = 7.4 Hz, 4H), 7.01 (t, J = 7.4 Hz, 1H), 6.86 

(dd, J = 7.0, 2.3 Hz, 1H), 6.75 (d, J = 7.8 Hz, 2H), 5.60 (s, 2H), 2.39 (s, 3H) ppm. 13C NMR (101 MHz, 

DMSO-d6) δ 170.31, 158.37, 153.57, 146.69, 134.46, 132.93, 131.54, 129.70, 129.51, 129.33, 

129.17 (2C), 128.91 (2C), 127.93 (2C), 127.90, 126.98, 123.06, 121.96 (2C), 46.47, 15.92 ppm. Rt 
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= 4.74 min (apolar method); ESI-MS for C23H19ClN4S: calculated 418.10, found m/z 419.11/421.11 

[M + H]+; UPLC-MS purity (UV 215 nm) 96 %. 

 

(E)-N-((Z)-4-(2-aminobenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (29).  

N-(2-aminobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine 

dihydrobromide 70b (1.222 g, 2.35 mmol), ACN 83 (12.273 mL, 235 

mmol) and TEA (820 μL, 5.88 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 83/17 ratio) and washed with n-hexane 

to achieve the final compound 29 as a shiny yellow solid (195 mg, yield 21%). 1H NMR (401 MHz, 

DMSO-d6) δ 7.44 – 7.39 (m, 2H), 7.37 – 7.26 (m, 3H), 7.24 (t, J = 7.6 Hz, 3H), 7.01 (t, J = 7.5 Hz, 

2H), 6.76 (d, J = 7.6 Hz, 3H), 6.70 (d, J = 7.8 Hz, 2H), 6.54 (t, J = 7.4 Hz, 1H), 5.42 (s, 2H), 5.40 (s, 

2H), 2.38 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.97, 158.44, 154.11, 146.70, 146.25, 

134.65, 129.50, 129.11 (2C), 128.92 (2C), 128.51, 128.04 (2C), 127.32, 123.04, 122.05 (2C9, 

118.07, 116.23, 115.33, 45.91, 16.28 ppm. Rt = 5.70 min (generic method); ESI-MS for C23H21N5S: 

calculated 399.15, found m/z 400.14 [M + H]+; UPLC-MS purity (UV 215 nm) 98 %. 

 

(E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-4-methoxy-N'-

phenylbenzimidamide (31).  

N-benzyl-3-(4-methoxyphenyl)-2-phenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 71b (300 mg, 0.66 mmol), ACN 83 (3.4 mL, 66 mmol) and 

TEA (138 μL, 0.99 mmol) were reacted according to general procedure. 

The crude product was purified by recrystallization from EtOAc to 

achieve the final compound 31 as a yellow solid (100 mg, yield 37%). 1H 

NMR (401 MHz, DMSO-d6) δ 7.46 – 7.40 (m, 2H), 7.40 – 7.36 (m, 2H), 7.32 

(d, J = 7.2 Hz, 3H), 7.26 (t, J = 7.8 Hz, 2H), 7.02 (td, J = 7.4, 1.3 Hz, 1H), 6.86 – 6.80 (m, 2H), 6.80 – 

6.75 (m, 2H), 5.56 (s, 2H), 3.72 (s, 3H), 2.40 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.37, 
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160.17, 157.56, 153.49, 147.09, 135.98, 131.13 (2C), 129.01 (2C), 128.87 (2C), 127.75, 126.98 

(2C), 126.56, 122.86, 121.83 (2C), 113.33 (2C), 55.16, 48.51, 16.22 ppm. Rt = 3.86 min (apolar 

method); ESI-MS for C24H22N4OS: calculated 414.15, found m/z 415.10 [M + H]+; UPLC-MS purity 

(UV 215 nm) >99.5 %. 

 

(E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-3-methoxy-N'-

phenylbenzimidamide (32).  

N-benzyl-3-(3-methoxyphenyl)-2-phenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 72b (417 mg, 0.84 mmol), ACN 83 (4.387 mL, 84 mmol) 

and TEA (176 μL, 1.26 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 85/15 ratio), and further recrystallized 

from EtOAc to achieve the final compound 32 as a yellow solid (105 mg, yield 30%). 1H NMR (401 

MHz, DMSO-d6) δ 7.42 – 7.36 (m, 2H), 7.35 – 7.29 (m, 3H), 7.28 – 7.21 (m, 2H), 7.19 (t, J = 7.9 Hz, 

1H), 7.05 – 6.98 (m, 2H), 6.95 (dd, J = 2.6, 1.5 Hz, 1H), 6.90 (ddd, J = 8.2, 2.7, 1.0 Hz, 1H), 6.79 – 

6.74 (m, 2H), 5.55 (s, 2H), 3.57 (s, 3H), 2.42 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.63, 

158.58, 158.14, 153.68, 146.89, 135.90, 135.88, 129.05, 128.88 (2C), 128.84 (2C), 127.75, 126.98 

(2C), 122.97, 121.90 (2C), 121.53, 115.22, 114.71, 54.81, 48.56, 16.22 ppm. Rt = 3.91 min (apolar 

method); ESI-MS for C24H22N4OS: calculated 414.15, found m/z 415.25 [M + H]+; UPLC-MS purity 

(UV 215 nm) 99.5 %. 

 

(E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-2-methoxy-N'-

phenylbenzimidamide (34).  

N-benzyl-3-(2-methoxyphenyl)-2-phenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 73b (290 mg, 0.59 mmol), ACN 83 (3 mL, 59 mmol) and 

TEA (123 μL, 0.88 mmol) were reacted according to general procedure. 

The crude product was purified by flash silica gel chromatography 

(PE/EtOAc in 84/16 ratio), and further recrystallized from EtOAc to 



81 
 

achieve the final compound 34 as a yellow solid (92 mg, yield 38%). 1H NMR (401 MHz, DMSO-

d6) δ 7.42 – 7.36 (m, 2H), 7.35 – 7.25 (m, 4H), 7.23 (dd, J = 7.5, 1.8 Hz, 1H), 7.17 – 7.10 (m, 2H), 

6.95 – 6.86 (m, 3H), 6.71 – 6.66 (m, 2H), 5.48 (s, 2H), 3.40 (s, 3H), 2.39 (s, 3H) ppm. 13C NMR (101 

MHz, DMSO-d6) δ 170.07, 158.61, 155.63, 153.51, 146.95, 135.87, 130.30, 129.58, 128.84 (2C), 

128.21 (2C), 127.78, 127.03 (2C), 125.68, 122.94, 121.66 (2C), 120.22, 111.50, 54.95, 48.31, 16.20 

ppm. Rt = 5.84 min (generic method); ESI-MS for C24H22N4OS: calculated 414.15, found m/z 

415.27 [M + H]+; UPLC-MS purity (UV 215 nm) >99.5 %. 

 

(E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-phenylisonicotinimidamide 

(35).  

N-benzyl-2-phenyl-3-(pyridin-4-yl)-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 74b (362 mg, 0.85 mmol), ACN 83 (4.439 mL, 85 mmol) 

and TEA (297 μL, 2.13 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (DCM/MeOH in 99/1 ratio) to achieve the final 

compound 35 as a yellow solid (230 mg, yield 60%). 1H NMR (401 MHz, DMSO-d6) δ 8.53 (dd, J = 

6.0, 1.6 Hz, 2H), 7.43 – 7.36 (m, 2H), 7.35 – 7.28 (m, 5H), 7.25 (td, J = 8.1, 7.6, 2.0 Hz, 2H), 7.04 

(tt, J = 7.4, 1.2 Hz, 1H), 6.77 (dd, J = 7.3, 1.1 Hz, 2H), 5.56 (s, 2H), 2.43 (s, 3H) ppm. 13C NMR (101 

MHz, DMSO-d6) δ 171.24, 156.91, 154.09, 149.71 (2C), 146.33, 142.14, 135.68, 129.01 (2C), 

128.90 (2C), 127.83, 127.04 (2C), 123.48, 123.28 (2C), 121.95 (2C), 48.62, 16.25 ppm. Rt = 5.14 

min (generic method); ESI-MS for C22H19N5S: calculated 385.14, found m/z 386.16 [M + H]+; UPLC-

MS purity (UV 215 nm) >99.5 %. 

 

 (E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-phenylnicotinimidamide (36).  

N-benzyl-2-phenyl-3-(pyridin-3-yl)-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 75b (238 mg, 0.56 mmol), ACN 83 (2.925 mL, 56 mmol) 

and TEA (195 μL, 1.4 mmol) were reacted according to general procedure. 

The crude product was purified by flash silica gel chromatography 
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(DCM/MeOH in 99/1 ratio) to achieve the final compound 36 as a yellow solid (114 mg, yield 

53%). 1H NMR (401 MHz, DMSO-d6) δ 8.58 (d, J = 2.0 Hz, 1H), 8.50 (dd, J = 4.8, 1.7 Hz, 1H), 7.75 

(dt, J = 8.0, 2.0 Hz, 1H), 7.43 – 7.36 (m, 2H), 7.36 – 7.29 (m, 4H), 7.29 – 7.22 (m, 2H), 7.04 (tt, J = 

7.3, 1.1, 0.6 Hz, 1H), 6.82 – 6.77 (m, 2H), 5.57 (s, 2H), 2.43 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-

d6) δ 171.02, 156.63, 153.97, 150.00, 149.84, 146.62, 136.64, 135.78, 130.56, 129.07 (2C), 128.89 

(2C), 127.81, 127.01 (2C), 123.32, 123.11, 122.07 (2C), 48.62, 16.24 ppm. Rt = 5.19 min (generic 

method); ESI-MS for C22H19N5S: calculated 385.14, found m/z 386.34 [M + H]+; UPLC-MS purity 

(UV 215 nm) >99.5 %. 

 

(E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-phenylfuran-2-

carboximidamide (37).  

N-benzyl-3-(furan-2-yl)-2-phenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 76b (270 mg, 0.65 mmol), ACN 83 (3.4 mL, 65 mmol) and 

TEA (136 μL, 0.98 mmol) were reacted according to general procedure. 

The crude product was purified by flash silica gel chromatography 

(PE/EtOAc in 92/8 ratio) to achieve the final compound 37 as a light 

brown solid (213 mg, yield 88%). 1H NMR (401 MHz, DMSO-d6) δ 7.68 – 7.63 (m, 1H), 7.44 – 7.28 

(m, 7H), 7.10 (t, J = 7.4 Hz, 1H), 6.89 – 6.82 (m, 2H), 6.64 – 6.58 (m, 1H), 6.50 (dq, J = 3.4, 1.6 Hz, 

1H), 5.56 (s, 2H), 2.41 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.51, 153.75, 148.40, 

148.11, 147.20, 144.98, 135.95, 128.88 (2C), 128.78 (2C), 127.80, 127.13 (2C), 123.19, 121.26 

(2C), 115.66, 111.60, 48.47, 16.25 ppm. Rt = 3.42 min (apolar method); ESI-MS for C21H18N4OS: 

calculated 374.12, found m/z 375.04 [M + H]+, 373.01 [M - H]-; UPLC-MS purity (UV 215 nm) >99.5 

%. 

 

 

 

 

 

 



83 
 

(E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-(m-tolyl)benzimidamide (38).  

N-benzyl-3-phenyl-2-(m-tolyl)-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 77b (118 mg, 0.3 mmol), ACN 83 (1.6 mL, 30 mmol) and 

TEA (63 μL, 0.45 mmol) were reacted according to general procedure. 

The crude product was purified by flash silica gel chromatography 

(PE/EtOAc in 92/8 ratio) to achieve the final compound 38 as a shiny 

yellow solid (134 mg, yield 77%). 1H NMR (401 MHz, DMSO-d6) δ 7.47 – 7.36 (m, 4H), 7.36 – 7.25 

(m, 6H), 7.09 (t, J = 7.7 Hz, 1H), 6.83 (d, J = 7.5 Hz, 1H), 6.65 (s, 1H), 6.49 (d, J = 7.8 Hz, 1H), 5.56 

(s, 2H), 2.41 (s, 3H), 2.22 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.56, 158.17, 153.62, 

146.68, 138.15, 135.91, 134.69, 129.49, 129.21 (2C), 128.88, (2C) 128.69, 127.96 (2C), 127.77, 

126.97 (2C), 123.75, 122.59, 118.96, 48.52, 20.98, 16.22 ppm. Rt = 4.48 min (apolar method); ESI-

MS for C24H22N4S: calculated 398.16, found m/z 399.18 [M + H]+; UPLC-MS purity (UV 215 nm) 

>99.5 %. 

 

(E)-N'-benzyl-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)benzimidamide (39).  

N,2-dibenzyl-3-phenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide 

78b (580 mg, 1.3 mmol), ACN 83 (6.5 mL, 130 mmol) and TEA (272 μL, 

1.95 mmol) were reacted according to general procedure. The crude 

product was purified by flash silica gel chromatography (PE/EtOAc in 

91/9 ratio), and further recrystallized from EtOAc to achieve the final 

compound 39 as a white solid (199 mg, yield 38%). 1H NMR (401 MHz, DMSO-d6) δ 7.50 – 7.42 

(m, 5H), 7.40 – 7.28 (m, 7H), 7.29 – 7.21 (m, 3H), 5.44 (s, 2H), 4.80 (s, 2H), 2.33 (s, 3H) ppm. 13C 

NMR (101 MHz, DMSO-d6) δ 168.55, 161.48, 152.98, 140.87, 136.02, 135.52, 129.11, 128.81 (2C), 

128.27 (4C), 127.95 (2C), 127.65, 127.45 (2C), 126.84 (2C), 126.48, 53.53, 48.09, 16.14 ppm. Rt = 

3.47 min (apolar method); ESI-MS for C24H22N4S: calculated 398.16, found m/z 399.33 [M + H]+; 

UPLC-MS purity (UV 215 nm) >99.5 %. 
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 (E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-cyclohexylbenzimidamide 

(40).  

N-benzyl-2-cyclohexyl-3-phenyl-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 79b (192 mg, 0.45 mmol), ACN 83 (2.35 mL, 45 mmol) and 

TEA (94 μL, 0.67 mmol) were reacted according to general procedure. 

The crude product was purified by flash silica gel chromatography 

(PE/EtOAc in 92/8 ratio), and further recrystallized from EtOAc and 

washed with n-hexane to achieve the final compound 40 as a white crystalline solid (65 mg, yield 

37%). 1H NMR (401 MHz, DMSO-d6) δ 7.49 – 7.39 (m, 3H), 7.38 – 7.32 (m, 4H), 7.32 – 7.20 (m, 

3H), 5.40 (s, 2H), 3.52 (tt, J = 13.0, 9.0, 3.5 Hz, 1H), 2.32 (s, 3H), 1.80 – 1.67 (m, 4H), 1.62 – 1.50 

(m, 3H), 1.37 – 1.13 (m, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 167.77, 158.98, 152.62, 136.22, 

136.10, 128.78 (2C), 128.66, 128.26 (2C), 127.61, 127.55 (2C), 126.84 (2C), 57.70, 48.00, 35.43 

(2C), 25.32, 24.22 (2C), 16.11 ppm. Impossible to assigned a Rt due broadening of the main peak; 

ESI-MS for C23H26N4S: calculated 390.19, found m/z 391.33 [M + H]+. 

 

(E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-(pyridin-4-yl)benzimidamide 

(41).  

N-benzyl-3-phenyl-2-(pyridin-4-yl)-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 80b (336 mg, 0.79 mmol), ACN 83 (4.126 mL, 79 mmol) 

and TEA (276 μL, 1.98 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (DCM/MeOH in 99.5/0.5 ratio) to achieve the final 

compound 41 as a yellow solid (53 mg, yield 17%). 1H NMR (401 MHz, DMSO-d6) δ 8.33 (dd, J = 

6.1, 3.1 Hz, 2H), 7.46 – 7.41 (m, 2H), 7.41 – 7.36 (m, 3H), 7.36 – 7.29 (m, 5H), 6.75 (dd, J = 6.2, 3.0 

Hz, 2H), 5.58 (s, 2H), 2.44 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 172.03, 159.92, 154.35, 

154.04, 150.15 (2C), 135.64, 134.10, 130.00, 129.26 (2C), 128.91 (2C), 128.18 (2C), 127.85, 127.01 

(2C), 117.41, 48.71, 16.27 ppm. Rt = 4.74 min (generic method); ESI-MS for C22H19N5S: calculated 

385.14, found m/z 386.18 [M + H]+; UPLC-MS purity (UV 215 nm) 97 %. 
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(E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-(pyridin-3-yl)benzimidamide 

(42).  

N-benzyl-3-phenyl-2-(pyridin-3-yl)-1,2,4-thiadiazol-5(2H)-imine 

hydrobromide 81b (698 mg, 1.64 mmol), ACN 83 (8.565 mL, 164 mmol) 

and TEA (572 μL, 4.1 mmol) were reacted according to general procedure. 

The crude product was purified by flash silica gel chromatography 

(DCM/MeOH in 99/1 ratio) to achieve the final compound 42 as a yellow 

solid (85 mg, yield 13%). 1H NMR (401 MHz, DMSO-d6) δ 8.20 (dd, J = 4.7, 1.6 Hz, 1H), 7.99 (dd, J 

= 2.6, 0.8 Hz, 1H), 7.43 – 7.37 (m, 4H), 7.37 – 7.29 (m, 6H), 7.26 (ddd, J = 8.1, 4.7, 0.8 Hz, 1H), 7.18 

(ddd, J = 8.1, 2.5, 1.6 Hz, 1H), 5.57 (s, 2H), 2.43 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 

171.48, 160.38, 154.04, 143.87, 143.24, 143.07, 135.69, 134.45, 129.64, 129.23 (2C), 128.97, 

128.87 (2C), 128.13 (2C), 127.79, 126.96 (2C), 123.64, 48.61, 16.22 ppm. Rt = 5.01 min (generic 

method); ESI-MS for C22H19N5S: 386.18 [M + H]+; UPLC-MS purity (UV 215 nm) 98 %. 

 

(E)-N-((Z)-4-(3-methoxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylisonicotinimidamide (43).  

N-(3-methoxybenzyl)-2-phenyl-3-(pyridin-4-yl)-1,2,4-thiadiazol-

5(2H)-imine hydrobromide 82b (360 mg, 0.79 mmol), ACN 83 (4.104 

mL, 79 mmol) and TEA (276 μL, 1.98 mmol) were reacted according 

to general procedure. The crude product was purified by flash silica 

gel chromatography (DCM/MeOH in 98/2 ratio) to achieve the final 

compound 43 as a yellow solid (189 mg, yield 58%). 1H NMR (401 MHz, DMSO-d6) δ 8.57 – 8.49 

(m, 2H), 7.33 – 7.28 (m, 3H), 7.28 – 7.22 (m, 2H), 7.04 (tt, J = 7.5, 1.1 Hz, 1H), 6.94 – 6.87 (m, 2H), 

6.82 (dt, J = 7.8, 1.2 Hz, 1H), 6.80 – 6.75 (m, 2H), 5.53 (s, 2H), 3.72 (s, 3H), 2.44 (s, 3H) ppm. 13C 

NMR (101 MHz, DMSO-d6) δ 171.22, 159.48, 156.91, 154.15, 149.74 (2C), 146.35, 142.17, 137.23, 

130.15, 129.04 (2C), 123.51, 123.30 (2C), 121.98 (2C), 118.90, 113.20, 112.99, 55.05, 48.53, 16.27 

ppm. Rt = 5.12 min (generic method); ESI-MS for C23H21N5OS: calculated 415.15, found m/z 

416.02 [M + H]+; UPLC-MS purity (UV 215 nm) 98.5 %. 
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(Z)-4-benzyl-3-methyl-N-(pyridin-2-yl)-1,2,4-thiadiazol-5(4H)-imine (44).  

2-(benzylamino)-[1,2,4]thiadiazolo[2,3-a]pyridin-4-ium bromide 148b (380 

mg, 1.2 mmol), ACN 83 (7.5 mL, 120 mmol) and DiPEA (209 μL, 1.2 mmol) were 

reacted according to general procedure. The crude product was purified by 

flash silica gel chromatography (PE/EtOAc in 9/1 ratio) to achieve the final 

compound 44 as a white solid (79 mg, yield 23%). 1H NMR (401 MHz, DMSO-d6) δ 8.47 (d, J = 4.9 

Hz, 1H), 7.75 (td, J = 7.6, 1.9 Hz, 1H), 7.40 – 7.33 (m, 2H), 7.32 – 7.23 (m, 3H), 7.19 (d, J = 8.1 Hz, 

1H), 7.04 – 6.96 (m, 1H), 5.45 (s, 2H), 2.33 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 166.42, 

157.30, 153.79, 145.26, 138.01, 136.17, 128.82 (2C), 127.59, 126.67 (2C), 119.30, 116.83, 47.71, 

16.36 ppm. Rt = 4.95 min (generic method); ESI-MS for C15H14N4S: calculated 282.09, found m/z 

283.1 [M + H]+; UPLC-MS purity (UV 215 nm) >99.5 %. 

 

(Z)-4-benzyl-N-(4-(2-methoxyethyl)pyridin-2-yl)-3-methyl-1,2,4-thiadiazol-5(4H)-imine (45).  

2-(benzylamino)-7-(2-methoxyethyl)-[1,2,4]thiadiazolo[2,3-

a]pyridin-4-ium bromide 149b (655 mg, 1.7 mmol), ACN 83 (8.878 mL, 

170 mmol) and DiPEA (300 μL, 1.7 mmol) were reacted according to 

general procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 8/2 ratio) to achieve the final compound 45 as a white solid (140 

mg, yield 24%). 1H NMR (401 MHz, DMSO-d6) δ 8.34 (d, J = 5.3 Hz, 1H), 7.40 – 7.33 (m, 2H), 7.33 

– 7.28 (m, 1H), 7.28 – 7.22 (m, 2H), 7.07 (s, 1H), 6.90 (dd, J = 5.4, 1.5 Hz, 1H), 5.44 (s, 2H), 3.57 (t, 

J = 6.5 Hz, 2H), 3.22 (s, 3H), 2.82 (t, J = 6.6 Hz, 2H), 2.32 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-

d6) δ 166.32, 157.36, 153.68, 150.31, 144.83, 136.18, 128.79 (2C), 127.54, 126.58 (2C), 119.27, 

117.82, 71.47, 57.78, 47.64, 34.51, 16.31 ppm. Rt = 4.94 min (generic method); ESI-MS for 

C18H20N4OS: calculated 340.14, found m/z 341.05 [M + H]+; UPLC-MS purity (UV 215 nm) 99 %. 
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5.3 General procedure for the synthesis of final 1,2,4-thiadiazolylidenes 8, 17, 33 

To a stirring solution of the appropriate aryl methyl ether derivative 7, 16 and 32 (1 equiv) in dry 

DCM (0.2 M) and under inert atmosphere, a solution 1M of BBr3 in DCM (2.0 - 2.5 equiv) was 

slowly added through the septum with a syringe at 0°C. The reaction mixture was left to stir at 

the same temperature for 30 min, then overnight at room temperature. Afterward, the mixture 

was quenched with water, the crude was extracted with EtOAc (3x10 mL), washed with NaOH 

1M (2x10mL), dried over Na2SO4 and the solvent evaporated in vacuum. The crude material was 

purified via flash silica gel column chromatography, then washed with n-hexane and filtered to 

give the desired compound, unless otherwise noted (Scheme 3). 

 

(E)-N-((Z)-4-(4-hydroxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (8).  

 (E)-N-((Z)-4-(4-methoxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-

ylidene)-N'-phenylbenzimidamide 7 (266 mg, 0.64 mmol) and 2.25 

equivalents of BBr3 (1.44 mmol) were reacted according to the 

general procedure. The crude material was purified via flash silica gel 

column chromatography (PE/EtOAc in 8/2 ratio), then washed with n-

hexane and filtered to give the final compound 8 as a yellow solid (87 mg, yield 34%). 1H NMR 

(401 MHz, DMSO-d6) δ 9.50 (s, 1H), 7.49 – 7.40 (m, 2H), 7.32 (ddd, J = 14.1, 7.7, 5.9 Hz, 3H), 7.23 

(t, J = 7.6 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H), 7.01 (t, J = 7.4 Hz, 1H), 6.76 (dd, J = 8.7, 2.3 Hz, 4H), 5.43 

(s, 2H), 2.42 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.72, 158.54, 157.06, 153.78, 146.83, 

134.77, 129.49, 129.26 (2C), 128.92 (2C), 128.71 (2C), 128.01 (2C), 126.03, 122.98, 122.03 (2C), 

115.56 (2C), 48.22, 18.90, 16.33 ppm. Rt = 5.26 min (generic method); ESI-MS for C23H20N4OS: 

calculated 400.14, found m/z 401.15 [M + H]+; UPLC-MS purity (UV 215 nm) 99 %. 
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(E)-N-((Z)-4-(3-hydroxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (17).  

(E)-N-((Z)-4-(3-methoxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-

ylidene)-N'-phenylbenzimidamide 16 (136 mg, 0.33 mmol) and 2.25 

equivalents of BBr3 (0.75 mmol) were reacted according to the 

general procedure. The crude material was purified via flash silica gel 

column chromatography (PE/EtOAc in 8/2 ratio), then washed with 

n-hexane and filtered to give the final compound 17 as a yellow solid (78 mg, yield 59%). 1H NMR 

(401 MHz, DMSO-d6) δ 9.52 (s, 1H), 7.46 – 7.40 (m, 2H), 7.34 – 7.15 (m, 6H), 7.01 (t, J = 7.4 Hz, 

1H), 6.79 – 6.63 (m, 5H), 5.49 (s, 2H), 2.39 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.71, 

158.52, 157.74, 153.77, 146.81, 137.22, 134.68, 129.95, 129.49, 129.26 (2C), 128.92 (2C), 127.98 

(2C), 123.00, 122.01 (2C), 117.42, 114.76, 113.32, 48.37, 16.16 ppm. Rt = 5.39 min (generic 

method); ESI-MS for C23H20N4OS: calculated 400.14, found m/z 401.12 [M + H]+, 399.24 [M - H]-; 

UPLC-MS purity (UV 215 nm) 98 %. 

 

(E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-3-hydroxy-N'-

phenylbenzimidamide (33).  

 (E)-N-((Z)-4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-3-methoxy-

N'-phenylbenzimidamide 32 (258 mg, 0.63 mmol) and 3 equivalents of 

BBr3 (1.9 mmol) were reacted according to the general procedure. The 

crude material was purified via flash silica gel column chromatography 

(PE/EtOAc in 8/2 ratio). The product was further recrystallized from a 

mixture of EtOAc/n-hexane (9/1), then washed with n-hexane and filtered to give the final 

compound 33 as a light yellow solid (58 mg, yield 23%). 1H NMR (401 MHz, DMSO-d6) δ 9.46 (s, 

1H), 7.40 (ddt, J = 7.8, 6.3, 1.0 Hz, 2H), 7.32 (td, J = 6.6, 1.5 Hz, 3H), 7.27 – 7.20 (m, 2H), 7.08 – 

6.98 (m, 2H), 6.91 (dd, J = 2.6, 1.5 Hz, 1H), 6.80 – 6.69 (m, 4H), 5.55 (s, 2H), 2.39 (s, 3H) ppm. 13C 

NMR (101 MHz, DMSO-d6) δ 170.58, 158.48, 156.91, 153.59, 146.70, 135.98, 135.87, 128.90 (2C), 

128.88, 128.86 (2C), 127.78, 126.94 (2C), 122.93, 121.92 (2C), 119.96, 116.46, 116.13, 48.45, 
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16.20 ppm. Rt = 5.17 min (generic method); ESI-MS for C23H20N4OS: calculated 400.14, found m/z 

401.08 [M + H]+, 399.18 [M - H]-; UPLC-MS purity (UV 215 nm) >99.5 %. 

 

 

5.4 Synthesis of final 1,2,4-thiadiazolylidenes 12, 18, 21, 22, 30 and 46.  

4-(((Z)-3-methyl-5-(((E)-phenyl(phenylimino)methyl)imino)-1,2,4-thiadiazol-4(5H)-

yl)methyl)benzoic acid (12) (Scheme 4) 

To a solution of (E)-N-((Z)-4-(4-bromobenzyl)-3-methyl-1,2,4-

thiadiazol-5(4H)-ylidene)-N'-phenylbenzimidamide 11 (148 mg, 

0.32 mmol) in dry THF (5 mL) at -78°C, 324 µL (0.81 mmol) of 2.5 M 

n-butyllithium in n-hexane was added dropwise. After being stirred 

at -78°C for 30 min, the mixture was treated with an excess of dry 

ice and stirred for an additional 30 min at -78°C. Then the reaction 

mixture was warmed to room temperature, diluted with water, and adjusted to pH 3 with 

aqueous 2 N HCl. The crude was extracted with DCM (x3), the organic phase was washed with 

water (x2), dried over Na2SO4, and the solvent was removed under reduced pressure. Purification 

was performed by direct phase flash chromatography (DCM/MeOH in 99.5/0.5 ratio, acetic acid 

0.1%). Then, the solid was washed with a mixture of n-hexane/EtOAc (9/1) and filtered to achieve 

the final compound 12 as a light yellow solid (35 mg, yield 26%). 1H NMR (401 MHz, DMSO-d6) δ 

12.25 (s, 1H), 7.96 (dd, J = 8.3, 5.3 Hz, 2H), 7.43 – 7.37 (m, 4H), 7.36 – 7.30 (m, 1H), 7.29 (dd, J = 

6.9, 1.3 Hz, 2H), 7.26 – 7.21 (m, 2H), 7.05 – 6.98 (m, 1H), 6.78 – 6.73 (m, 2H), 5.63 (s, 2H), 2.40 (s, 

3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.58, 167.00, 158.48, 153.62, 146.77, 140.61, 134.61, 

130.53, 129.91 (2C), 129.52, 129.24 (2C), 128.94 (2C), 127.99 (2C), 126.98 (2C), 123.05, 122.01 

(2C), 48.37, 16.19 ppm. Rt = 4.30 min (generic method); ESI-MS for C24H20N4O2S:  calculated 

428.13, found m/z 429.27 [M + H]+ , 427.43 [M - H]-; UPLC-MS purity (UV 215 nm) 98.5 %. 
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(E)-N-((Z)-4-(3-isopropoxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (18) (Scheme 5) 

 (E)-N-((Z)-4-(3-hydroxybenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-

ylidene)-N'-phenylbenzimidamide 17 (270 mg, 0.47 mmol) was 

dissolved in dry DMF (0.2M) and treated with K2CO3 (194 mg, 1.4 

mmol) at room temperature for 1h. Then, 2-bromopropane 

(129µL, 1.4 mmol) was added and the reaction mixture was 

heated at 70°C for 3h. After completion of the reaction, the mixture was cooled to room 

temperature, diluted with H2O, and extracted with EtOAc (3x10mL). The organic phases were 

combined, washed with water (2x10mL), brine (2x10mL), dried over anhydrous Na2SO4 and the 

solvent evaporated under reduced pressure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 92/8 ratio) to achieve the final compound 18 as a yellow solid (37 

mg, yield 18%). 1H NMR (401 MHz, DMSO-d6) δ 7.44 (t, J = 1.5 Hz, 1H), 7.42 (d, J = 1.7 Hz, 1H), 

7.37 – 7.32 (m, 1H), 7.31 – 7.26 (m, 3H), 7.26 – 7.20 (m, 2H), 7.01 (tdd, J = 7.4, 2.2, 1.1 Hz, 1H), 

6.90 (t, J = 2.1 Hz, 1H), 6.86 (dd, J = 8.3, 2.4 Hz, 1H), 6.81 (dd, J = 7.6, 1.7 Hz, 1H), 6.79 – 6.74 (m, 

2H), 5.51 (s, 2H), 4.50 (hept, J = 6.2 Hz, 1H), 2.43 (s, 3H), 1.21 (dq, J = 6.0, 0.5 Hz, 6H) ppm. 13C 

NMR (101 MHz, DMSO-d6) δ 170.63, 158.43, 157.64, 153.71, 146.81, 137.45, 134.70, 130.09, 

129.51, 129.24 (2C), 128.93 (2C), 127.98 (2C), 123.01, 122.00 (2C), 118.71, 114.65, 114.52, 69.10, 

48.48, 21.69, 16.25 ppm. Rt = 4.68 min (apolar method); ESI-MS for C26H26N4OS: calculated 

442.18, found m/z 443.31 [M + H]+, 441.41 [M - H]-; UPLC-MS purity (UV 215 nm) 96.5 %. 

 

(E)-N-((Z)-3-methyl-4-(3-(methylamino)benzyl)-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (21) and (E)-N-((Z)-4-(3-(dimethylamino)benzyl)-3-methyl-1,2,4-

thiadiazol-5(4H)-ylidene)-N'-phenylbenzimidamide (22) (Scheme 6) 

In a screw-capped pressure tube, (E)-N-((Z)-4-(3-aminobenzyl)-3-methyl-1,2,4-thiadiazol-5(4H)-

ylidene)-N'-phenylbenzimidamide 20 (250 mg, 0.63 mmol) was dissolved in dry DMF (4 mL), then 

K2CO3 (113 mg, 0.81 mmol) and methyl iodide (47 µL, 0.75 mmol) were added. The vessel was 

then sealed and heated to 55 °C for 24 h. After reaction cooling, 5 mL of water were added into 
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the mixture. The organic phase was separated and the aqueous layer was extracted with EtOAc 

(3x10mL). The combined organic phase was washed with brine (2x10mL) and dried over Na2SO4. 

The solvent was removed under reduced pressure and the crude product was purified by flash 

silica gel chromatography (A= PE, B= EtOAc, gradient 0-20% B). Yields: (21) yellow solid 90 mg, 

35%; (22) yellow solid, 60 mg, 22%. 

 

21) 1H NMR (401 MHz, DMSO-d6) δ 7.46 – 7.41 (m, 2H), 7.36 – 7.26 

(m, 3H), 7.26 – 7.20 (m, 2H), 7.08 (t, J = 7.7 Hz, 1H), 7.01 (tt, J = 7.4, 

1.1 Hz, 1H), 6.78 – 6.73 (m, 2H), 6.49 – 6.39 (m, 3H), 5.75 (q, J = 5.0 

Hz, 1H), 5.44 (s, 2H), 2.61 (d, J = 5.1 Hz, 3H), 2.41 (s, 3H) ppm. 13C 

NMR (101 MHz, DMSO-d6) δ 170.72, 158.51, 153.86, 150.23, 146.87, 

136.43, 134.75, 129.44, 129.25 (2C), 128.92 (2C), 127.96 (2C), 122.95, 122.00 (2C), 113.69, 

110.65, 110.03, 48.77, 29.53, 16.22 ppm. Rt = 5.92 min (generic method); ESI-MS for C24H23N5S: 

calculated 413.17, found m/z 414.13 [M + H]+; UPLC-MS purity (UV 215 nm) 99 %. 

 

22) 1H NMR (401 MHz, DMSO-d6) δ 7.46 – 7.42 (m, 2H), 7.37 – 7.26 

(m, 3H), 7.26 – 7.20 (m, 2H), 7.15 (dd, J = 8.3, 7.5 Hz, 1H), 7.03 – 6.98 

(m, 1H), 6.80 (t, J = 2.1 Hz, 1H), 6.78 – 6.72 (m, 2H), 6.65 (dd, J = 8.1, 

2.6 Hz, 1H), 6.48 (d, J = 7.8 Hz, 1H), 5.48 (s, 2H), 2.84 (s, 6H), 2.44 (s, 

3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.69, 158.44, 153.82, 

150.56, 146.87, 136.51, 134.77, 129.46, 129.43, 129.22 (2C), 128.91 (2C), 127.96 (2C), 122.96, 

121.99 (2C), 114.16, 111.75, 111.26, 49.00, 16.30, 16.29 (2C) ppm. Rt = 4.37 min (apolar method); 

ESI-MS for C25H25N5S: calculated 427.18, found m/z 428.13 [M + H]+; UPLC-MS purity (UV 215 nm) 

98 %. 
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(E)-N-((Z)-3-methyl-4-(2-(methylamino)benzyl)-1,2,4-thiadiazol-5(4H)-ylidene)-N'-

phenylbenzimidamide (30) (Scheme 6) 

In a screw-capped pressure tube, (E)-N-((Z)-4-(2-aminobenzyl)-3-

methyl-1,2,4-thiadiazol-5(4H)-ylidene)-N'-phenylbenzimidamide 29 

(195 mg, 0.49 mmol) was dissolved in dry DMF (1.5 mL), then K2CO3 (88 

mg, 0.63 mmol) and methyl iodide (37 µL, 0.59 mmol) were added. The 

vessel was then sealed and heated to 55 °C for 24 h. After reaction 

cooling, 5 mL of water were added into the mixture. The organic phase was separated and the 

aqueous layer was extracted with EtOAc (3x10mL). The combined organic phase was washed with 

brine (2x10mL) and dried over Na2SO4 and the solvent was removed under reduced pressure. The 

crude product was purified by flash silica gel chromatography (PE/EtOAc in 9/1 ratio) to achieve 

the final compound 30 as a yellow solid (120 mg, yield 59%). 1H NMR (401 MHz, DMSO-d6) δ 7.43 

– 7.39 (m, 2H), 7.38 – 7.27 (m, 3H), 7.27 – 7.20 (m, 2H), 7.15 (td, J = 7.7, 7.3, 1.6 Hz, 1H), 7.01 (tt, 

J = 7.4, 1.2 Hz, 1H), 6.80 – 6.75 (m, 2H), 6.68 (dd, J = 7.9, 1.6 Hz, 1H), 6.61 – 6.55 (m, 2H), 5.94 (q, 

J = 4.7 Hz, 1H), 5.39 (s, 2H), 2.59 (d, J = 4.8 Hz, 3H), 2.40 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-

d6) δ 170.82, 158.47, 154.08, 147.06, 146.68, 134.74, 129.50, 129.05 (2C), 128.91 (2C), 128.88, 

128.07 (2C), 126.77, 123.07, 122.07 (2C), 118.82, 115.79, 109.81, 45.87, 29.77, 16.26 ppm. Rt = 

4.38 min (apolar method); ESI-MS for C24H23N5S: calculated 413.17, found m/z 414.04 [M + H]+; 

UPLC-MS purity (UV 215 nm) 97 %. 

 

(Z)-2-(2-((4-benzyl-3-methyl-1,2,4-thiadiazol-5(4H)-ylidene)amino)pyridin-4-yl)ethan-1-ol (46) 

(Scheme 11). 

To a stirred solution of final 1,2,4-thiadiazolylidene 45 (138 mg, 0.4 

mmol) in 1.5 mL of dry DCM was added dropwise at -78 °C a solution 

1M of BBr3 in DCM (1.15 mL, 1.15 mmol). The mixture was left to stir 

at the same temperature for 1 h, and then warmed to -25 °C. The 

reaction was stirred at the same temperature and monitored by TLC until completion. Afterward, 

the mixture was quenched with saturated NaHCO3, and the aqueous phase extracted with EtOAc 
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(3x10 mL). The combined organic phase was washed with brine (2x10mL), dried over Na2SO4 and 

the solvent was removed under reduced pressure. The crude product was purified by flash silica 

gel chromatography (DCM/MeOH in 99/1 ratio) to achieve the final compound 46 as a white solid 

(75 mg, yield 57%). 1H NMR (401 MHz, DMSO-d6) 8.34 (d, J = 5.2 Hz, 1H), 7.36 (t, J = 7.4 Hz, 2H), 

7.30 (d, J = 7.1 Hz, 1H), 7.25 (d, J = 7.7 Hz, 2H), 7.06 (s, 1H), 6.88 (d, J = 5.2 Hz, 1H), 5.44 (s, 2H), 

4.67 (t, J = 5.3 Hz, 1H), 3.65 (q, J = 6.2 Hz, 2H), 2.73 (t, J = 6.7 Hz, 2H), 2.32 (s, 3H) ppm. 13C NMR 

(101 MHz, DMSO-d6) δ 166.24, 157.30, 153.69, 150.77, 144.75, 136.22, 128.83 (2C), 127.57, 

126.62 (2C), 119.42, 118.07, 60.96, 47.65, 38.11, 16.35 ppm. Rt = 3.88 min (generic method); ESI-

MS for C17H18N4OS: calculated 326.12, found m/z 326.99 [M + H]+; UPLC-MS purity (UV 215 nm) 

>99.5 %. 

 

 

5.5 General procedure for the synthesis of hydrobromide iminothiadiazoles 50b-82b, 148b, 

149b (Scheme 2, Scheme 11).  

To a solution of the appropriate thiourea 50a-82a, 148a, 149a (1.0 equiv) in a mixture of 

DCM/EtOAc (1/2 v/v, 0.2M), a 0.5 M solution of bromine (1.5 - 2.0 equiv) in EtOAc was added 

dropwise at 0°C. Upon completion of the addition, PE was added (~1mL) and the resulting mixture 

was left stirring at 5°C for 1 h, then r.t. for 12 h. The precipitate formed was isolated, washed 

with a mixture of PE/EtOAc (2/1 v/v), and dried in vacuum to afford the desired compound. 

 

N-benzyl-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (50b).  

N-(benzylcarbamothioyl)-N'-phenylbenzimidamide 50a (1 g, 2.9 mmol) 

and bromine (224 µL, 4.3 mmol) were reacted according to general 

procedure. The precipitate was washed with a mixture of PE/EtOAc (2/1 

v/v) to achieve the intermediate hydrobromide iminothiadiazole 50b as 

a light yellow solid (1.2 g, yield 97%). 1H NMR (401 MHz, DMSO-d6) δ 10.27 (t, J = 6.1 Hz, 1H), 7.62 

(dd, J = 7.7, 2.0 Hz, 2H), 7.58 – 7.51 (m, 6H), 7.50 – 7.46 (m, 2H), 7.45 – 7.40 (m, 4H), 7.35 (tt, J = 

7.2, 1.4 Hz, 1H), 4.97 (d, J = 6.0 Hz, 2H) ppm. 
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N-phenethyl-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (51b).  

N-(phenethylcarbamothioyl)-N'-phenylbenzimidamide 51a (270 mg, 

0.75 mmol) and bromine (76.9 µL, 1.5 mmol) were reacted according 

to general procedure. The precipitate was washed with a mixture of 

PE/EtOAc (2/1 v/v) to achieve the intermediate hydrobromide 

iminothiadiazole 51b as a white solid (222 mg, yield 68%). 1H NMR (401 MHz, DMSO-d6) δ 9.74 

(t, J = 5.8 Hz, 1H), 7.61 – 7.49 (m, 8H), 7.46 – 7.40 (m, 2H), 7.36 (d, J = 4.4 Hz, 4H), 7.26 (ddd, J = 

8.7, 4.9, 3.9 Hz, 1H), 3.99 (q, J = 6.9 Hz, 2H), 3.04 (t, J = 7.1 Hz, 2H) ppm. 

 

2,3-diphenyl-N-(3-phenylpropyl)-1,2,4-thiadiazol-5(2H)-imine hydrobromide (52b).  

N'-phenyl-N-((3-phenylpropyl)carbamothioyl)benzimidamide 52a 

(466 mg, 1.25 mmol) and bromine (128 µL, 2.5 mmol) were reacted 

according to general procedure. The precipitate was washed with 

a mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 52b as a white solid (316 mg, yield 56%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.04 (t, J = 5.7 Hz, 1H), 7.63 – 7.46 (m, 8H), 7.45 – 7.39 (m, 2H), 7.34 – 7.26 (m, 4H), 

7.24 – 7.18 (m, 1H), 3.73 (q, J = 6.6 Hz, 2H), 2.75 (t, J = 7.6 Hz, 2H), 2.07 – 1.97 (m, 2H) ppm. 

 

N-(4-methylbenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (53b).  

N-((4-methylbenzyl)carbamothioyl)-N'-phenylbenzimidamide 53a 

(200 mg, 0.6 mmol) and bromine (57 µL, 1.1 mmol) were reacted 

according to general procedure. The precipitate was washed with 

a mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 53b as a white solid (223 mg, yield 85%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.26 (t, J = 5.7 Hz, 1H), 7.61 (dd, J = 7.7, 2.0 Hz, 2H), 7.58 – 7.50 (m, 6H), 7.43 (dd, J 

= 8.4, 7.2 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 7.8 Hz, 2H), 4.92 (d, J = 5.4 Hz, 2H), 2.31 (s, 

3H) ppm. 
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N-(4-methoxybenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (54b).  

N-((4-methoxybenzyl)carbamothioyl)-N'-phenylbenzimidamide 54a 

(333 mg, 0.9 mmol) and bromine (69 µL, 1.35 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 54b as a white solid (311 mg, yield 76%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.36 (t, J = 5.9 Hz, 1H), 7.63 – 7.58 (m, 2H), 7.58 – 7.51 (m, 6H), 7.45 – 7.39 (m, 4H), 

6.98 (dt, J = 8.7, 2.9, 2.0 Hz, 2H), 4.89 (d, J = 5.9 Hz, 2H), 3.76 (s, 3H) ppm. 

 

N-(4-fluorobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (55b).  

N-((4-fluorobenzyl)carbamothioyl)-N'-phenylbenzimidamide 55a 

(186 mg, 0.51 mmol) and bromine (52.6 µL, 1.02 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 55b as a light yellow solid (105 mg, yield 47%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.23 (t, J = 6.1 Hz, 1H), 7.63 – 7.59 (m, 2H), 7.54 (ddt, J = 9.0, 5.7, 3.2 Hz, 8H), 7.43 

(dd, J = 8.5, 7.2 Hz, 2H), 7.30 – 7.22 (m, 2H), 4.95 (d, J = 5.7 Hz, 2H) ppm. 

 

N-(4-chlorobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (56b).  

N-((4-chlorobenzyl)carbamothioyl)-N'-phenylbenzimidamide 56a 

(160 mg, 0.42 mmol) and bromine (43.2 µL, 0.84 mmol) were 

reacted according to general procedure. The precipitate was 

washed with a mixture of PE/EtOAc (2/1 v/v) to achieve the 

intermediate hydrobromide iminothiadiazole 56b as a yellow solid (87 mg, yield 45%). 1H NMR 

(401 MHz, DMSO-d6) δ 10.20 (t, J = 6.1 Hz, 1H), 7.61 (dt, J = 7.3, 1.6 Hz, 2H), 7.58 – 7.47 (m, 10H), 

7.42 (dd, J = 8.4, 7.2 Hz, 2H), 4.96 (d, J = 5.8 Hz, 2H) ppm. 
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N-(4-bromobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (57b).  

N-((4-bromobenzyl)carbamothioyl)-N'-phenylbenzimidamide 57a 

(525 mg, 1.23 mmol) and bromine (94 µL, 1.84 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromideIminothiadiazole 57b as a white solid (580 mg, yield 

94%). 1H NMR (401 MHz, DMSO-d6) δ 10.17 (t, J = 6.1 Hz, 1H), 7.66 – 7.58 (m, 4H), 7.58 – 7.48 (m, 

6H), 7.47 – 7.39 (m, 4H), 4.94 (d, J = 6.0 Hz, 2H) ppm. 

 

4-(((2,3-diphenyl-1,2,4-thiadiazol-5(2H)-ylidene)amino)methyl)aniline dihydrobromide (58b). 

tert-butyl (4-((3-(phenyl(phenylimino)methyl)thioureido)methyl) 

phenyl)carbamate 58a (282 mg, 0.61 mmol) and bromine (63 µL, 

1.22 mmol) were reacted according to general procedure. The 

precipitate was washed with a mixture of PE/EtOAc (2/1 v/v) to 

achieve the intermediate dihydrobromide iminothiadiazole 58b 

as a white solid (235 mg, yield 74%). 1H NMR (401 MHz, DMSO-d6) δ 10.39 (t, J = 6.1 Hz, 1H), 7.63 

– 7.58 (m, 2H), 7.58 – 7.50 (m, 9H), 7.45 – 7.40 (m, 3H), 7.32 – 7.27 (m, 3H), 4.97 (d, J = 5.6 Hz, 

2H) ppm.  

 

N-(3-methylbenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (59b).  

N-((3-methylbenzyl)carbamothioyl)-N'-phenylbenzimidamide 59a 

(349 mg, 0.96 mmol) and bromine (75 µL, 1.46 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 59b as a white solid (339 mg, yield 80%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.22 (t, J = 6.0 Hz, 1H), 7.61 (dt, J = 7.1, 1.6 Hz, 2H), 7.59 – 7.50 (m, 6H), 7.43 (dd, J 

= 8.4, 7.2 Hz, 2H), 7.35 – 7.24 (m, 3H), 7.16 (d, J = 7.3 Hz, 1H), 4.93 (d, J = 5.9 Hz, 2H), 2.33 (s, 3H) 

ppm. 
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2,3-diphenyl-N-(3-(trifluoromethyl)benzyl)-1,2,4-thiadiazol-5(2H)-imine hydrobromide (60b).  

N-((3-(trifluoromethyl)benzyl)carbamothioyl)-N'-phenyl 

benzimidamide 60a (740 mg, 1.79 mmol) and bromine (138 µL, 2.68 

mmol) were reacted according to general procedure. The 

precipitate was washed with a mixture of PE/EtOAc (2/1 v/v) to 

achieve the intermediate hydrobromide iminothiadiazole 60b as a white solid (352 mg, yield 

40%). 1H NMR (401 MHz, DMSO-d6) δ 10.35 (bs, 1H), 7.90 (s, 1H), 7.84 – 7.75 (m, 1H), 7.69 (dt, J 

= 15.2, 7.7 Hz, 2H), 7.65 – 7.59 (m, 2H), 7.58 – 7.49 (m, 6H), 7.45 – 7.38 (m, 2H), 5.07 (bs, 2H) 

ppm. 

 

N-(3-methoxybenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (61b).  

N-((3-methoxybenzyl)carbamothioyl)-N'-phenylbenzimidamide 

61a (724 mg, 1.93 mmol) and bromine (197 µL, 3.85 mmol) were 

reacted according to general procedure. The precipitate was 

washed with a mixture of PE/EtOAc (2/1 v/v) to achieve the 

intermediate hydrobromide iminothiadiazole 61b as a light yellow solid (465 mg, yield 53%). 1H 

NMR (401 MHz, DMSO-d6) δ 10.32 (t, J = 6.0 Hz, 1H), 7.65 – 7.59 (m, 2H), 7.58 – 7.50 (m, 6H), 7.42 

(dd, J = 8.4, 7.1 Hz, 2H), 7.34 (t, J = 7.8 Hz, 1H), 7.09 – 7.02 (m, 2H), 6.91 (dd, J = 8.3, 2.6 Hz, 1H), 

4.95 (d, J = 6.0 Hz, 2H), 3.77 (s, 3H) ppm. 

 

N-(3-ethoxybenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (62b).  

N-((3-ethoxybenzyl)carbamothioyl)-N'-phenylbenzimidamide 

62a (850 mg, 2.2 mmol) and bromine (170 µL, 3.3 mmol) were 

reacted according to general procedure. The precipitate was 

washed with a mixture of PE/EtOAc (2/1 v/v) to achieve the 

intermediate hydrobromide iminothiadiazole 62b as a white solid (640 mg, yield 62%). 1H NMR 

(401 MHz, DMSO-d6) δ 10.24 (t, J = 5.9 Hz, 1H), 7.64 – 7.60 (m, 2H), 7.59 – 7.50 (m, 6H), 7.42 (dd, 
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J = 8.4, 7.1 Hz, 2H), 7.32 (t, J = 7.8 Hz, 1H), 7.06 – 6.99 (m, 2H), 6.90 (dd, J = 7.9, 2.3 Hz, 1H), 4.93 

(d, J = 5.5 Hz, 2H), 4.03 (q, J = 6.9 Hz, 2H), 1.32 (t, J = 7.0 Hz, 3H) ppm. 

 

3-(((2,3-diphenyl-1,2,4-thiadiazol-5(2H)-ylidene)amino)methyl)aniline dihydrobromide (63b). 

tert-butyl (3-((3-(phenyl(phenylimino)methyl)thioureido)methyl) 

phenyl)carbamate 63a (463 mg, 1.01 mmol) and bromine (104 µL, 

2.02 mmol) were reacted according to general procedure. The 

precipitate was washed with a mixture of PE/EtOAc (2/1 v/v) to 

achieve the intermediate dihydrobromide iminothiadiazole 63b as a yellow solid (388 mg, yield 

74%). 1H NMR (401 MHz, DMSO-d6) δ 10.47 (t, J = 6.2 Hz, 1H), 7.62 – 7.59 (m, 2H), 7.58 – 7.47 (m, 

9H), 7.45 – 7.41 (m, 3H), 7.36 (bs, 1H), 7.24 (d, J = 7.5 Hz, 2H), 5.01 (d, J = 5.8 Hz, 2H) ppm.  

 

(Z)-N-(3-fluorobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (64b). 

 N-((3-fluorobenzyl)carbamothioyl)-N'-phenylbenzimidamide 64a 

(450 mg, 1.24 mmol) and bromine (95 µL, 1.86 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 64b as a white solid (426 mg, yield 78%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.30 (t, J = 6.0 Hz, 1H), 7.65 – 7.58 (m, 2H), 7.58 – 7.50 (m, 6H), 7.50 – 7.39 (m, 3H), 

7.36 – 7.29 (m, 2H), 7.23 – 7.15 (m, 1H), 5.00 (d, J = 5.7 Hz, 2H) ppm. 

 

N-(3-chlorobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (65b).  

N-((3-chlorobenzyl)carbamothioyl)-N'-phenylbenzimidamide 65a 

(166 mg, 0.44 mmol) and bromine (45 µL, 0.87 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 65b as a light yellow solid (156 mg, yield 77%). 1H NMR (401 MHz, 
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DMSO-d6) δ 10.28 (t, J = 6.0 Hz, 1H), 7.62 (dd, J = 7.7, 2.0 Hz, 2H), 7.58 – 7.49 (m, 7H), 7.48 – 7.39 

(m, 5H), 4.99 (d, J = 5.8 Hz, 2H) ppm.  

 

N-(2-methylbenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (66b).  

N-((2-methylbenzyl)carbamothioyl)-N'-phenylbenzimidamide 66a (255 

mg, 0.71 mmol) and bromine (73 µL, 1.42 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 66b as a white solid (244 mg, yield 78%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.22 (t, J = 5.9 Hz, 1H), 7.61 (dt, J = 7.5, 1.5 Hz, 2H), 7.59 – 7.50 (m, 6H), 7.46 – 7.39 

(m, 3H), 7.28 – 7.21 (m, 3H), 4.94 (d, J = 5.9 Hz, 2H), 2.42 (s, 3H) ppm. 

 

2,3-diphenyl-N-(2-(trifluoromethyl)benzyl)-1,2,4-thiadiazol-5(2H)-imine hydrobromide (67b).  

N-((2-(trifluoromethyl)benzyl)carbamothioyl)-N'-phenylbenzimidamide 

67a (740 mg, 1.79 mmol) and bromine (138 µL, 2.68 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 67b as a white solid (411 mg, yield 47%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.34 (bs, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.80 – 7.70 (m, 2H), 7.65 – 7.58 (m, 3H), 7.58 

– 7.52 (m, 4H), 7.52 – 7.48 (m, 2H), 7.45 – 7.38 (m, 2H), 5.14 (bs, 2H) ppm. 

 

N-(2-methoxybenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (68b).  

N-((2-methoxybenzyl)carbamothioyl)-N'-phenylbenzimidamide 68a 

(243 mg, 0.65 mmol) and bromine (66 µL, 1.29 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 68b as a white solid (241 mg, yield 82%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.21 (t, J = 5.8 Hz, 1H), 7.64 – 7.58 (m, 2H), 7.57 – 7.50 (m, 6H), 7.47 – 7.39 (m, 3H), 
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7.36 (td, J = 7.8, 1.8 Hz, 1H), 7.12 – 7.05 (m, 1H), 6.98 (td, J = 7.5, 1.2 Hz, 1H), 4.88 (d, J = 6.0 Hz, 

2H), 3.88 (s, 3H) ppm. 

 

N-(2-chlorobenzyl)-2,3-diphenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (69b).  

N-((2-chlorobenzyl)carbamothioyl)-N'-phenylbenzimidamide 69a (322 

mg, 0.85 mmol) and bromine (87 µL, 1.7 mmol) were reacted according 

to general procedure. The precipitate was washed with a mixture of 

PE/EtOAc (2/1 v/v) to achieve the intermediate hydrobromide 

iminothiadiazole 69b as a light yellow solid (340 mg, yield 87%). 1H NMR (401 MHz, DMSO-d6) δ 

10.26 (t, J = 6.0 Hz, 1H), 7.64 – 7.59 (m, 3H), 7.58 – 7.50 (m, 7H), 7.43 (ddd, J = 9.7, 5.7, 2.3 Hz, 

4H), 5.03 (d, J = 5.9 Hz, 2H) ppm.  

 

2-(((2,3-diphenyl-1,2,4-thiadiazol-5(2H)-ylidene)amino)methyl)aniline dihydrobromide (70b).  

 tert-butyl (2-((3-(phenyl(phenylimino)methyl)thioureido)methyl) 

phenyl)carbamate 70a (1.377 g, 2.99 mmol) and bromine (306 µL, 5.98 

mmol) were reacted according to general procedure. The precipitate 

was washed with a mixture of PE/EtOAc (2/1 v/v) to achieve the 

intermediate dihydrobromide iminothiadiazole 70b as a light yellow solid (1.222 g, yield 79%). 1H 

NMR (401 MHz, DMSO-d6) δ 7.63 – 7.59 (m, 2H), 7.57 – 7.50 (m, 7H), 7.46 – 7.39 (m, 4H), 7.32 – 

7.19 (m, 2H), 7.15 – 7.03 (m, 2H), 4.98 (s, 2H), 4.83 (bs, 1H) ppm.  

 

N-benzyl-3-(4-methoxyphenyl)-2-phenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (71b).  

N-(benzylcarbamothioyl)-4-methoxy-N'-phenylbenzimidamide 71a 

(350 mg, 0.93 mmol) and bromine (57 µL, 1.1 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 71b as a yellow solid (303 mg, yield 72%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.23 (t, J = 6.0 Hz, 1H), 7.64 (dd, J = 7.5, 2.2 Hz, 2H), 7.61 – 7.54 (m, 3H), 7.52 – 7.46 
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(m, 4H), 7.42 (dd, J = 8.5, 6.5 Hz, 2H), 7.35 (t, J = 7.2 Hz, 1H), 7.00 – 6.95 (m, 2H), 4.97 (d, J = 5.7 

Hz, 2H), 3.78 (s, 3H) ppm. 

 

N-benzyl-3-(3-methoxyphenyl)-2-phenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (72b).  

N-(benzylcarbamothioyl)-3-methoxy-N'-phenylbenzimidamide 72a 

(423 mg, 1.1 mmol) and bromine (87 µL, 1.7 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 72b as a light yellow solid (440 mg, 

yield 81%). 1H NMR (401 MHz, DMSO-d6) δ 10.34 (s, 1H), 7.62 (dd, J = 7.6, 2.1 Hz, 2H), 7.58 – 7.53 

(m, 3H), 7.50 – 7.46 (m, 2H), 7.45 – 7.39 (m, 2H), 7.38 – 7.32 (m, 2H), 7.12 (dd, J = 8.0, 2.1 Hz, 2H), 

7.01 (t, J = 2.0 Hz, 1H), 4.97 (s, 2H), 3.62 (s, 3H) ppm. 

 

N-benzyl-3-(2-methoxyphenyl)-2-phenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (73b).  

N-(benzylcarbamothioyl)-2-methoxy-N'-phenylbenzimidamide 73a 

(336 mg, 0.9 mmol) and bromine (92 µL, 1.8 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 73b as a white solid (324 mg, yield 

73%). 1H NMR (401 MHz, DMSO-d6) δ 10.27 (t, J = 6.0 Hz, 1H), 7.65 (dd, J = 7.6, 1.7 Hz, 1H), 7.57 

– 7.48 (m, 1H), 7.48 – 7.40 (m, 8H), 7.40 – 7.32 (m, 2H), 7.09 (td, J = 7.5, 0.9 Hz, 1H), 6.97 (d, J = 

8.5 Hz, 1H), 4.92 (d, J = 5.9 Hz, 2H), 3.41 (s, 3H) ppm. 

 

N-benzyl-2-phenyl-3-(pyridin-4-yl)-1,2,4-thiadiazol-5(2H)-imine hydrobromide (74b).  

N-(benzylcarbamothioyl)-N'-phenylisonicotinimidamide 74a (445 mg, 

1.28 mmol) and bromine (130 µL, 2.57 mmol) were reacted according 

to general procedure. The precipitate was washed with a mixture of 

PE/EtOAc (2/1 v/v) to achieve the intermediate hydrobromide 
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iminothiadiazole 74b as a yellow solid (431 mg, yield 79%). 1H NMR (401 MHz, DMSO-d6) δ 10.60 

(t, J = 6.1 Hz, 1H), 8.74 (d, J = 5.2 Hz, 2H), 7.66 – 7.60 (m, 2H), 7.59 – 7.51 (m, 5H), 7.50 – 7.45 (m, 

2H), 7.43 (t, J = 7.3 Hz, 2H), 7.38 – 7.31 (m, 1H), 4.99 (d, J = 5.8 Hz, 2H) ppm. 

 

N-benzyl-2-phenyl-3-(pyridin-3-yl)-1,2,4-thiadiazol-5(2H)-imine hydrobromide (75b).  

N-(benzylcarbamothioyl)-N'-phenylnicotinimidamide 75a (282 mg, 0.81 

mmol) and bromine (62 µL, 1.21 mmol) were reacted according to 

general procedure. The precipitate was washed with a mixture of 

PE/EtOAc (2/1 v/v) to achieve the intermediate hydrobromide 

iminothiadiazole 75b as a yellow solid (285 mg, yield 83%). 1H NMR (401 MHz, DMSO-d6) δ 10.37 

(t, J = 6.0 Hz, 1H), 8.70 (d, J = 2.7 Hz, 2H), 7.87 (dt, J = 8.1, 2.0 Hz, 1H), 7.68 – 7.63 (m, 2H), 7.60 – 

7.54 (m, 3H), 7.51 – 7.46 (m, 3H), 7.43 (t, J = 7.5 Hz, 2H), 7.38 – 7.32 (m, 1H), 4.99 (d, J = 5.9 Hz, 

2H) ppm. 

 

N-benzyl-3-(furan-2-yl)-2-phenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (76b).  

N-(benzylcarbamothioyl)-N'-phenylfuran-2-carboximidamide 76a (660 

mg, 1.97 mmol) and bromine (151 µL, 2.95 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 76b as a pink solid (270 mg, yield 33%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.16 (t, J = 6.0 Hz, 1H), 8.00 (d, J = 1.8 Hz, 1H), 7.81 – 7.74 (m, 2H), 7.72 – 7.61 (m, 

3H), 7.48 (d, J = 6.9 Hz, 2H), 7.42 (t, J = 7.6 Hz, 2H), 7.39 – 7.31 (m, 1H), 6.82 (d, J = 3.6 Hz, 1H), 

6.72 (dd, J = 3.7, 1.7 Hz, 1H), 4.96 (d, J = 5.9 Hz, 2H) ppm. 
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N-benzyl-3-phenyl-2-(m-tolyl)-1,2,4-thiadiazol-5(2H)-imine hydrobromide (77b).  

N-(benzylcarbamothioyl)-N'-(m-tolyl)benzimidamide 77a (163 mg, 0.45 

mmol) and bromine (46 µL, 0.9 mmol) were reacted according to 

general procedure. The precipitate was washed with a mixture of 

PE/EtOAc (2/1 v/v) to achieve the intermediate hydrobromide 

iminothiadiazole 77b as a white solid (130 mg, yield 66%). 1H NMR (401 

MHz, DMSO-d6) δ 10.26 (t, J = 5.6, 5.1 Hz, 1H), 7.60 – 7.52 (m, 3H), 7.51 – 7.31 (m, 11H), 4.97 (d, 

J = 4.4 Hz, 2H), 2.32 (s, 3H) ppm. 

 

N,2-dibenzyl-3-phenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (78b).  

N'-benzyl-N-(benzylcarbamothioyl)benzimidamide 78a (600 mg, 1.67 

mmol) and bromine (171 µL, 3.34 mmol) were reacted according to 

general procedure. The precipitate was washed with a mixture of 

PE/EtOAc (2/1 v/v) to achieve the intermediate hydrobromide 

iminothiadiazole 78b as a yellow-orange solid (588 mg, yield 80%). 1H 

NMR (401 MHz, DMSO-d6) δ 10.10 (t, J = 6.0 Hz, 1H), 7.87 – 7.81 (m, 2H), 7.75 – 7.69 (m, 1H), 7.64 

(dd, J = 8.3, 6.8 Hz, 2H), 7.41 (td, J = 6.4, 5.7, 3.9 Hz, 7H), 7.37 – 7.29 (m, 3H), 5.40 (s, 2H), 4.85 (d, 

J = 5.9 Hz, 2H) ppm. 

 

N-benzyl-2-cyclohexyl-3-phenyl-1,2,4-thiadiazol-5(2H)-imine hydrobromide (79b).  

N-(benzylcarbamothioyl)-N'-cyclohexylbenzimidamide 79a (190 mg, 

0.54 mmol) and bromine (42 µL, 0.81 mmol) were reacted according to 

general procedure. The precipitate was washed with a mixture of 

PE/EtOAc (2/1 v/v) to achieve the intermediate hydrobromide 

iminothiadiazole 79b as a white solid (202 mg, yield 87%). 1H NMR (401 MHz, DMSO-d6) δ 10.28 

(t, 1H), 7.77 – 7.73 (m, 2H), 7.73 – 7.69 (m, 1H), 7.68 – 7.63 (m, 2H), 7.47 – 7.36 (m, 4H), 7.35 – 

7.30 (m, 1H), 4.83 (d, J = 5.2 Hz, 2H), 4.23 (tt, J = 11.5, 3.8 Hz, 1H), 2.20 – 2.11 (m, 2H), 1.80 – 1.52 

(m, 5H), 1.29 – 1.14 (m, 3H) ppm. 
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N-benzyl-3-phenyl-2-(pyridin-4-yl)-1,2,4-thiadiazol-5(2H)-imine hydrobromide (80b).  

N-(benzylcarbamothioyl)-N'-(pyridin-4-yl)benzimidamide 80a (277 mg, 

0.8 mmol) and bromine (82 µL, 1.6 mmol) were reacted according to 

general procedure. The precipitate was washed with a mixture of 

PE/EtOAc (2/1 v/v) to achieve the intermediate hydrobromide 

iminothiadiazole 80b as a yellow solid (340 mg, yield 100%). 1H NMR (401 MHz, DMSO-d6) δ 10.55 

(t, J = 6.1 Hz, 1H), 8.80 (dd, J = 6.4, 3.2 Hz, 2H), 7.68 (dd, J = 6.3, 3.3 Hz, 2H), 7.64 – 7.58 (m, 1H), 

7.58 – 7.53 (m, 2H), 7.51 – 7.39 (m, 7H), 7.38 – 7.32 (m, 1H), 5.01 (d, J = 6.0 Hz, 2H) ppm.  

 

N-benzyl-3-phenyl-2-(pyridin-3-yl)-1,2,4-thiadiazol-5(2H)-imine hydrobromide (81b).  

N-(benzylcarbamothioyl)-N'-(pyridin-3-yl)benzimidamide 81a (570 

mg, 1.65 mmol) and bromine (169 µL, 3.29 mmol) were reacted 

according to general procedure. The precipitate was washed with a 

mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 81b as a yellow solid (701 mg, yield 

100%). 1H NMR (401 MHz, DMSO-d6) δ 10.46 (t, J = 6.0 Hz, 1H), 8.79 (d, J = 2.5 Hz, 1H), 8.73 (dd, 

J = 4.8, 1.5 Hz, 1H), 8.13 (dt, J = 8.3, 1.9 Hz, 1H), 7.62 (dd, J = 8.2, 4.8 Hz, 1H), 7.59 – 7.51 (m, 3H), 

7.51 – 7.39 (m, 6H), 7.38 – 7.32 (m, 1H), 5.00 (d, J = 5.9 Hz, 2H) ppm. 

 

N-(3-methoxybenzyl)-3-phenyl-2-(pyridin-4-yl)-1,2,4-thiadiazol-5(2H)-imine hydrobromide 

(82b).  

N-(3-methoxybenzylcarbamothioyl)-N'-(pyridin-4-yl)benzimidamide 

82a (370 mg, 0.98 mmol) and bromine (60 µL, 1.18 mmol) were 

reacted according to general procedure. The precipitate was washed 

with a mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

hydrobromide iminothiadiazole 82b as a yellow solid (420 mg, yield 94%). 1H NMR (401 MHz, 

DMSO-d6) δ 10.49 (t, J = 6.1 Hz, 1H), 8.72 (d, J = 5.2 Hz, 2H), 7.66 – 7.59 (m, 2H), 7.59 – 7.53 (m, 
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3H), 7.53 – 7.48 (m, 2H), 7.34 (t, J = 7.9 Hz, 1H), 7.08 – 7.01 (m, 2H), 6.92 (dd, J = 8.3, 2.5 Hz, 1H), 

4.96 (d, J = 5.9 Hz, 2H), 3.77 (s, 3H) ppm.  

 

2-(benzylamino)-[1,2,4]thiadiazolo[2,3-a]pyridin-4-ium bromide (148b).  

1-benzyl-3-(pyridin-2-yl)thiourea 148a (407 mg, 1.67 mmol) and bromine 

(102 µL, 2 mmol) were reacted according to general procedure. The 

precipitate was washed with a mixture of PE/EtOAc (2/1 v/v) to achieve 

the intermediate pyridinium bromide 148b as a white solid (381 mg, yield 

71%). 1H NMR (401 MHz, DMSO-d6) δ 10.04 (t, J = 5.9 Hz, 1H), 9.11 (d, J = 6.6 Hz, 1H), 8.10 (t, J = 

7.9 Hz, 1H), 7.78 (d, J = 8.7 Hz, 1H), 7.44 – 7.34 (m, 5H), 7.31 (t, J = 6.8 Hz, 1H), 4.85 (d, J = 5.8 Hz, 

2H) ppm. 

 

2-(benzylamino)-7-(2-methoxyethyl)-[1,2,4]thiadiazolo[2,3-a]pyridin-4-ium bromide (149b).  

1-benzyl-3-(4-(2-methoxyethyl)pyridin-2-yl)thiourea 149a (608 

mg, 2 mmol) and bromine (155 µL, 3 mmol) were reacted 

according to general procedure. The precipitate was washed with 

a mixture of PE/EtOAc (2/1 v/v) to achieve the intermediate 

pyridinium bromide 149b as a white solid (710 mg, yield 93%). 1H NMR (401 MHz, DMSO-d6) δ 

9.96 (t, J = 5.9 Hz, 1H), 8.99 (d, J = 6.8 Hz, 1H), 7.68 (d, J = 1.4 Hz, 1H), 7.45 – 7.34 (m, 4H), 7.36 – 

7.27 (m, 2H), 4.84 (d, J = 5.9 Hz, 2H), 3.64 (t, J = 6.2 Hz, 2H), 3.24 (s, 3H), 2.97 (t, J = 6.2 Hz, 2H) 

ppm. 

 

 

5.6 General procedure A for intermediate Imidoylthioureas 51a-56a, 61a, 65a, 68a, 69a, 

80a, 81a, 148a and 149a synthesis.  

A mixture of N-arylbenzamidines 87-89 (1.00 equiv) and the appropriate isothiocyanates 90-100 

(1.00 equiv) in dry 1,2-dichloroethane (0.6 M) was heated at 55°C for 22 h. Afterward, the 

reaction mixture was cooled to room temperature and the solvent was evaporated. The resulting 
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crude material was purified via flash silica gel column chromatography to give the desired 

compound, unless otherwise noted (Scheme 7, Scheme 11).   

 

 

5.7 General procedure B for intermediate Imidoylthioureas 50a, 57a-60a, 62a-64a, 66a, 

67a, 70a-79a, 82a synthesis.  

Over a solution of the appropriate imidoyl chloride 113-119 (1.0 equiv) in anhydrous acetone (0.3 

M) at -15°C and under inert conditions, a solution of sodium thyocianate (1.1 equiv) in acetone 

(0.5 M) was slowly added. For the imidoylthioureas 74a, 75a and 82a, the corresponding imidoyl 

chloride was obtained as hydrochloride salt, therefore it was previously stirred with TEA (1 equiv) 

for 15 min at -15°C. After the addition was completed, the mixture was allowed to reach 0°C, and 

then the appropriate primary amine 120-123 (1.1 equiv) was added. The resulting reaction 

mixture was stirred at room temperature for 12-24h, and then filtered through a plug of Celite. 

The solvent was removed in vacuum from the filtrate, and the remaining crude material was 

purified with flash silica gel column chromatography unless otherwise noted (Scheme 10). 

 

N-(benzylcarbamothioyl)-N'-phenylbenzimidamide (50a).  

N-phenylbenzimidoyl chloride 124b (1 g, 4.6 mmol), NaNCS (413 mg, 5.1 

mmol) and phenylmethanamine 134 (556 µL, 5.1 mmol) were reacted 

according to general procedure B. The crude product was purified by 

flash silica gel chromatography (PE/EtOAc in 95/5 ratio) to achieve the 

intermediate imidoylthiourea 50a as a white solid (926 mg, yield 62%). 1H NMR (401 MHz, 

Chloroform-d) δ 12.39 (bs, 1H), 8.06 (bs, 1H), 7.42 (d, J = 7.6 Hz, 2H), 7.39 – 7.32 (m, 3H), 7.32 – 

7.27 (m, 3H), 7.23 (d, J = 7.7 Hz, 2H), 7.11 (t, J = 7.6 Hz, 2H), 6.95 (t, J = 7.4 Hz, 1H), 6.62 (d, J = 7.7 

Hz, 2H), 4.98 (d, J = 5.3 Hz, 2H) ppm.  
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N-(phenethylcarbamothioyl)-N'-phenylbenzimidamide (51a).  

 (2-isothiocyanatoethyl)benzene 91 (300 μL, 2.0 mmol) and N'-

phenylbenzimidamide 87 (393 mg, 2.0 mmol) were reacted according 

to general procedure A. The crude product was purified by flash silica 

gel chromatography (PE/EtOAc in 96/4 ratio) to achieve the 

intermediate imidoylthiourea 51a as a light-yellow solid (270 mg, yield 38%). 1H NMR (401 MHz, 

Chloroform-d) δ 11.95 (bs, 1H), 7.98 (bs, 1H), 7.36 – 7.31 (m, 1H), 7.30 – 7.16 (m, 9H), 7.15 – 7.09 

(m, 2H), 6.99 – 6.94 (m, 1H), 6.59 – 6.52 (m, 2H), 4.00 (td, J = 7.0, 5.2 Hz, 2H), 3.02 (t, J = 7.0 Hz, 

2H) ppm. 

 

N'-phenyl-N-((3-phenylpropyl)carbamothioyl)benzimidamide (52a).  

(3-isothiocyanatopropyl)benzene 92 (414 μL, 2.5 mmol) and N'-

phenylbenzimidamide 87 (491 mg, 2.5 mmol) were reacted 

according to general procedure A. The crude product was purified 

by flash silica gel chromatography (PE/EtOAc in 97/3 ratio) to 

achieve the intermediate imidoylthiourea 52a as a yellow solid (473 mg, yield 51%). 1H NMR (401 

MHz, Chloroform-d) δ 12.06 (bs, 1H), 7.99 (bs, 1H), 7.37 – 7.32 (m, 1H), 7.28 (d, J = 12.1 Hz, 4H), 

7.25 – 7.11 (m, 7H), 6.97 (t, J = 7.5 Hz, 1H), 6.69 (d, J = 7.7 Hz, 2H), 3.75 (q, J = 6.6 Hz, 2H), 2.75 (t, 

J = 7.7 Hz, 2H), 2.06 (p, J = 7.2 Hz, 2H) ppm. 

 

N-((4-methylbenzyl)carbamothioyl)-N'-phenylbenzimidamide (53a).  

 1-(isothiocyanatomethyl)-4-methylbenzene 93 (739 mg, 4.5 mmol) 

and N'-phenylbenzimidamide 87 (889 mg, 4.5 mmol) were reacted 

according to general procedure A. The crude product was purified by 

flash silica gel chromatography (PE/EtOAc in 96/4 ratio), which was 

recrystallized from a mixture of PE/EtOAc (9/1 v/v) to achieve the intermediate imidoylthiourea 

53a as a white crystalline solid (202 mg, yield 13%). 1H NMR (401 MHz, Chloroform-d) δ 12.31 

(bs, 1H), 8.04 (bs, 1H), 7.38 – 7.25 (m, 5H), 7.24 – 7.18 (m, 2H), 7.15 (d, J = 7.8 Hz, 2H), 7.10 (t, J = 
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7.8 Hz, 2H), 6.94 (td, J = 7.3, 1.2 Hz, 1H), 6.64 – 6.58 (m, 2H), 4.92 (d, J = 5.3 Hz, 2H), 2.33 (s, 3H) 

ppm. 

 

N-((4-methoxybenzyl)carbamothioyl)-N'-phenylbenzimidamide (54a).  

1-(isothiocyanatomethyl)-4-methoxybenzene 94 (728 mg, 4.0 

mmol) and N'-phenylbenzimidamide 87 (798 mg, 4.0 mmol) were 

reacted according to general procedure A. The crude product was 

purified by flash silica gel chromatography (PE/EtOAc in 96/4 ratio) 

to achieve the intermediate imidoylthiourea 54a as a light-yellow solid (406 mg, yield 27%). 1H 

NMR (401 MHz, Chloroform-d) δ 12.30 (bs, 1H), 8.05 (bs, 1H), 7.38 – 7.32 (m, 3H), 7.31 – 7.27 (m, 

2H), 7.22 (d, J = 7.6 Hz, 2H), 7.11 (t, J = 7.7 Hz, 2H), 6.94 (t, J = 7.4 Hz, 1H), 6.90 – 6.86 (m, 2H), 

6.61 (d, J = 7.7 Hz, 2H), 4.89 (d, J = 5.3 Hz, 2H), 3.80 (s, 3H) ppm. 

 

N-((4-fluorobenzyl)carbamothioyl)-N'-phenylbenzimidamide (55a).  

1-fluoro-4-(isothiocyanatomethyl)benzene 95 (494 mg, 3.0 mmol) 

and N'-phenylbenzimidamide 87 (580 mg, 3.0 mmol) were reacted 

according to general procedure A. The crude product was purified by 

flash silica gel chromatography (PE/EtOAc in 96/4 ratio) to achieve 

the intermediate imidoylthiourea 55a as a yellow solid (202 mg, yield 19%). 1H NMR (401 MHz, 

Chloroform-d) δ 12.36 (bs, 1H), 8.07 (bs, 1H), 7.41 – 7.33 (m, 3H), 7.29 (d, J = 7.7 Hz, 2H), 7.24 – 

7.18 (m, 2H), 7.10 (t, J = 7.8 Hz, 2H), 7.03 (t, J = 8.7 Hz, 2H), 6.94 (t, J = 7.5 Hz, 1H), 6.63 – 6.57 (m, 

2H), 4.92 (d, J = 5.5 Hz, 2H) ppm. 

 

N-((4-chlorobenzyl)carbamothioyl)-N'-phenylbenzimidamide (56a).  

 1-chloro-4-(isothiocyanatomethyl)benzene 96 (367 mg, 2.0 mmol) 

and N'-phenylbenzimidamide 87 (393 mg, 2.0 mmol) were reacted 

according to general procedure A. The crude product was purified 

by flash silica gel chromatography (PE/EtOAc in 97/3 ratio) to 
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achieve the intermediate imidoylthiourea 56a as a light-yellow solid (160 mg, yield 21%). 1H NMR 

(401 MHz, Chloroform-d) δ 12.39 (bs, 1H), 8.08 (bs, 1H), 7.38 – 7.29 (m, 7H), 7.25 – 7.21 (m, 2H), 

7.15 – 7.10 (m, 2H), 6.96 (t, J = 7.5 Hz, 1H), 6.63 (d, J = 7.8 Hz, 2H), 4.94 (d, J = 5.5 Hz, 2H) ppm. 

 

N-((4-bromobenzyl)carbamothioyl)-N'-phenylbenzimidamide (57a).  

N-phenylbenzimidoyl chloride 124b (1.05 g, 4.9 mmol), NaNCS (440 

mg, 5.4 mmol) and 4-bromobenzylamine 135 (679 µL, 5.4 mmol) 

were reacted according to general procedure B. The crude product 

was purified by recrystallization from a mixture of EtOAc/DCM 

(95/5 v/v) to achieve the intermediate imidoylthiourea 57a as a white crystalline solid (525 mg, 

yield 25%). 1H NMR (401 MHz, Chloroform-d) δ 12.38 (bs, 1H), 8.09 (bs, 1H), 7.45 – 7.25 (m, 5H), 

7.21 (t, J = 8.2 Hz, 1H), 7.12 (t, J = 7.7 Hz, 2H), 6.95 (t, J = 7.5 Hz, 1H), 6.85 (dd, J = 22.3, 7.8 Hz, 

2H), 6.70 (s, 1H), 6.64 (d, J = 7.7 Hz, 2H), 4.97 (d, J = 5.0 Hz, 2H), 3.65 (s, 3H) ppm. 

 

tert-butyl (4-((3-(phenyl(phenylimino)methyl)thioureido)methyl)phenyl)carbamate (58a).  

 N-phenylbenzimidoyl chloride 124b (882 mg, 4.09 mmol), 

NaNCS (365 mg, 4.5 mmol) and tert-butyl (4-(aminomethyl) 

phenyl)carbamate 136 (1 g, 4.5 mmol) were reacted according 

to general procedure B. The crude product was purified by flash 

silica gel chromatography (DCM/MeOH in 98/2 ratio) to achieve the intermediate 

imidoylthiourea 58a as a yellow solid (714 mg, yield 38%). 1H NMR (401 MHz, Chloroform-d) δ 

12.31 (bs, 1H), 8.05 (bs, 1H), 7.38 – 7.31 (m, 7H), 7.23 – 7.18 (m, 2H), 7.10 (t, J = 7.6 Hz, 2H), 6.95 

(t, J = 8.0 Hz, 1H), 6.61 (d, J = 7.7 Hz, 2H), 6.48 (bs, 1H), 4.89 (dd, J = 10.7, 5.6 Hz, 2H), 1.51 (s, 9H) 

ppm. 
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N-((3-methylbenzyl)carbamothioyl)-N'-phenylbenzimidamide (59a).  

N-phenylbenzimidoyl chloride 124b (537 mg, 2.5 mmol), NaNCS (243 

mg, 3 mmol) and m-tolylmethanamine 137 (347 µL, 2.75 mmol) were 

reacted according to general procedure B. The crude product was 

purified by flash silica gel chromatography (PE/EtOAc in 95/5 ratio) 

to achieve the intermediate imidoylthiourea 59a as a yellow solid (359 mg, yield 40%). 1H NMR 

(401 MHz, Chloroform-d) δ 12.40 (bs, 1H), 8.06 (bs, 1H), 7.40 – 7.33 (m, 1H), 7.33 – 7.27 (m, 2H), 

7.27 – 7.17 (m, 5H), 7.15 – 7.06 (m, 3H), 6.95 (t, J = 7.4 Hz, 1H), 6.70 – 6.57 (m, 2H), 4.94 (d, J = 

5.3 Hz, 2H), 2.34 (s, 3H) ppm. 

 

N'-phenyl-N-((3-(trifluoromethyl)benzyl)carbamothioyl)benzimidamide (60a).  

N-phenylbenzimidoyl chloride 124b (700 mg, 3.25 mmol), NaNCS 

(290 mg, 3.6 mmol) and (3-(trifluoromethyl)phenyl)methanamine 

137 (513 µL, 3.6 mmol) were reacted according to general 

procedure B. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 98/2 ratio) to achieve the intermediate imidoylthiourea 60a as a 

yellow solid (1.305 g, yield 97%). 1H NMR (401 MHz, Chloroform-d) δ 12.51 (bs, 1H), 8.13 (bs, 1H), 

7.68 (s, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.48 (t, J = 7.9 Hz, 1H), 7.41 – 7.34 (m, 

1H), 7.33 – 7.21 (m, 4H), 7.12 (t, J = 7.8 Hz, 2H), 6.96 (t, J = 7.5 Hz, 1H), 6.64 (d, J = 7.8 Hz, 2H), 

5.04 (d, J = 5.5 Hz, 2H) ppm. 

 

N-((3-methoxybenzyl)carbamothioyl)-N'-phenylbenzimidamide (61a).  

1-(isothiocyanatomethyl)-3-methoxybenzene 97 (1.382 g, 7.7 

mmol) and N'-phenylbenzimidamide 87 (1.513 g, 7.7 mmol) were 

reacted according to general procedure A. The crude product was 

purified by flash silica gel chromatography (PE/EtOAc in 96/4 ratio) 

to achieve the intermediate imidoylthiourea 61a as a light-yellow solid (733 mg, yield 25%). 1H 

NMR (401 MHz, Chloroform-d) δ 12.39 (bs, 1H), 8.08 (bs, 1H), 7.39 – 7.27 (m, 4H), 7.25 – 7.20 (m, 
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2H), 7.11 (t, J = 7.7 Hz, 2H), 7.02 – 6.91 (m, 3H), 6.83 (dd, J = 8.2, 2.6 Hz, 1H), 6.63 (d, J = 7.7 Hz, 

2H), 4.95 (d, J = 5.4 Hz, 2H), 3.76 (s, 3H) ppm. 

 

N-((3-ethoxybenzyl)carbamothioyl)-N'-phenylbenzimidamide (62a).  

N-phenylbenzimidoyl chloride 124b (900 mg, 4.1 mmol), NaNCS 

(365 mg, 4.51 mmol) and (3-ethoxyphenyl)methanamine 140 

(670 µL, 4.51 mmol) were reacted according to general 

procedure B. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 95/5 ratio) to achieve the intermediate imidoylthiourea 62a as a 

white crystalline solid (850 mg, yield 53%). 1H NMR (401 MHz, Chloroform-d) δ 12.41 (bs, 1H), 

8.09 (bs, 1H), 7.36 (d, J = 7.2 Hz, 1H), 7.34 – 7.21 (m, 5H), 7.12 (t, J = 7.8 Hz, 2H), 7.01 – 6.93 (m, 

3H), 6.83 (d, J = 8.4 Hz, 1H), 6.65 (d, J = 7.7 Hz, 2H), 4.96 (d, J = 6.8 Hz, 2H), 3.98 (q, J = 7.2 Hz, 2H), 

1.38 (t, J = 6.9 Hz, 3H) ppm. 

 

tert-butyl (3-((3-(phenyl(phenylimino)methyl)thioureido)methyl)phenyl)carbamate (63a).  

 N-phenylbenzimidoyl chloride 124b (882 mg, 4.09 mmol), 

NaNCS (365 mg, 4.5 mmol) and tert-butyl (3-(aminomethyl) 

phenyl)carbamate 141 (1 g, 4.5 mmol) were reacted according 

to general procedure B. The crude product was purified by flash 

silica gel chromatography (DCM/MeOH in 98/2 ratio) to achieve the intermediate 

imidoylthiourea 63a as a yellow solid (917 mg, yield 49%). 1H NMR (401 MHz, Chloroform-d) δ 

12.40 (bs, 1H), 8.05 (bs, 1H), 7.55 – 7.41 (m, 3H), 7.37 – 7.27 (m, 6H), 7.15 – 7.03 (m, 3H), 7.03 – 

6.85 (m, 2H), 6.66 (bs, 1H), 4.93 (d, J = 5.8 Hz, 2H), 1.51 (s, 9H) ppm. 
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N-((3-fluorobenzyl)carbamothioyl)-N'-phenylbenzimidamide (64a).  

N-phenylbenzimidoyl chloride 124b (700 mg, 3.24 mmol), NaNCS 

(316 mg, 3.89 mmol) and (3-fluorophenyl)methanamine 142 (406 µL, 

3.56 mmol) were reacted according to general procedure B. The 

crude product was purified by flash silica gel chromatography 

(PE/EtOAc in 96/4 ratio) to achieve the intermediate imidoylthiourea 64a as a yellow solid (458 

mg, yield 39%).1H NMR (401 MHz, Chloroform-d) δ 12.43 (bs, 1H), 8.09 (bs, 1H), 7.39 – 7.27 (m, 

4H), 7.25 – 7.21 (m, 2H), 7.19 (d, J = 7.7 Hz, 1H), 7.17 – 7.06 (m, 3H), 7.03 – 6.92 (m, 2H), 6.64 (d, 

J = 7.7 Hz, 2H), 4.98 (d, J = 5.4 Hz, 2H) ppm. 

 

N-((3-chlorobenzyl)carbamothioyl)-N'-phenylbenzimidamide (65a).  

1-chloro-3-(isothiocyanatomethyl)benzene 98 (646 mg, 3.5 mmol) 

and N'-phenylbenzimidamide 87 (690 mg, 3.5 mmol) were reacted 

according to general procedure A. The crude product was purified by 

flash silica gel chromatography (PE/EtOAc in 97/3 ratio) to achieve 

the intermediate imidoylthiourea 65a as a light-yellow solid (181 mg, yield 14%). 1H NMR (401 

MHz, Chloroform-d) δ 12.44 (bs, 1H), 8.11 (bs, 1H), 7.44 – 7.34 (m, 3H), 7.34 – 7.22 (m, 7H), 7.15 

(dt, J = 16.2, 7.5 Hz, 2H), 6.97 (q, J = 7.6 Hz, 1H), 6.65 (d, J = 7.8 Hz, 1H), 4.96 (d, J = 5.5 Hz, 2H) 

ppm. 

 

N-((2-methylbenzyl)carbamothioyl)-N'-phenylbenzimidamide (66a).  

N-phenylbenzimidoyl chloride 124b (515 mg, 2.4 mmol), NaNCS (235 

mg, 2.9 mmol) and o-tolylmethanamine 143 (327 µL, 2.64 mmol) were 

reacted according to general procedure B. The crude product was 

purified by flash silica gel chromatography (PE/EtOAc in 95/5 ratio) to 

achieve the intermediate imidoylthiourea 66a as a yellow solid (302 mg, yield 35%). 1H NMR (401 

MHz, Chloroform-d) δ 12.32 (bs, 1H), 8.05 (bs, 1H), 7.43 – 7.32 (m, 2H), 7.29 (t, J = 7.5 Hz, 2H), 
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7.25 – 7.15 (m, 5H), 7.10 (t, J = 7.7 Hz, 2H), 6.94 (t, J = 7.4 Hz, 1H), 6.60 (d, J = 7.8 Hz, 2H), 4.94 (d, 

J = 5.2 Hz, 2H), 2.40 (s, 3H) ppm. 

 

N'-phenyl-N-((2-(trifluoromethyl)benzyl)carbamothioyl)benzimidamide (67a).  

N-phenylbenzimidoyl chloride 124b (700 mg, 3.25 mmol), NaNCS (290 

mg, 3.6 mmol) and (2-(trifluoromethyl)phenyl)methanamine 144 (627 

µL, 3.6 mmol) were reacted according to general procedure B. The 

crude product was purified by flash silica gel chromatography 

(PE/EtOAc in 98/2 ratio) to achieve the intermediate imidoylthiourea 67a as a yellow solid (1.337 

g, yield 99%). 1H NMR (401 MHz, Chloroform-d) δ 12.48 (bs, 1H), 8.08 (bs, 1H), 7.82 (d, J = 7.8 Hz, 

1H), 7.68 (d, J = 7.8 Hz, 1H), 7.57 (t, J = 7.5 Hz, 1H), 7.41 (t, J = 7.7 Hz, 1H), 7.38 – 7.33 (m, 1H), 

7.32 – 7.26 (m, 2H), 7.25 – 7.19 (m, 2H), 7.11 (t, J = 7.8 Hz, 2H), 6.95 (t, J = 7.4 Hz, 1H), 6.67 – 6.60 

(m, 2H), 5.19 (d, J = 5.8 Hz, 2H) ppm. 

 

N-((2-methoxybenzyl)carbamothioyl)-N'-phenylbenzimidamide (68a).  

1-(isothiocyanatomethyl)-2-methoxybenzene 99 (393 mg, 2.2 mmol) 

and N'-phenylbenzimidamide 87 (430 mg, 2.2 mmol) were reacted 

according to general procedure A. The crude product was purified by 

flash silica gel chromatography (PE/EtOAc in 96/4 ratio) to achieve the 

intermediate imidoylthiourea 68a as a light-yellow solid (243 mg, yield 30%). 1H NMR (401 MHz, 

Chloroform-d) δ 12.37 (bs, 1H), 7.97 (bs, 1H), 7.44 (dd, J = 7.4, 1.7 Hz, 1H), 7.36 – 7.29 (m, 1H), 

7.26 (ddt, J = 7.6, 5.9, 1.4 Hz, 3H), 7.23 – 7.18 (m, 2H), 7.11 (ddd, J = 8.3, 5.6, 1.7 Hz, 2H), 6.94 (tt, 

J = 7.2, 1.2 Hz, 2H), 6.84 (dd, J = 8.3, 1.1 Hz, 1H), 6.66 – 6.58 (m, 2H), 4.96 (d, J = 5.7 Hz, 2H), 3.66 

(s, 3H) ppm. 
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N-((2-chlorobenzyl)carbamothioyl)-N'-phenylbenzimidamide (69a).  

1-chloro-2-(isothiocyanatomethyl)benzene 100 (314 mg, 1.7 mmol) and 

N'-phenylbenzimidamide 87 (336 mg, 1.7 mmol) were reacted 

according to general procedure A. The crude product was purified by 

flash silica gel chromatography (PE/EtOAc in 97/3 ratio) to achieve the 

intermediate imidoylthiourea 69a as a light-yellow solid (330 mg, yield 51%). 1H NMR (401 MHz, 

Chloroform-d) δ 12.57 (bs, 1H), 8.03 (bs, 1H), 7.63 – 7.57 (m, 1H), 7.41 – 7.27 (m, 6H), 7.24 – 7.19 

(m, 2H), 7.15 – 7.08 (m, 2H), 6.99 – 6.92 (m, 1H), 6.66 (d, J = 7.7 Hz, 2H), 5.05 (d, J = 5.7 Hz, 2H) 

ppm. 

 

tert-butyl (2-((3-(phenyl(phenylimino)methyl)thioureido)methyl)phenyl)carbamate (70a).  

 N-phenylbenzimidoyl chloride 124b (882 mg, 4.09 mmol), NaNCS 

(365 mg, 4.5 mmol) and tert-butyl (2-(aminomethyl) 

phenyl)carbamate 145 (1 g, 4.5 mmol) were reacted according to 

general procedure B. The crude product was purified by flash silica 

gel chromatography (DCM/MeOH in 98/2 ratio) to achieve the intermediate imidoylthiourea 70a 

as a yellow solid (1.377 g, yield 73%). E/Z 1H NMR (401 MHz, Chloroform-d) δ 12.02 (bs, 1H), 11.20 

(bs, 1H), 7.83 (d, J = 7.5 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.58 (d, J = 7.6 Hz, 4H), 7.51 (d, J = 7.7 Hz, 

2H), 7.44 (dt, J = 15.8, 7.5 Hz, 8H), 7.38 (d, J = 7.4 Hz, 1H), 7.35 – 7.28 (m, 7H), 7.22 (d, J = 7.6 Hz, 

2H), 7.19 – 7.14 (m, 3H), 7.02 – 6.95 (m, 3H), 4.88 (d, J = 6.1 Hz, 2H), 4.81 (d, J = 5.6 Hz, 2H), 1.52 

(s, 9H), 1.43 (s, 9H) ppm. 

 

N-(benzylcarbamothioyl)-4-methoxy-N'-phenylbenzimidamide (71a).  

4-methoxy-N-phenylbenzimidoyl chloride 125b (1.049 g, 4.26 

mmol), NaNCS (414 mg, 5.11 mmol) and benzylamine 134 (513 µL, 

4.7 mmol) were reacted according to general procedure B. The 

crude product was purified by flash silica gel chromatography 

(PE/EtOAc in 9/1 ratio) to achieve the intermediate imidoylthiourea 71a as a yellow solid (350 
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mg, yield 22%). 1H NMR (401 MHz, Chloroform-d) δ 12.45 (bs, 1H), 8.05 (bs, 1H), 7.41 – 7.28 (m, 

6H), 7.19 – 7.10 (m, 3H), 7.04 – 6.91 (m, 2H), 6.83 – 6.72 (m, 2H), 6.67 – 6.60 (m, 1H), 4.94 (d, J = 

5.1 Hz, 2H), 3.78 (s, 3H) ppm. 

 

N-(benzylcarbamothioyl)-3-methoxy-N'-phenylbenzimidamide (72a).  

3-methoxy-N-phenylbenzimidoyl chloride 126b (846 mg, 3.4 mmol), 

NaNCS (307 mg, 3.8 mmol) and benzylamine 134 (414 µL, 3.8 mmol) 

were reacted according to general procedure B. The crude product 

was purified by recrystallization from a mixture of EtOAc/MeOH 

(95/5, v/v) to achieve the intermediate imidoylthiourea 72a as a white crystalline solid (458 mg, 

yield 36%). 1H NMR (401 MHz, Chloroform-d) δ 12.38 (bs, 1H), 8.09 (bs, 1H), 7.45 – 7.25 (m, 5H), 

7.21 (t, J = 8.2 Hz, 1H), 7.12 (t, J = 7.7 Hz, 2H), 6.95 (t, J = 7.5 Hz, 1H), 6.85 (dd, J = 22.3, 7.8 Hz, 

2H), 6.70 (s, 1H), 6.64 (d, J = 7.7 Hz, 2H), 4.97 (d, J = 5.0 Hz, 2H), 3.65 (s, 3H) ppm. 

 

N-(benzylcarbamothioyl)-2-methoxy-N'-phenylbenzimidamide (73a).  

2-methoxy-N-phenylbenzimidoyl chloride 127b (1.1 g, 4.8 mmol), 

NaNCS (462 mg, 5.7 mmol) and bezylamine 134 (580 µL, 5.3 mmol) were 

reacted according to general procedure B. The crude product was 

purified by flash silica gel chromatography (PE/EtOAc in 91/9 ratio) to 

achieve the intermediate imidoylthiourea 73a as a yellow solid (686 mg, yield 41%). 1H NMR (401 

MHz, Chloroform-d) δ 12.41 (bs, 1H), 8.03 (bs, 1H), 7.45 – 7.40 (m, 2H), 7.40 – 7.33 (m, 2H), 7.33 

– 7.25 (m, 2H), 7.08 (td, J = 8.0, 3.4 Hz, 3H), 6.92 (t, J = 7.4 Hz, 1H), 6.85 (t, J = 7.5 Hz, 1H), 6.80 

(dd, J = 8.4, 0.9 Hz, 1H), 6.64 (d, J = 7.7 Hz, 2H), 4.97 (d, J = 5.3 Hz, 2H), 3.68 (s, 3H) ppm. 
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N-(benzylcarbamothioyl)-N'-phenylisonicotinimidamide (74a).  

N-phenylisonicotinimidoyl chloride hydrochloride 128b (460 mg, 1.82 

mmol), TEA (254 µL, 1.82 mmol), NaNCS (162 mg, 2 mmol) and 

benzylamine 134 (218 µL, 2 mmol) were reacted according to general 

procedure B. The crude product was purified by flash silica gel 

chromatography (DCM/MeOH in 99.5/0.5 ratio) to achieve the intermediate imidoylthiourea 74a 

as a white crystalline solid (354 mg, yield 56%). 1H NMR (401 MHz, Chloroform-d) δ 12.11 (bs, 

1H), 8.62 – 8.57 (m, 2H), 8.04 (s, 1H), 7.44 – 7.32 (m, 4H), 7.32 – 7.27 (m, 1H), 7.16 – 7.07 (m, 4H), 

6.98 (t, J = 7.5 Hz, 1H), 6.60 (dd, J = 7.6, 1.2 Hz, 2H), 4.96 (d, J = 5.4 Hz, 2H). 

 

N-(benzylcarbamothioyl)-N'-phenylnicotinimidamide (75a).  

 N-phenylnicotinimidoyl chloride hydrochloride 129b (460 mg, 1.82 

mmol), TEA (254 µL, 1.82 mmol), NaNCS (162 mg, 2 mmol) and 

benzylamine 134 (218 µL, 2 mmol) were reacted according to general 

procedure B. The crude product was purified by flash silica gel 

chromatography (DCM/MeOH in 99.5/0.5 ratio) to achieve the intermediate imidoylthiourea 75a 

as a white crystalline solid (360 mg, yield 57%). 1H NMR (401 MHz, Chloroform-d) δ 12.32 (bs, 

1H), 8.61 – 8.56 (m, 2H), 8.03 (s, 1H), 7.44 – 7.32 (m, 4H), 7.32 – 7.27 (m, 1H), 7.16 – 7.07 (m, 4H), 

6.98 (t, J = 7.5 Hz, 1H), 6.63 (dd, J = 7.6, 1.2 Hz, 2H), 4.98 (d, J = 5.4 Hz, 2H). 

 

N-(benzylcarbamothioyl)-N'-phenylfuran-2-carboximidamide (76a).  

N-phenylfuran-2-carbimidoyl chloride 130b (720 mg, 3.5 mmol), NaNCS 

(312 mg, 3.85 mmol) and benzylamine 134 (421 µL, 3.8 mmol) were 

reacted according to general procedure B. The crude product was 

purified by flash silica gel chromatography (PE/EtOAc in 95/5 ratio) to 

achieve the intermediate imidoylthiourea 76a as a brown solid (689 mg, yield 59%). 1H NMR (401 

MHz, Chloroform-d) δ 12.05 (bs, 1H), 8.85 (bs, 1H), 7.42 (d, J = 1.7 Hz, 1H), 7.39 – 7.27 (m, 7H), 
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7.15 (td, J = 7.4, 1.3 Hz, 1H), 6.83 (d, J = 7.8 Hz, 2H), 6.28 (dd, J = 3.7, 1.8 Hz, 1H), 5.68 (d, J = 3.7 

Hz, 1H), 4.98 (d, J = 5.5 Hz, 2H) ppm. 

 

N-(benzylcarbamothioyl)-N'-(m-tolyl)benzimidamide (77a).  

N-(m-tolyl)benzimidoyl chloride 131b (950 mg, 4.1 mmol), NaNCS 

(369 mg, 4.5 mmol) and benzylamine 134 (497 µL, 4.5 mmol) were 

reacted according to general procedure B. The crude product was 

purified by flash silica gel chromatography (PE/EtOAc in 96/4 ratio) to 

achieve the intermediate imidoylthiourea 77a as a brown solid (340 mg, yield 24%). 1H NMR (401 

MHz, Chloroform-d) δ 12.42 (bs, 1H), 8.05 (bs, 1H), 7.42 (d, J = 7.5 Hz, 2H), 7.36 (dd, J = 8.4, 6.3 

Hz, 3H), 7.32 – 7.26 (m, 3H), 7.26 – 7.19 (m, 2H), 6.97 (t, J = 7.7 Hz, 1H), 6.76 (d, J = 7.6 Hz, 1H), 

6.48 (s, 1H), 6.38 (d, J = 7.8 Hz, 1H), 4.98 (d, J = 5.4 Hz, 2H), 2.18 (s, 3H) ppm. 

 

N'-benzyl-N-(benzylcarbamothioyl)benzimidamide (78a).  

N-benzylbenzimidoyl chloride 132b (1.105 g, 4.8 mmol), NaNCS (462 

mg, 5.7 mmol) and bezylamine 134 (580 µL, 5.3 mmol) were reacted 

according to general procedure B. The crude product was purified by 

flash silica gel chromatography (PE/EtOAc in 91/9 ratio) to achieve the 

intermediate imidoylthiourea 78a as a white solid (1.154 g, yield 67%). 

E/Z 1H NMR (401 MHz, Chloroform-d) δ 12.79 (s, 2H), 7.85 – 7.76 (m, 2H), 7.55 – 7.41 (m, 8H), 

7.41 – 7.27 (m, 16H), 7.20 (q, J = 4.5, 3.5 Hz, 4H), 6.98 (dd, J = 6.6, 2.9 Hz, 2H), 4.88 (d, J = 4.9 Hz, 

2H), 4.66 (d, J = 5.7 Hz, 2H), 4.55 (s, 2H), 4.36 (s, 2H) ppm. 

 

N-(benzylcarbamothioyl)-N'-cyclohexylbenzimidamide (79a).  

N-cyclohexylbenzimidoyl chloride 133b (1.051 g, 4.7 mmol), NaNCS (422 

mg, 5.2 mmol) and bezylamine 134 (568 µL, 5.2 mmol) were reacted 

according to general procedure B. The crude product was purified by 

flash silica gel chromatography (PE/EtOAc in 93/7 ratio) to achieve the 
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intermediate imidoylthiourea 79a as a light-yellow solid (375 mg, yield 23%). E/Z 1H NMR (401 

MHz, Chloroform-d) δ 12.94 (d, J = 43.7 Hz, 2H), 7.64 (tt, J = 4.7, 2.5 Hz, 1H), 7.62 – 7.55 (m, 1H), 

7.54 – 7.38 (m, 10H), 7.38 – 7.30 (m, 6H), 7.29 – 7.22 (m, 4H), 4.86 (d, 5.4 Hz, 2H), 4.77 (d, J = 5.5 

Hz, 2H), 3.48 (m, 1H), 3.07 (tt, J = 8.9, 3.6 Hz, 1H), 1.84 (s, 2H), 1.75 (dd, J = 11.2, 5.5 Hz, 2H), 1.57 

– 1.38 (m, 8H), 1.25 – 1.15 (m, 4H), 1.09 (d, J = 6.5 Hz, 4H) ppm. 

 

N-(benzylcarbamothioyl)-N'-(pyridin-4-yl)benzimidamide (80a).  

(isothiocyanatomethyl)benzene 90 (350 µL, 2.64 mmol) and N'-(pyridin-

4-yl)benzimidamide 88 (521 mg, 2.64 mmol) were reacted according to 

general procedure A. The crude product was purified by flash silica gel 

chromatography (DCM/MeOH in 99/1 ratio) to achieve the 

intermediate imidoylthiourea 80a as a white solid (222 mg, yield 24%). 1H NMR (401 MHz, 

Chloroform-d) δ 11.88 (bs, 1H), 8.29 (dd, J = 6.0, 3.0 Hz, 2H), 8.21 (bs, 1H), 7.44 – 7.35 (m, 4H), 

7.35 – 7.27 (m, 4H), 7.25 – 7.22 (m, 1H), 7.21 (d, J = 1.5 Hz, 1H), 6.54 (dd, J = 6.2, 3.0 Hz, 2H), 4.96 

(d, J = 5.3 Hz, 2H) ppm. 

 

N-(benzylcarbamothioyl)-N'-(pyridin-3-yl)benzimidamide (81a).  

(isothiocyanatomethyl)benzene 90 (1.173 mL, 8.84 mmol) and N'-

(pyridin-3-yl)benzimidamide 89 (1.744 g, 8.84 mmol) were reacted 

according to general procedure A. The crude product was purified by 

flash silica gel chromatography (DCM/MeOH in 99.5/0.5 ratio) to 

achieve the intermediate imidoylthiourea 81a as a white solid (582 mg, yield 19%). 1H NMR (401 

MHz, Chloroform-d) δ 12.12 (bs, 1H), 8.23 – 8.13 (m, 2H), 7.96 (dd, J = 2.5, 0.8 Hz, 1H), 7.44 – 7.27 

(m, 8H), 7.24 – 7.19 (m, 2H), 7.03 (pseudo dd, J = 8.1, 4.7, 1H), 6.91 (pseudo ddd, J = 8.1, 2.6, 1.5 

Hz, 1H), 4.97 (d, J = 5.3 Hz, 2H). 
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N-((3-methoxybenzyl)carbamothioyl)-N'-phenylisonicotinimidamide (82a).  

 N-phenylisonicotinimidoyl chloride hydrochloride 128b (845 mg, 

3.34 mmol), TEA (466 µL, 3.34 mmol), NaNCS (298 mg, 3.67 mmol) 

and (3-methoxyphenyl)methanamine 139 (470 µL, 3.67 mmol) 

were reacted according to general procedure B. The crude product 

was purified by flash silica gel chromatography (DCM/MeOH in 99/1 ratio) to achieve the 

intermediate imidoylthiourea 82a as a yellow solid (370 mg, yield 27%). 1H NMR (401 MHz, 

Chloroform-d) δ 12.10 (bs, 1H), 8.69 – 8.65 (m, 1H), 8.62 (bs, 1H), 7.54 – 7.46 (m, 1H), 7.36 – 7.31 

(m, 1H), 7.29 – 7.26 (m, 2H), 7.17 (d, J = 12.2 Hz, 3H), 6.98 (s, 1H), 6.97 – 6.93 (m, 2H), 6.84 (dd, J 

= 8.1, 2.6 Hz, 2H), 4.93 (d, J = 6.0 Hz, 2H) ppm. 

 

1-benzyl-3-(pyridin-2-yl)thiourea (148a).  

 (isothiocyanatomethyl)benzene 90 (530 µL, 4 mmol) and pyridin-2-amine 

146 (376 mg, 4 mmol) were reacted according to general procedure A. The 

crude product was purified by flash silica gel chromatography (PE/EtOAc 

in 90/10 ratio) to achieve the intermediate thiourea 148a as a white solid (659 mg, yield 68%). 

1H NMR (401 MHz, Chloroform-d) δ 12.06 (s, 1H), 8.82 (s, 1H), 8.09 (d, J = 4.8 Hz, 1H), 7.65 (t, J = 

7.2 Hz, 1H), 7.44 – 7.39 (m, 2H), 7.36 (t, J = 7.4 Hz, 2H), 7.32 – 7.27 (m, 1H), 6.95 (t, J = 6.3 Hz, 1H), 

6.84 (s, 1H), 5.00 (d, J = 5.4 Hz, 2H) ppm. 

 

1-benzyl-3-(4-(2-methoxyethyl)pyridin-2-yl)thiourea (149a).  

(isothiocyanatomethyl)benzene 90 (262 µL, 2 mmol) and 4-(2-

methoxyethyl)pyridin-2-amine 147 (300 mg, 2 mmol) were reacted 

according to general procedure A. The crude product was purified by flash 

silica gel chromatography (DCM/MeOH in 98/2 ratio) to achieve the 

intermediate thiourea 149a as a white solid (600 mg, yield 100%). 1H NMR 

(401 MHz, DMSO-d6) δ 12.13 (t, J = 5.7 Hz, 1H), 10.62 (s, 1H), 8.06 (d, J = 5.3 Hz, 1H), 7.39 – 7.23 
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(m, 5H), 7.07 (dd, J = 1.6, 0.8 Hz, 1H), 6.93 (dd, J = 5.4, 1.4 Hz, 1H), 4.91 (d, J = 5.7 Hz, 2H), 3.55 (t, 

J = 6.3 Hz, 2H), 3.23 (s, 3H), 2.77 (t, J = 6.3 Hz, 2H) ppm. 

 

 

5.8 General procedure for the synthesis of benzimidamides 88 and 89.  

A solution of the appropriate amine 102 and 103 (1 equiv) in dry DMF (2 M) was treated with 

NaH (60% dispersion in mineral oil, 1.5 equiv) at 0 °C and stirred at the same temperature for 30 

min. Then, benzonitrile 101 (1.5 equiv) was added to the reaction mixture, which was stirred at 

room temperature until TLC indicated the total consumption of the amine. The reaction was 

quenched with 5% aqueous NaHCO3 and extracted with EtOAc (3x20mL). The combined organic 

layers was washed with brine (2x20mL), dried over Na2SO4, and then concentrated in vacuum. 

The crude product was triturated with EtOAc, filtered and washed to afford the desired 

benzimidamide (Scheme 8).  

 

N'-(pyridin-4-yl)benzimidamide (88).  

Pyridin-4-amine 102 (376 mg, 4 mmol), benzonitrile 101 (619 μL, 6 mmol) and 

NaH (240 mg, 6 mmol) were reacted according to general procedure. The 

intermediate benzimidamide 88 was obtained as a white crystalline solid (543 

mg, yield 69%) 1H NMR (401 MHz, Chloroform-d) δ 8.51 (d, J = 5.2 Hz, 2H), 7.87 (d, J = 7.4 Hz, 2H), 

7.59 – 7.35 (m, 3H), 6.92 (d, J = 5.2 Hz, 2H), 4.92 (bs, 2H) ppm. 

 

N'-(pyridin-3-yl)benzimidamide (89).  

Pyridin-3-amine 103 (941 mg, 10 mmol), benzonitrile 101 (1.547 mL, 15 mmol) 

and NaH (600 mg, 15 mmol) were reacted according to general procedure. The 

intermediate benzimidamide 89 was obtained as a white crystalline solid (1.79 

g, yield 91%) 1H NMR (401 MHz, DMSO-d6) δ 8.18 (d, J = 4.9 Hz, 1H), 8.11 (s, 1H), 7.98 (d, J = 7.4 

Hz, 2H), 7.54 – 7.37 (m, 3H), 7.31 (dd, J = 8.0, 4.6 Hz, 1H), 7.24 (d, J = 8.1 Hz, 1H), 6.57 (bs, 2H) 

ppm. 
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5.9 General procedure for Isothiocyanates 93-100 synthesis.  

TCDI 112 (1.5 equiv)  was  dissolved  in dry DMF (2 M) at 50°C. To this solution, a 1 M solution of 

the appropriate amine 104-111 (1.0 equiv) and TEA (1.5 equiv) in DMF was added dropwise. The 

mixture was stirred at 50°C for 5-6h, then diluted with water and extracted with EtOAc (3x10mL). 

The combined organic phases were washed with water (2x20mL), dried over Na2SO4 and 

concentrated. The residue was purified via flash silica gel column chromatography to give the 

desired compound, unless otherwise noted (Scheme 9). 

 

1-(isothiocyanatomethyl)-4-methylbenzene (93).  

p-tolylmethanamine 104 (764 µL, 6.0 mmol), TCDI 112 (1.604 g, 9.0 mmol) and 

TEA (1.250 mL, 9.0 mmol) were reacted according to general procedure. The 

crude product was purified by flash silica gel chromatography (PE/EtOAc in 99/1 ratio) to achieve 

the intermediate isothiocyanate 93 as a colorless liquid (774 mg, yield 79%). 1H NMR (401 MHz, 

Chloroform-d) δ 7.20 (s, 4H), 4.67 (s, 2H), 2.36 (s, 3H) ppm. 

 

1-(isothiocyanatomethyl)-4-methoxybenzene (94).  

(4-methoxyphenyl)methanamine 105 (428 µL, 3.3 mmol), TCDI 112 (882 mg, 

4.95 mmol) and TEA (688 µL, 4.95 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 99/1 ratio) to achieve the intermediate isothiocyanate 94 as a 

light-yellow liquid (458 mg, yield 77%). 1H NMR (401 MHz, Chloroform-d) δ 7.24 (d, J = 8.9 Hz, 

2H), 6.91 (d, J = 8.7 Hz, 2H), 4.64 (s, 2H), 3.82 (s, 3H) ppm. 

 

1-fluoro-4-(isothiocyanatomethyl)benzene (95).  

(4-fluorophenyl)methanamine 106 (572 µL, 5.0 mmol), TCDI 112 (1.337 g, 7.5 

mmol) and TEA (1.042 mL, 7.5 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel chromatography 
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(PE/EtOAc in 99/1 ratio) to achieve the intermediate isothiocyanate 95 as a colorless liquid (494 

mg, yield 59%). 1H NMR (401 MHz, Chloroform-d) δ 7.33 – 7.27 (m, 2H), 7.08 (t, J = 8.6 Hz, 2H), 

4.69 (s, 2H) ppm. 

 

1-chloro-4-(isothiocyanatomethyl)benzene (96).  

(4-chlorophenyl)methanamine 107 (403 µL, 3.3 mmol), TCDI 112 (882 mg, 

4.95 mmol) and TEA (688 µL, 4.95 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 99/1 ratio) to achieve the intermediate isothiocyanate 96 as a 

light-yellow liquid (244 mg, yield 50%). 1H NMR (401 MHz, Chloroform-d) δ 7.37 (d, J = 8.5 Hz, 

2H), 7.26 (d, J = 8.1 Hz, 2H), 4.69 (s, 2H) ppm. 

 

1-(isothiocyanatomethyl)-3-methoxybenzene (97).  

(3-methoxyphenyl)methanamine 108 (1.932 mL, 15.0 mmol), TCDI 112 

(4.011 g, 22.5 mmol) and TEA (3.126 mL, 22.5 mmol) were reacted 

according to general procedure. The crude product was purified by flash 

silica gel chromatography (PE/EtOAc in 99/1 ratio) to achieve the intermediate isothiocyanate 97 

as a light-yellow liquid (1.517 g, yield 56%). 1H NMR (401 MHz, Chloroform-d) δ 7.30 (t, J = 7.8 Hz, 

1H), 6.91 – 6.84 (m, 3H), 4.69 (s, 2H), 3.83 (s, 3H) ppm. 

 

1-chloro-3-(isothiocyanatomethyl)benzene (98).  

(3-chlorophenyl)methanamine 109 (604 µL, 5.0 mmol), TCDI 112 (1.337 g, 

7.5 mmol) and TEA (1.042 mL, 7.5 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel 

chromatography (PE/EtOAc in 99/1 ratio) to achieve the intermediate isothiocyanate 98 as a 

light-yellow liquid (659 mg, yield 72%). 1H NMR (401 MHz, Chloroform-d) δ 7.32 (dd, J = 5.1, 4.0 

Hz, 3H), 7.21 (dq, J = 5.7, 3.5, 2.3 Hz, 1H), 4.71 (s, 2H) ppm. 
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1-(isothiocyanatomethyl)-2-methoxybenzene (99).  

(2-methoxyphenyl)methanamine 110 (649 µL, 5.0 mmol), TCDI 112 (1.337 g, 7.5 

mmol) and TEA (1.042 mL, 7.5 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel chromatography 

(PE/EtOAc in 99/1 ratio) to achieve the intermediate isothiocyanate 99 as a white crystalline solid 

(419 mg, yield 47%). 1H NMR (401 MHz, Chloroform-d) δ 7.33 (t, J = 8.4 Hz, 2H), 6.98 (t, J = 7.5 Hz, 

1H), 6.90 (d, J = 8.8 Hz, 1H), 4.70 (s, 2H), 3.86 (s, 3H) ppm. 

 

1-chloro-2-(isothiocyanatomethyl)benzene (100).  

(2-chlorophenyl)methanamine 111 (604 µL, 5.0 mmol), TCDI 112 (1.337 g, 7.5 

mmol) and TEA (1.042 mL, 7.5 mmol) were reacted according to general 

procedure. The crude product was purified by flash silica gel chromatography (PE/EtOAc in 99/1 

ratio) to achieve the intermediate isothiocyanate 100 as a colorless liquid (327 mg, yield 36%). 1H 

NMR (401 MHz, Chloroform-d) δ 7.48 – 7.44 (m, 1H), 7.43 – 7.38 (m, 1H), 7.36 – 7.28 (m, 2H), 

4.83 (s, 2H) ppm. 

 

 

5.10  General procedure for the synthesis of Amides 124a-133a.  

A solution of aromatic or heteroaromatic  acyl chloride 113-119 (1.0 equiv) in dry THF (5M) was 

slowly added at 0°C to a solution of the appropriate amine 120-123 (1.05 equiv) and TEA (1.1 - 2 

equiv) in dry THF (2M). The reaction mixture was stirred for 2-6 h at room temperature. The 

formed triethylammonium chloride was removed by filtration and washed with THF. The solvent 

was removed in vacuum from the filtrate, to give a solid residue that was washed with pentane 

and filtered to afford the desired compound (Scheme 10).  
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N-phenylbenzamide (124a).  

Aniline 120 (489 µL, 5.25 mmol), benzoyl chloride 113 (580 µL, 5 mmol) and TEA 

(768 µL, 5.5 mmol) were reacted according to general procedure. The 

precipitate was removed from the reaction mixture and the solvent evaporated 

from the filtrate. The solid residue was washed with pentane and filtered to afford the desired 

amide 124a as a white solid (986 mg, yield 100%). 1H NMR (401 MHz, Chloroform-d) δ 7.91 – 7.85 

(m, 2H), 7.81 (bs, 1H), 7.68 – 7.62 (m, 2H), 7.59 – 7.52 (m, 1H), 7.52 – 7.44 (m, 2H), 7.42 – 7.33 

(m, 2H), 7.16 (ddt, J = 8.6, 7.2, 1.2 Hz, 1H) ppm. 

 

4-methoxy-N-phenylbenzamide (125a).  

Aniline 120 (489 µL, 5.25 mmol), 4-methoxybenzoyl chloride 114 (677 µL, 5 

mmol) and TEA (768 µL, 5.5 mmol) were reacted according to general 

procedure. The precipitate was removed from the reaction mixture and the 

solvent evaporated from the filtrate. The solid residue was washed with pentane and filtered to 

afford the desired amide 125a as a light yellow solid (1.067 g, yield 94%). 1H NMR (401 MHz, 

Chloroform-d) δ 7.87 – 7.82 (m, 2H), 7.80 (bs, 1H), 7.66 – 7.60 (m, 2H), 7.40 – 7.33 (m, 2H), 7.14 

(tt, J = 7.2, 1.1 Hz, 1H), 7.00 – 6.93 (m, 2H), 3.87 (s, 3H) ppm. 

 

3-methoxy-N-phenylbenzamide (126a).  

Aniline 120 (489 µL, 5.25 mmol), 3-methoxybenzoyl chloride 115 (704 µL, 5 

mmol) and TEA (768 µL, 5.5 mmol) were reacted according to general 

procedure. The precipitate was removed from the reaction mixture and the 

solvent evaporated from the filtrate. The solid residue was washed with pentane and filtered to 

afford the desired amide 126a as a light yellow solid (970 mg, yield 85%). 1H NMR (401 MHz, 

Chloroform-d) δ 7.83 (bs, 1H), 7.67 – 7.61 (m, 2H), 7.46 – 7.42 (m, 1H), 7.41 – 7.34 (m, 4H), 7.16 

(td, J = 7.4, 1.2 Hz, 1H), 7.12 – 7.05 (m, 1H), 3.87 (s, 3H) ppm. 
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2-methoxy-N-phenylbenzamide (127a).  

Aniline 120 (489 µL, 5.25 mmol), 2-methoxybenzoyl chloride 116 (704 µL, 5 

mmol) and TEA (768 µL, 5.5 mmol) were reacted according to general 

procedure. The precipitate was removed from the reaction mixture and the 

solvent evaporated from the filtrate. The solid residue was washed with pentane and filtered to 

afford the desired amide 127a as a light yellow solid (1.135 mg, yield 100%). 1H NMR (401 MHz, 

Chloroform-d) δ 9.77 (bs, 1H), 8.30 (dd, J = 7.8, 1.9 Hz, 1H), 7.72 – 7.64 (m, 2H), 7.49 (ddd, J = 8.3, 

7.3, 1.9 Hz, 1H), 7.40 – 7.32 (m, 2H), 7.18 – 7.09 (m, 2H), 7.03 (d, J = 8.3 Hz, 1H), 4.06 (s, 3H) ppm. 

 

N-phenylisonicotinamide (128a).  

Aniline 120 (489 µL, 5.25 mmol), Isonicotinoyl chloride hydrochloride 117 (890 

mg, 5 mmol) and TEA (1.396 mL, 10 mmol) were reacted according to general 

procedure. The precipitate was removed from the reaction mixture and the 

solvent evaporated from the filtrate. The solid residue was washed with pentane and filtered to 

afford the desired amide 128a as a white solid (956 mg, yield 96%). 1H NMR (401 MHz, 

Chloroform-d) δ 8.80 (d, J = 6.1 Hz, 2H), 7.94 (bs, 1H), 7.72 (d, J = 6.1 Hz, 2H), 7.64 (d, J = 8.0 Hz, 

2H), 7.40 (t, J = 7.8 Hz, 2H), 7.20 (t, J = 7.6 Hz, 1H) ppm. 

 

N-phenylnicotinamide (129a).  

Aniline 120 (489 µL, 5.25 mmol), nicotinoyl chloride hydrochloride 118 (890 mg, 

5 mmol) and TEA (1.396 mL, 10 mmol) were reacted according to general 

procedure. The precipitate was removed from the reaction mixture and the 

solvent evaporated from the filtrate. The solid residue was washed with pentane and filtered to 

afford the desired amide 129a as a white solid (854 mg, yield 86%). 1H NMR (401 MHz, DMSO-d6) 

δ 10.45 (bs, 1H), 9.11 (dd, J = 2.3, 0.9 Hz, 1H), 8.76 (dd, J = 4.8, 1.7 Hz, 1H), 8.30 (ddd, J = 7.9, 2.4, 

1.7 Hz, 1H), 7.83 – 7.73 (m, 2H), 7.57 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H), 7.41 – 7.32 (m, 2H), 7.13 (ddt, 

J = 8.6, 7.4, 1.2 Hz, 1H) ppm. 
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N-phenylfuran-2-carboxamide (130a).  

Aniline 120 (580 µL, 6.3 mmol), 2-furoyl chloride 119 (590 µL, 6 mmol) and TEA 

(920 µL, 6.6 mmol) were reacted according to general procedure. The 

precipitate was removed from the reaction mixture and the solvent evaporated 

from the filtrate. The solid residue was washed with pentane and filtered to afford the desired 

amide 130a as a white solid (951 mg, yield 85%). 1H NMR (401 MHz, Chloroform-d) δ 8.17 – 7.98 

(bs, 1H), 7.65 (dt, J = 8.6, 1.0 Hz, 2H), 7.51 (dd, J = 1.8, 1.0 Hz, 1H), 7.36 (td, J = 7.4, 1.5 Hz, 2H), 

7.24 (d, J = 3.4 Hz, 1H), 7.15 (td, J = 7.4, 1.2 Hz, 1H), 6.60 – 6.52 (m, 1H) ppm. 

 

N-(m-tolyl)benzamide (131a).  

 m-toluidine 121 (563 µL, 5.25 mmol), benzoyl chloride 113 (580 µL, 5 mmol) 

and TEA (768 µL, 5.5 mmol) were reacted according to general procedure. 

The precipitate was removed from the reaction mixture and the solvent 

evaporated from the filtrate. The solid residue was washed with pentane and filtered to afford 

the desired amide 131a as a grey solid (960 mg, yield 91%). 1H NMR (401 MHz, Chloroform-d) δ 

7.86 (d, J = 8.2 Hz, 2H), 7.83 (bs, 1H), 7.57 – 7.45 (m, 4H), 7.42 (d, J = 8.0 Hz, 1H), 7.25 (t, J = 7.8 

Hz, 1H), 6.97 (d, J = 7.6 Hz, 1H), 2.37 (s, 3H) ppm. 

 

N-benzylbenzamide (132a).  

 Benzylamine 122 (573 µL, 5.25 mmol), benzoyl chloride 113 (580 µL, 5 mmol) 

and TEA (768 µL, 5.5 mmol) were reacted according to general procedure. 

The precipitate was removed from the reaction mixture and the solvent 

evaporated from the filtrate. The solid residue was washed with pentane and filtered to afford 

the desired amide 132a as a white solid (1.062 g, yield 100%). 1H NMR (401 MHz, Chloroform-d) 

δ 7.84 – 7.74 (m, 2H), 7.53 – 7.46 (m, 1H), 7.46 – 7.39 (m, 2H), 7.38 – 7.34 (m, 4H), 7.34 – 7.28 

(m, 1H), 6.43 (bs, 1H), 4.65 (d, J = 5.6 Hz, 2H) ppm. 
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N-cyclohexylbenzamide (133a).  

 Cyclohexylamine 123 (570 µL, 5 mmol), benzoyl chloride 113 (580 µL, 5 mmol) 

and TEA (768 µL, 5.5 mmol) were reacted according to general procedure. The 

precipitate was removed from the reaction mixture and the solvent evaporated 

from the filtrate. The solid residue was washed with pentane and filtered to afford the desired 

amide 133a as a pink solid (1.037 g, yield 100%). 1H NMR (401 MHz, Chloroform-d) δ 7.77 – 7.72 

(m, 2H), 7.51 – 7.45 (m, 1H), 7.44 – 7.38 (m, 2H), 5.96 (bs, 1H), 3.99 (dddd, J = 14.6, 10.6, 8.0, 3.9 

Hz, 1H), 2.03 (dt, J = 12.3, 4.0 Hz, 2H), 1.82 – 1.71 (m, 2H), 1.70 – 1.60 (m, 1H), 1.50 – 1.37 (m, 

2H), 1.31 – 1.15 (m, 3H) ppm. 

 

 

5.11  General procedure for imidoyl chlorides 124b-126b, 128b-133b synthesis.  

The appropriate amide 124a-126a, 128a-133a (1.0 equiv) was dissolved in thionyl chloride (4.3 

equiv) and the resulting mixture was heated at 70°C for 2-2.5 h. Then, the reaction mixture was 

cooled to room temperature, and the remaining thionyl chloride was removed in vacuum to 

afford the desired compound that was used in the next step without further purification (Scheme 

10).  

 

N-phenylbenzimidoyl chloride (124b).  

N-phenylbenzamide 124a (980 mg, 4.97 mmol) and thionylchloride (1.558 mL, 

21.36 mmol) were reacted according to general procedure. The remaining 

thionyl chloride was removed in vacuum to afford the desired imidoyl chloride 

124b as a white solid (986 mg, yield 92%). 1H NMR (401 MHz, Chloroform-d) δ 8.17 (dt, J = 7.2, 

1.4 Hz, 2H), 7.59 – 7.51 (m, 1H), 7.48 (dd, J = 8.3, 6.9 Hz, 2H), 7.45 – 7.34 (m, 2H), 7.21 (td, J = 7.5, 

1.2 Hz, 1H), 7.02 (dt, J = 8.2, 1.2 Hz, 2H) ppm. 
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4-methoxy-N-phenylbenzimidoyl chloride (125b).  

4-methoxy-N-phenylbenzamide 125a (1.03 g, 4.53 mmol) and 

thionylchloride (1.42 mL, 19.48 mmol) were reacted according to general 

procedure. The remaining thionyl chloride was removed in vacuum to 

afford the desired imidoyl chloride 125b as a light-brown solid (1.054 g, yield 95%). 1H NMR (401 

MHz, Chloroform-d) δ 8.16 – 8.09 (m, 2H), 7.43 – 7.37 (m, 2H), 7.20 (t, J = 8.2 Hz, 1H), 7.02 – 6.97 

(m, 4H), 3.89 (s, 3H) ppm. 

 

3-methoxy-N-phenylbenzimidoyl chloride (126b).  

3-methoxy-N-phenylbenzamide 126a (943 mg, 4.15 mmol) and 

thionylchloride (1.211 mL, 16.6 mmol) were reacted according to general 

procedure. The remaining thionyl chloride was removed in vacuum to 

afford the desired imidoyl chloride 126b as a yellow solid (846 mg, yield 83%). 1H NMR (401 MHz, 

Chloroform-d) δ 7.77 (ddd, J = 7.8, 1.8, 0.9 Hz, 1H), 7.71 (dd, J = 2.6, 1.7 Hz, 1H), 7.45 – 7.36 (m, 

3H), 7.24 – 7.18 (m, 1H), 7.10 (ddd, J = 8.3, 2.7, 1.0 Hz, 1H), 7.04 – 6.99 (m, 2H), 3.89 (s, 3H) ppm. 

 

N-phenylisonicotinimidoyl chloride hydrochloride (128b).  

N-phenylisonicotinamide 128a (946 mg, 4.8 mmol) and thionylchloride (1.497 

mL, 20.5 mmol) were reacted according to general procedure. The remaining 

thionyl chloride was removed in vacuum to afford the desired imidoyl chloride 

128b as a yellow solid (927 mg, yield 76%). 1H NMR (401 MHz, Chloroform-d) δ 8.96 (d, J = 6.4 Hz, 

2H), 8.66 (d, J = 6.2 Hz, 2H), 7.54 – 7.45 (m, 2H), 7.36 (tt, J = 7.5, 1.1 Hz, 1H), 7.24 – 7.15 (m, 2H) 

ppm. 
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N-phenylnicotinimidoyl chloride hydrochloride (129b).  

N-phenylnicotinamide 129a (825 mg, 4.16 mmol) and thionylchloride (1.306 

mL, 17.9 mmol) were reacted according to general procedure. The remaining 

thionyl chloride was removed in vacuum to afford the desired imidoyl chloride 

129b as a yellow solid (810 mg, yield 77%). 1H NMR (401 MHz, DMSO-d6) δ 9.05 (s, 1H), 8.47 – 

8.40 (m, 2H), 7.87 – 7.79 (m, 2H), 7.43 – 7.36 (m, 3H), 7.21 – 7.15 (m, 1H) ppm.  

 

N-phenylfuran-2-carbimidoyl chloride (130b).  

N-phenylfuran-2-carboxamide 130a (739 mg, 3.95 mmol) and thionylchloride 

(1.24 mL, 17 mmol) were reacted according to general procedure. The 

remaining thionyl chloride was removed in vacuum to afford the desired imidoyl 

chloride 130b as a brown solid (720 mg, yield 89%). 1H NMR (401 MHz, Chloroform-d) δ 7.64 (dt, 

J = 1.8, 0.9 Hz, 1H), 7.44 – 7.35 (m, 2H), 7.24 – 7.17 (m, 2H), 7.06 (dq, J = 7.2, 1.1 Hz, 2H), 6.57 

(ddd, J = 3.5, 1.8, 0.9 Hz, 1H) ppm. 

 

N-(m-tolyl)benzimidoyl chloride (131b).  

 N-(m-tolyl)benzamide 131a (920 mg, 4.4 mmol) and thionylchloride (1.364 

mL, 18.7 mmol) were reacted according to general procedure. The remaining 

thionyl chloride was removed in vacuum to afford the desired imidoyl 

chloride 131b as a white solid (994 mg, yield 98%). 1H NMR (401 MHz, Chloroform-d) δ 8.22 – 

8.16 (m, 2H), 7.59 – 7.52 (m, 1H), 7.52 – 7.46 (m, 2H), 7.31 (t, J = 7.6 Hz, 1H), 7.04 (d, J = 7.6 Hz, 

1H), 6.88 – 6.81 (m, 2H), 2.41 (s, 3H) ppm. 

 

N-benzylbenzimidoyl chloride (132b).  

 N-benzylbenzamide 132a (1.052 g, 5 mmol) and thionylchloride (1.460 mL, 

20 mmol) were reacted according to general procedure. The remaining 

thionyl chloride was removed in vacuum to afford the desired imidoyl 
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chloride 132b as a yellow liquid (1.111 g, yield 97%). 1H NMR (401 MHz, Chloroform-d) δ 8.11 – 

8.05 (m, 2H), 7.52 – 7.40 (m, 5H), 7.40 – 7.34 (m, 2H), 7.32 – 7.28 (m, 1H), 4.95 (s, 2H) ppm. 

 

N-cyclohexylbenzimidoyl chloride (133b).  

N-cyclohexylbenzamide 133a (1.029 g, 5 mmol) and thionylchloride (1.460 mL, 

20 mmol) were reacted according to general procedure. The remaining thionyl 

chloride was removed in vacuum to afford the desired imidoyl chloride 133b as 

a brown oil (1.054 g, yield 95%). 1H NMR (401 MHz, Chloroform-d) δ 8.02 (d, J = 7.6 Hz, 2H), 7.51 

– 7.43 (m, 1H), 7.43 – 7.36 (m, 2H), 3.91 (tt, J = 10.1, 3.6 Hz, 1H), 1.94 – 1.79 (m, 4H), 1.72 – 1.56 

(m, 3H), 1.49 – 1.30 (m, 3H) ppm. 

 

 

5.12  Synthesis of imidoyl chloride 127b.  

2-methoxy-N-phenylbenzimidoyl chloride (127b) (Scheme 10).  

An equimolar mixture of 2-methoxy-N-phenylbenzamide 127a (1.269 g, 5.6 

mmol) and phosphorus pentachloride (1.163g, 5.6 mmol) was heated in toluene 

(5 mL) at reflux temperature for 4 h. Then, the reaction mixture was cooled to 

room temperature and the solids formed were filtered off. The solvent was removed under 

reduced pressure from the filtrate to afford the desired imidoyl chloride 127b as a brown oil 

(1.112 g, yield 81%), which was used in the next step without further purification. 1H NMR (401 

MHz, Chloroform-d) δ 7.61 (dd, J = 7.7, 1.8 Hz, 1H), 7.44 – 7.33 (m, 4H), 7.22 – 7.17 (m, 1H), 7.07 

– 7.02 (m, 3H), 3.92 (s, 3H) ppm. 
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5.13  General procedure for the synthesis of final 1,3,4- thiadiazolylidenes 47, 48 and 

thiazolylidene 49. 

The appropriate 3-benzyl intermediate 150d-152b (1 equiv) was dissolved in dry DCM (0.2 M) 

and pyridine (1.2 equiv) was added to the solution under inert conditions. The mixture was 

cooled to 0°C, and a solution of N-phenylbenzimidoyl chloride 124b (1.1 equiv) in dry DCM (0.3 

M) was slowly added. When the addition was completed, the mixture was left stirring at 0°C for 

1h, then at room temperature for additional 12h. Afterward, the reaction mixture was quenched 

with water and extracted with DCM (3x20mL). The organic layers were combined, washed with 

water (2x20mL), dried over Na2SO4 and concentrated in vacuum. The remaining crude material 

was purified with flash silica gel column chromatography (Scheme 12). 

  

 (E)-N-((Z)-3-benzyl-5-methyl-1,3,4-thiadiazol-2(3H)-ylidene)-N'-phenylbenzimidamide (47).  

3-benzyl-5-methyl-1,3,4-thiadiazol-2(3H)-imine 150d (500 mg, 2.43 mmol), 

N-phenylbenzimidoyl chloride 124b (625 mg, 2.9 mmol) and pyridine (243 

μL, 2.9 mmol) were reacted according to general procedure. The crude 

product was purified by flash silica gel chromatography (PE/EtOAc in 98/2 

ratio) to achieve the final compound 47 as a yellow solid (222 mg, yield 

23%). 1H NMR (401 MHz, DMSO-d6) δ 7.43 – 7.34 (m, 6H), 7.29 (dq, J = 14.5, 7.7, 7.1 Hz, 4H), 7.18 

(t, J = 7.7 Hz, 2H), 6.93 (t, J = 7.4 Hz, 1H), 6.68 (d, J = 7.7 Hz, 2H), 5.53 (s, 2H), 2.47 (s, 3H) ppm. 13C 

NMR (101 MHz, DMSO-d6) δ 159.75, 157.61, 153.72, 148.77, 136.38, 135.85, 129.25 (2C), 129.15, 

128.76 (2C), 128.63 (2C), 128.00 (2C), 127.83 (2C), 127.75, 122.17, 121.65 (2C), 52.51, 15.75 ppm. 

Rt = 4.77 min (apolar method); ESI-MS for C23H20N4S: calculated 384.14, found m/z 385.21 [M + 

H]+; UPLC-MS purity (UV 215 nm) 96 %. 
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 (E)-N-((Z)-3-benzyl-1,3,4-thiadiazol-2(3H)-ylidene)-N'-phenylbenzimidamide (48).  

3-benzyl-1,3,4-thiadiazol-2(3H)-imine 151d (363 mg, 1.9 mmol), N-

phenylbenzimidoyl chloride 124b (500 mg, 2.3 mmol) and pyridine (185 μL, 

2.3 mmol) were reacted according to general procedure. The crude product 

was purified by flash silica gel chromatography (PE/EtOAc in 97/3 ratio) to 

achieve the final compound 48 as a yellow solid (190 mg, yield 27%). 1H NMR 

(401 MHz, DMSO-d6) δ 8.78 (s, 1H), 7.43 – 7.34 (m, 6H), 7.34 – 7.24 (m, 4H), 7.18 (t, J = 7.8 Hz, 

2H), 6.93 (t, J = 7.4 Hz, 1H), 6.69 (d, J = 7.7 Hz, 2H), 5.59 (s, 2H) ppm. 13C NMR (101 MHz, DMSO-

d6) δ 158.58, 157.69, 148.75, 144.24, 136.22, 135.87, 129.23 (2C), 129.14, 128.77 (2C), 128.63 

(2C), 128.05 (2C), 127.84 (2C), 127.81, 122.24, 121.63 (2C), 52.84, 16.07 ppm. Rt = 4.35 min 

(apolar method); ESI-MS for C22H18N4S: calculated 370.13, found m/z 371.15 [M + H]+, 369.43 [M 

- H]-; UPLC-MS purity (UV 215 nm) 97 %. 

 

 (E)-N-((Z)-3-benzylthiazol-2(3H)-ylidene)-N'-phenylbenzimidamide (49).  

3-benzylthiazol-2(3H)-imine 152d (790 mg, 4.1 mmol), N-phenyl 

benzimidoyl chloride 124b (1.06 g, 4.9 mmol) and pyridine (395 μL, 4.9 

mmol) were reacted according to general procedure. The crude product 

was purified by flash silica gel chromatography (DCM/MeOH in 99.5/0.5 

ratio) to achieve the final compound 49 as a light yellow solid (240 mg, yield 

16%). 1H NMR (401 MHz, DMSO-d6) δ 7.60 (d, J = 3.3 Hz, 1H), 7.42 – 7.29 (m, 7H), 7.29 – 7.21 (m, 

3H), 7.14 (t, J = 7.7 Hz, 2H), 6.87 (t, J = 7.5 Hz, 1H), 6.84 (d, J = 3.3 Hz, 1H), 6.64 (d, J = 7.7 Hz, 2H), 

5.41 (s, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 149.51, 136.93 (2C), 136.65, 129.16 (2C), 128.60 

(4C), 127.95 (2C), 127.68 (4C), 127.30, 121.72 (2C), 121.56, 107.91, 50.47 ppm. Rt = 5.08 min 

(generic method); ESI-MS for C23H19N3S: calculated 369.13, found m/z 370.11 [M + H]+; UPLC-MS 

purity (UV 215 nm) >99.5 %. 
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5.14  General procedure for the synthesis of 2-trifluoroacetylamino-1,3,4-thiadiazoles 150b, 

151b and 2-trifluoroacetylaminothiazole 152b. 

Commercially available 1,3,4-thiadiazoles 150a, 151a and thiazole 152a (1 equiv) were dissolved 

in dry toluene (0.3 M) and the mixture was cooled to 0°C. Then, trifluoroacetic anhydride (1.2 

equiv) was added dropwise under nitrogen. When the addition was completed, the mixture was 

warmed to room temperature and left stirring for additional 12h. Afterward, the reaction mixture 

was quenched with water and the aqueous layer extracted with EtOAc (3x20mL). The organic 

phases were combined, washed with water (2x20mL), dried over Na2SO4 and concentrated in 

vacuum. The afforded trifluoroacetyl protected derivatives were used in the next step without 

further purification (Scheme 12). 

 

2,2,2-trifluoro-N-(5-methyl-1,3,4-thiadiazol-2-yl)acetamide (150b).  

5-methyl-1,3,4-thiadiazol-2-amine 150a (1 g, 8.7 mmol) and trifluoroacetic 

anhydride (1.45 mL, 10.45 mmol) were reacted according to general procedure 

to afford the desired intermediate 150b as an orange solid (1.647 g, yield 90%). 

1H NMR (401 MHz, DMSO-d6) δ 2.61 (s, 3H) ppm. 

 

2,2,2-trifluoro-N-(1,3,4-thiadiazol-2-yl)acetamide (151b).  

1,3,4-thiadiazol-2-amine 151a (500 mg, 5 mmol) and trifluoroacetic anhydride 

(835 µL, 6 mmol) were reacted according to general procedure to afford the 

desired intermediate 151b as an orange solid (853 mg, yield 87%). 1H NMR (401 

MHz, DMSO-d6) δ 9.19 (s, 1H) ppm. 

 

2,2,2-trifluoro-N-(thiazol-2-yl)acetamide (152b).  

Thiazol-2-amine 152a (500 mg, 5 mmol) and trifluoroacetic anhydride (835 µL, 6 

mmol) were reacted according to general procedure to afford the desired 
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intermediate 152b as a yellow solid (980 mg, yield 100%). 1H NMR (401 MHz, DMSO-d6) δ 7.64 

(d, J = 4.4 Hz, 1H), 7.32 (d, J = 4.4 Hz, 1H) ppm.  

 

 

5.15  General procedure for the synthesis of 2-trifluoroacetylamino-3-benzyl-1,3,4-

thiadiazoles 150c, 151c and 2-trifluoroacetylamino-3-benzyl-thiazole 152c. 

The appropriates 2-trifluoroacetylamino-1,3,4-thiadiazole 150b, 151b or 2-trifluoroacetylamino 

thiazole 152b (1 equiv) was dissolved in dry DMF (0.3 M) and K2CO3 (1.2 equiv) was added to the 

solution under inert atmosphere. Then, (bromomethyl)benzene 153 (1.2 equiv) was added 

dropwise and the mixture was stirred at room temperature for 24h. Afterward, the reaction 

mixture was quenched with water and extracted with EtOAc (3x20mL). The organic layers were 

combined, washed with water (2x20mL), dried over Na2SO4 and concentrated in vacuum. The 

afforded 2-trifluoroacetylamino-3-benzyl intermediates were used in the next step without 

further purification (Scheme 12).  

 

N-(3-benzyl-5-methyl-1,3,4-thiadiazol-2(3H)-ylidene)-2,2,2-trifluoroacetamide (150c).  

2,2,2-trifluoro-N-(5-methyl-1,3,4-thiadiazol-2-yl)acetamide 150b (1.714 g, 8.1 

mmol), K2CO3 (1.340 g, 9.7 mmol) and (bromomethyl)benzene 153 (1.15 mL, 

9.7 mmol) were reacted according to general procedure. The desired 

intermediate 150c was obtained as a yellow liquid (2.44 mg, yield 100%). 1H 

NMR (401 MHz, DMSO-d6) δ 7.41 – 7.30 (m, 5H), 5.55 (s, 2H), 2.61 (s, 3H) ppm. 

 

N-(3-benzyl-1,3,4-thiadiazol-2(3H)-ylidene)-2,2,2-trifluoroacetamide (151c).  

2,2,2-trifluoro-N-(1,3,4-thiadiazol-2-yl)acetamide 151b (800 mg, 4 mmol), K2CO3 

(664 mg, 4.8 mmol) and (bromomethyl)benzene 153 (570 µL, 4.8 mmol) were 

reacted according to general procedure. The desired intermediate 151c was 

obtained as a yellow liquid (1.149 g, yield 100%). 1H NMR (401 MHz, DMSO-d6) δ 

9.24 (s, 1H), 7.39 – 7.30 (m, 5H), 5.62 (s, 2H) ppm. 



135 
 

N-(3-benzylthiazol-2(3H)-ylidene)-2,2,2-trifluoroacetamide (152c).  

2,2,2-trifluoro-N-(thiazol-2-yl)acetamide 152b (860 mg, 4.4 mmol), K2CO3 (732 

mg, 5.3 mmol) and (bromomethyl)benzene 153 (630 µL, 5.3 mmol) were reacted 

according to general procedure. The desired intermediate 152c was obtained as 

a yellow liquid (1.26 g, yield 100%). 1H NMR (401 MHz, DMSO-d6) δ 7.90 (d, J = 

4.6 Hz, 1H), 7.40 (d, J = 4.6 Hz, 1H), 7.39 – 7.30 (m, 5H), 5.46 (s, 2H) ppm.  

 

 

5.16  General procedure for the synthesis of 3-benzyl-1,3,4-thiadiazoles 150d, 151d and 3-

benzylthiazole 152d. 

To a stirring solution of the appropriate trifluoroacetyl protected compound 150c-152c (1 equiv) 

in THF (0.25 M), a 5% aqueous solution of NaOH (2 equiv) was added and the reaction mixture 

was stirred at room temperature until TLC indicated the total consumption of the starting 

material. Afterward, acetic acid was added to adjust to pH = 7, and the product subsequently 

extracted with EtOAc (3x10mL). The organic layers were combined, dried over Na2SO4 and 

concentrated in vacuum to afford the corresponding 3-benzyl intermediates that were used in 

the next step without further purification (Scheme 12).  

 

3-benzyl-5-methyl-1,3,4-thiadiazol-2(3H)-imine (150d).  

N-(3-benzyl-5-methyl-1,3,4-thiadiazol-2(3H)-ylidene)-2,2,2-trifluoroacetamide 

150c (2.4 g, 8 mmol) was treated with aqueous 5% NaOH (13 mL, 16 mmol) 

according to general procedure. The desired intermediate 150d was obtained as a 

yellow liquid (1.642 g, yield 100%). 1H NMR (401 MHz, DMSO-d6) δ 7.94 (s, 1H), 7.37 

– 7.30 (m, 2H), 7.29 – 7.23 (m, 3H), 4.95 (s, 2H), 2.22 (s, 3H) ppm. 
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3-benzyl-1,3,4-thiadiazol-2(3H)-imine (151d).  

N-(3-benzyl-1,3,4-thiadiazol-2(3H)-ylidene)-2,2,2-trifluoroacetamide 151c (1.15 g, 4 

mmol) was treated with aqueous 5% NaOH (6.5 mL, 8 mmol) according to general 

procedure. The desired intermediate 151d was obtained as a yellow liquid (707 mg, 

yield 92%). 1H NMR (401 MHz, DMSO-d6) δ 8.06 (s, 1H), 8.04 (s, 1H), 7.35 – 7.30 (m, 

2H), 7.29 – 7.24 (m, 3H), 5.01 (s, 2H) ppm. 

 

3-benzylthiazol-2(3H)-imine (152d).  

N-(3-benzylthiazol-2(3H)-ylidene)-2,2,2-trifluoroacetamide 152c (1.26 g, 4.4 mmol) 

was treated with aqueous 5% NaOH (7.15 mL, 8.8 mmol) according to general 

procedure. The desired intermediate 152d was obtained as a yellow liquid (800 mg, 

yield 95%). 1H NMR (401 MHz, DMSO-d6) δ 7.56 (s, 1H), 7.36 – 7.25 (m, 5H), 6.80 (d, J 

= 5.0 Hz, 1H), 5.97 (d, J = 5.0 Hz, 1H), 4.82 (s, 2H) ppm. 
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Appendix 

 

Route A - Screening of reaction conditions  

In order to optimize the conditions of Route A and elucidate the mechanistic pathway that leads 

to by-products formation and poor yields, the synthesis of thiourea 77a was chosen as example 

(Scheme A1). 

Reaction of 3-methyl-N'-phenylbenzimidamide 164 with (isothiocyanatomethyl)benzene 90 gave 

the desired thioureidic intermediate 77a along with two main by-products, namely bp-1 and bp-

2. To characterize the two by-products, we performed several rounds of flash column 

chromatography of the whole mixture. Analytical quantities of bp-1 and bp-2 were separated 

and characterized as compounds 165 and 166 by 1H, 13C NMR and LC-MS, respectively (Scheme 

A1). Notably, the high similarities in structure and polarity of 166 and 77a may be responsible for 

the issues encountered during the purification process.  

 

Scheme A1. Route attempted for intermediate 77a synthesis. 

 
 
Reagents and conditions: (i) dry DCE, 55°C, 22h. 

 

Based on the structures of 165 and 166, we proposed the mechanism illustrated in Figure A1, by 

which synthetic Route A may lead to the formation of the observed by-products.  
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Figure A1. Proposed mechanistic pathway of by-products formation in Route A. Molecular weight 
of compounds highlighted in yellow are in concordance with m/z of the by-products observed in 
the reaction crude LC-MS analysis.   

 
It has been observed frequently that amidines undergo decomposition at high temperatures to 

yield nitriles and ammonia.205 Likewise, during the key step of thiourea formation, decomposition 

of N-arylbenzamidine 164 may yield toluidine 167 and benzonitrile 168. In turn, toluidine 167 

may react with benzylisothiocyanate 90 to form intermediate 165, which was isolated from the 

reaction mixture. Decomposition of 1,3-disubstituted thioureas catalyzed by an acidic medium 

has been frequently reported.174 The process commonly leads to the isolation of the more basic 
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moiety as the amine, while the less basic portion is incorporated into the isothiocyanate.174 

Similarly, the N-benzylthiourea 165 may undergo a degradation process that yields m-tolyl 

isothiocyanate 169 and benzylamine 170. Finally, 169 may in turn react with benzimidamide 164 

to give compound 166, which was isolated from the reaction mixture along with the desired 

thiourea 77a. 77a and 166 are structural analogues, and for this reason may share similar 

reactivity towards Hugerschoff ring-closure and nucleophilic reaction. Based on this hypothesis, 

the thioureas synthetized via Route A could afford in some cases the corresponding final 

compounds in poor yield and low purity, depending on the susceptibility of the involved species 

to degradation processes.  

 

Table A1. Screening of reaction conditions for the synthesis of thiourea 77a (Route A). 

Base Solvent Temperature Time 77a* 167* 168* 

- DCE 55°C 22h 44% 22% 26% 

- DCE rt 48h 25% 9% 10% 

TEA DCE rt 48h 30% 10% 8% 

- acetone 55°C 22h 9% traces traces 

- DMF 55°C 22h 45% 27% 5% 

*% Area of the peaks assessed by UPLC-MS analysis (@254 nm) 

 

Table A1 summarizes the screening of conditions attempted in order to avoid degradation of the 

N-arylbenzamidine 166 and N-benzylthiourea 167. The coupling was attempted at room 

temperature or at 55°C, with or without the addition of a base, and for a longer time. 

Furthermore, different solvents were assessed. Unfortunately, the screening revealed that the 

formation of compounds 167 and 168 could never be avoided, and the maximum yield of the 

reaction could never exceed 45%. Therefore, the alternative synthetic approach Route B was 

optimized. 
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Fluorescence Assay for CFTR 

Twenty-four hours after seeding on 96-well plates, CFBE41o- cells stably expressing F508del-CFTR 

and the HS-YFP were treated with test compounds at the desired concentration, one compound 

per well. Cells treated with vehicle alone (DMSO) and with corrector VX-809 (1 µM), respectively, 

served as negative and positive controls. At the time of the assay, cells were washed with PBS 

containing (in µM) 137 NaCl, 2.7 KCl, 8.1 Na2HPO4, 1.5 KH2PO4, 1 CaCl2, and 0.5 MgCl2. Cells were 

then incubated for 25 min with 60 ml of PBS plus forskolin (20 µM) and VX-770 (1 µM) to 

maximally stimulate F508del-CFTR. Cells were then transferred to a microplate reader (FluoStar 

Galaxy; BMG Labtech, Offenburg, Germany) for CFTR activity determination. The plate reader 

was equipped with high-quality excitation (HQ500/20X: 500 ± 10 nm) and emission (HQ535/30M: 

535 ± 15 nm) filters for YFP (Chroma Technology). Each assay comprised a continuous 14 s 

fluorescence reading, 2 s before and 12 s after injection of 165 ml of an iodide-containing solution 

(PBS with Cl- replaced by I-; final I- concentration 100 µM). Data were normalized to the initial 

background-subtracted fluorescence. To determine I- influx rate, the final 11 s of the data for 

each well were fitted with an exponential function to extrapolate initial slope (dF/dt). 

Reproducibility of results was confirmed by performing three independent experiments. The 

experiments were performed by Nicoletta Pedemonte’s research group, UOC Genetica Medica, 

IRCCS Istituto Giannina Gaslini. 

 

Proliferation Study 

CFBE41o- cells stably expressing F508del-CFTR and the HS-YFP were plated at low density (5,000 

cell/well) on 96-well plates suitable for high-content imaging. After 6 hours, cells were treated 

with different concentrations of test compounds or vehicle alone (DMSO). Cell proliferation was 

monitored for 48 h using the Opera Phenix (PerkinElmer) high-content screening system. 

Alternatively, to monitor cytotoxic effect of high concentrations of test compounds, CFBE41o- 

cells were plated (10,000 cell/well) and treated (after 6 hours) with test compounds or vehicle 

alone (DMSO). After 24 hours, cells were counterstained with Hoechst 33342 and propidium 

iodide to visualize total cells and apoptotic cells, respectively, and imaged by using the Opera 
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Phenix (PerkinElmer) high-content screening system. Data are expressed as means ± SEM, n = 6. 

Reproducibility of results was confirmed by performing three independent experiments. 

Statistical significance was tested by parametric ANOVA, followed by the Dunnet multiple 

comparisons test. The experiments were performed by Nicoletta Pedemonte’s research group, 

UOC Genetica Medica, IRCCS Istituto Giannina Gaslini. 

 

Labeling of Autophagic Vacuoles with Monodansylcadaverine (MDC)  

CFBE41o- cells stably expressing F508del-CFTR and the HS-YFP were plated (50,000 cells/well) on 

good-quality clear-bottom 96-well black microplates suitable for high-content imaging. After 24 

h, cells were treated with test compounds or DMSO (as negative control). In the last 6 h of 

incubation SAR405 2 µM (autophagy inhibitor) and torin1 20 nM (autophagy activator) were 

added to the cells. After 24 h, cells were incubated with 50 µM MDC (Sigma-Aldrich) in PBS at 

37°C for 10 min.206 After incubation, cells were washed three times with PBS and immediately 

analyzed. High-content imaging and data analysis were performed using an Opera Phenix 

(PerkinElmer) high-content screening system. Wells were imaged in confocal mode, using a 40X 

water-immersion objective. MDC signal was laser-excited at 405 nm and the emission 

wavelengths were collected between 435 and 550 nm. Data analysis of MDC spot number was 

performed using the Harmony software (ver 4.5) of the Opera Phenix high-content system. Data 

are expressed as means ± SEM, n = 3 independent experiments. Statistical significance was tested 

by parametric ANOVA followed by the Dunnet multiple comparisons test (all groups against the 

control group). The experiments were performed by Nicoletta Pedemonte’s research group, UOC 

Genetica Medica, IRCCS Istituto Giannina Gaslini. 

 

Compounds Solubility by NMR 

All NMR experiments were recorded at 25 °C with a Bruker FT NMR AvanceIII  and AvanceNeo 

600-MHz spectrometer equipped with a 5 mm CryoProbe QCI 1H/19F-13C/15N-D-Z quadruple 

resonance with shielded z-gradient coil, and the automatic sample changer SampleJet™ with 

temperature control. The solubility and aggregation state of the compounds were checked by 
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SPAM (Solubility, Purity and Aggregation of the Molecule) filter,197 testing the molecules at 

different theoretical concentrations (10, 20, 40, 100, 200 and 400 µM) in presence of 400 µM of 

4-(trifluoromethyl)benzoic acid (internal control) in MST or NMR assay buffers (MST buffer: 30 

mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT, 1 µM ZnCl2, 0.05% Tween20, 0.1% Peg800 + 10% 

D2O; NMR buffer: PBS pH 7.5 + 10% D2O). 1H NMR experiments were recorded with the one-

dimensional (1D) version of the NOESY (Nuclear Overhauser Effect SpectroscopY) pulse sequence 

and with H2O signal presaturation. A total of 256 scans were recorded for each spectrum, with a 

mixing time of 10 ms and a relaxation delay of 4 s. The identity and purity of the compounds were 

evaluated looking at 1H NMR signals in the spectrum; the solubility of the compounds in solution 

was then calculated comparing the integrals of their NMR signals with that of the internal control. 

The aggregation state of the molecule was checked by Water-LOGSY (Water-Ligand Observation 

with Gradient SpectroscopY)198,199 with 15 ms long 180° Gaussian-shaped pulse, an acquisition 

time of 0.42s, a mixing time of 1.2 s, a relaxation delay of 2 s, and 328 scans. In presence of 

aggregates, the Water-LOGSY signals of our internal control go from being negative (absence of 

aggregate in solution) to being less negative up to positive, depending of the type of aggregation, 

of its dimension and of its amount in solution. The experiments were performed by Marina 

Veronesi at Computational and Chemical Biology (CCB) department of the Italian Institute of 

Technology IIT.  

 

MicroScale Thermophoresis 

MST measurements were performed using Monolith NT.115pico instrument (NanoTemper 

Technologies, Munich, Germany). Assays were conducted at 10%-40% (RED dye) LED excitation 

power and medium/high MST power. Standard capillaries from NanoTemper Technologies were 

used. Measurements were carried out at 25 °C in the following buffer: 30 mM Hepes pH 7.5, NaCl 

150 mM, DTT 1mM, ZnCl2 1 μM, 0.05% Tween20, 0.1%PEG8000. The recombinant RNF5 protein 

was labelled with the Monolith labeling kit RED-NHS (ammine dye NT-647-NHS) according to 

manufacturer indications (NanoTemper Technologies). Before MST experiments, to remove 

aggregates, the labelled protein stocks were centrifuged at 20000 for 10 minutes. The highest 

concentration tested of inh-2 and compound 17 were 50µM. The experiments were performed 
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by Beatrice Balboni and Stefania Girotto at Computational and Chemical Biology (CCB) 

department of the Italian Institute of Technology IIT.  

 

Computational studies 

Docking studies have been performed on a RNF5 protein model obtained as described in a 

previous work.116 The inh-2 proposed binding mode has been considered as the reference for the 

subsequent optimization strategy and therefore, prior to proceed with the docking of the 

designed compounds, the ability of Glide207 (Schrödinger Release 2018-2: Glide, Schrödinger, LLC, 

New York, NY, 2018) docking software in reproducing it has been evaluated. 

The ligands were manually designed and then prepared for the subsequent studies using the 

LigPrep utility of the Schrödinger suite, selecting the specific stereoisomers and evaluating all the 

possible tautomers and ionization states at pH 7.0 ± 2.0 by means of the Epik software.208 

Docking studies were run using the Glide SP scoring function, an enhanced sampling for the 

generation of ligand conformations, leaving the rest of parameters to their default values. Then, 

at least 5 binding modes for each ligand were visually inspected to evaluate their adherence to 

the proposed inh-2 binding mode. 

  



144 
 

Abbreviations and acronyms 

 

ABC ATP binding cassette 

ACN Acetonitrile 

ADP Adenosine diphosphate  

Aha1 Activator of the Hsp90 ATPase 

ASL Airway surface fluid 

ATP Adenosine triphosphate 

Az Apoptozole 

BMI Body mass index 

CF Cystic Fibrosis 

CFBE Bronchial epithelial cells 

CFBE41o- Human CF bronchial epithelial cell line homozygous for F508del 

CFTR Cystic fibrosis transmembrane conductance regulator 

CHIP C-terminus of Hsc70-interacting protein 

CYP3A4 Cytochrome P450 3A4 

DCE 1,2-dichloroethane 

DCM Dichloromethane 

DHA Docosahexaenoic acid  

DIPEA N,N-diisopropylethylamine 

DMF N,N-dimethylformamide 

DMSO Dimethyl sulfoxide 

DUB Deubiquitinating enzyme 

DUBTAC Deubiquitinase targeting chimera 

ENaC Epithelial Na+ channel 

enDUB Engineered deubiquitinating enzyme 

ER Endoplasmic reticulum 
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ERAD  Endoplasmic reticulum associated degradation 

Et2O Diethyl ether 

ethanol EtOH 

EtOAc Ethyl acetate 

F/MF Heterozygous for F508del and a minimal function mutation 

F/RF Heterozygous for F508del and a residual function mutation 

F508del Deletion of phenylalanine 508 

FAP Fluorogen-activating-protein 

FEV1 Forced Expiratory Volume in the 1st second 

HBE Primary bronchial epithelial cell 

HMBC Heteronuclear multiple bond correlation 

HOSA Hydroxylamine-O-sulforic acid 

Hsc70 Heat shock cognate 71 kDa 

Hsp70, Hsp90 Heat Shock Protein 70 and 90 kDa 

HS-YFP Halide-sensitive yellow fluorescent protein 

HTS High throughput screening 

JAMP JNK-associated membrane protein 

LCI Lung clearance index 

MeOH Methanol 

MF Minimal function mutation 

MST Microscale thermophoresis 

mTOR Mammalian target of rapamycin 

NBS Newborn screening 

NEF Nucleotide Exchange factors 

NOE Nuclear overhauser effect 

NOESY Two-dimensional nuclear overhauser effect spectroscopy 

PAINS Pan-Assay Interference Compounds 
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PARP Poly (ADP-ribose) polymerase 

PE Petroleum ether 

PKA Protein kinase A 

PM Plasma membrane 

ppFEV1 Percent predicted Forced Expiratory Volume in 1 second 

PPI Protein-protein interaction 

PXN Paxillin 

QC Quality-control 

RF Residual function mutation 

RNF5 RING Finger Protein 5 

ROS Reactive oxygen species 

SAR Structure-activity relationship 

STD Saturation Transfer Difference 

TCDI 1,1′-Thiocarbonyldiimidazole 

TEA Triethylamine 

TG2 Tissue transglutaminase 2 

THF Tetrahydrofuran 

UPR Unfolded protein response 

UPS Ubiquitin-proteasome system 

VS Virtual screening 

WT Wild-type 
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