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Abstract 

My Ph.D. thesis is dedicated to the design and synthesis of novel potential antitubercular 

agents. The Theoretical part covers the current state of all the antitubercular problematic 

including molecular targets at Mtb or the host level and selected anti-TB drug discovery 

approaches. Those molecular targets and approaches also inspired the division of the 

thesis into three main sections: mycobacterial virulence factors inhibition, ATP synthase 

inhibition and phenotypic screening.  

 

The first section of Results and discussion is devoted to the synthesis of mycobacterial 

virulence factors zinc metalloprotease 1 (Zmp1) and mycobacterial protein tyrosine 

phosphatase B (MptpB) inhibitors resulting in two generations of hydroxamate-based 

Zmp1 inhibitors and N-fused polycycles as potential MptpB inhibitors including the 

evaluation of their biological potential. The second section is focused on a synthetic 

methodology development toward aminobenzoxazoles as a preferable structural motive 

in novel potential squaramide-based mycobacterial ATP synthase inhibitors. The last 

section describes combinatorial approach toward thiazolidinedione-derived heterocyclic 

conjugates for phenotypic screening yielding two chemical libraries of thiazolidinedione-

pyrimidines and thiazolidinedione-triazoles designed, synthesized and biologically tested 

to reveal their antitubercular activity. 

  



 

 

Abstrakt 

Má disertační práce je zasvěcena návrhu a syntéze nových potenciálních antituberkulotik 

za účelem studia jejich biologických vlastností. Teoretická část předložené práce pokrývá 

současný stav problematiky tuberkulózy a její terapie včetně molekulárních cílů na úrovni 

Mtb nebo hostitele a vybraných přístupů k vývoji antituberkulotik. Tyto molekulární cíle 

a přístupy rovněž inspirovaly rozdělení celé disertační práce na tři hlavní sekce: inhibice 

mykobakteriálních virulentních faktorů, inhibice mykobakteriální ATP syntázy a 

fenotypové testování.  

 

První část Výsledků a diskuse je zasvěcena syntéze inhibitorů mykobakteriálních 

virulentních faktorů zinečnaté metaloproteázy 1 (Zmp1) a mykobakteriální proteinové 

tyrosin fosfatázy B (MptpB), která vyústila do dvou generací Zmp1 inhibitorů 

odvozených od kyseliny hydroxamové a N-fůzovaných polycyklických potenciálních 

inhibitorů MptpB včetně hodnocení jejich biologických vlastností. Druhá část se 

soustředí na vývoj metody syntézy aminobenzoxazolů jako klíčového strukturního 

motivu nových potenciálních squaramidových inhibitorů mykobakteriální ATP syntázy. 

Poslední sekce popisuje kombinatoriální přístup k heterocycklickým konjugátům 

thiazolidindionu pro fenotypové testování včetně výsledného designu a syntézy dvou 

chemických knihoven thiazolidindion-pyrimidinů a thiazolidindion-triazolů, které byly 

podrobeny biologickému testování za účelem studia jejich antituberkulotické aktivity. 
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Foreword 

 

The main objective of the thesis is the synthesis of novel compounds with potential 

antitubercular activity. The design of particular compounds then reflects molecular 

targets at Mtb or the host level and selected drug discovery approaches. The overall thesis 

is divided in accordance with those molecular targets and approaches into three main 

sections dedicated to mycobacterial virulence factors inhibition, ATP synthase inhibition 

and phenotypic screening. Such a division corresponds with the three main approaches 

taken toward anti-TB drug design. All the three main sections are further divided in 

accordance with included research projects. In this context, the first section is focused on 

inhibition of two mycobacterial virulence factors zinc metalloprotease 1 (Zmp1) and 

mycobacterial protein tyrosine phosphatase B (MptpB). The following part is dedicated 

to ATP synthase inhibition including 2-aminobenzoxazoles synthesis for novel potential 

squaramide-aminobenzoxazole ATP synthase inhibitors. Finally, the last section includes 

phenotypic screening of thiazolidinedione (TZD)-pyrimidines and TZD-triazoles. 

Covering a broad spectrum of organic and medicinal chemistry issues, the Theoretical 

part is meant to introduce background on particular projects rather than provide detailed 

review upon such diverse studied areas. 

 

The following parts: Results and discussion and Experimental part are divided into 

chapters, which content correspond to the described projects/published papers. Each 

chapter serves as a comprehensive overview of the related project, including a short 

introduction into studied compounds, an actual discussion about 

unsuccessful/unpublished results, and synthetic pathways and final compounds achieved 

and characterized. Considering the characterization of all the intermediates, there are 

presented analytical data on all the new compounds not yet reported in the literature. All 

the mentioned publications are included in the Appendix section. Supporting 

information is attached as an electronic file containing relevant spectral data. 
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1 Aims of the thesis 

The ultimate goal of the thesis was the synthesis of novel chemical entities with potential 

antitubercular activity. The design of particular compounds then reflected molecular 

targets at Mtb or the host level and selected drug discovery approaches. Consequently, 

the whole thesis is divided in accordance with all the aforementioned molecular targets 

and approaches into the following sections: 

1.1 Synthesis of mycobacterial virulence factors inhibitors 

Antivirulence as an alternative antitubercular strategy inspired us to the synthesis of 

inhibitors of two mycobacterial virulence factors: zinc metalloprotease 1 and protein 

tyrosine phosphatase B resulting in two corresponding approaches taken: 

1.1.1 Design and synthesis of two generations of hydroxamate-based 

mycobacterial Zmp1 inhibitors 

The initial effort was taken to access various heterocyclic compounds I-1, I-2, and I-3 

with hydroxamate zinc-binding group (ZBG) and test their Zmp1 inhibitory potential. 

 

1.1.2 Study of ring expansion/cyclization tandem process to access 

MptpB inhibitors 

The subsequent interest was focused on N-fused polycycles I-6 as novel potential MptpB 

inhibitors. An expansion/cyclization tandem synthetic pathway was proposed and 

developed to follow the objective, taking advantage of gem-dihaloaminocyclopropanes I-

4. 
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1.2 Synthesis of mycobacterial ATP synthase inhibitors 

Mycobacterial ATP synthase is a druggable molecular target within Mtb electron 

transport chain involved in energy production via oxidative phosphorylation. Based on 

the biological relevance of squaramide-based inhibitors, we made a particular effort on 

squaramide derivatization. To enable the synthesis of squaramide-benzoxazoles I-9 as 

mycobacterial ATP synthase inhibitors, a straightforward way to aminobenzoxazoles as 

the building blocks I-8 was required. To fulfill such a requirement, we decided to provide 

a feasible approach toward 2-aminobenzoxazoles and their N-substituted analogues. To 

access 2-aminobenzoxazoles efficiently, firstly, we studied N-cyano-N-phenyl-p-

toluenesulfonamide (NCTS)-mediated cyclization of various o-aminophenols I-7. 

Secondly, the Smiles rearrangement was utilized for the desired functionalization of 

heteroaromatic rings leading to diverse N-substituted 2-aminobenzoxazoles. 

 

 

1.3 Synthesis of thiazolidinedione hybrids for phenotypic 

screening 

The combination of two pharmacophores was envisioned as a well-established approach 

to novel more potent anti-TB compounds. From a synthetic perspective, the combinatorial 

approach is a valuable technique to produce large chemical libraries from abundant and 

economic building blocks with minimal synthetic operations in a time and resource-
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effective manner. Finally, phenotypic screening of such diverse chemical libraries can 

result in the identification of novel chemical entities with remarkable anti-TB potential. 

Herein, the pharmacologically relevant thiazolidinedione (TZD) core inspired us to 

design and synthesize two chemical libraries comprising TZD-pyrimidine and TZD-

triazole hybrids I-10 and I-11 for phenotypic screening. 
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2 Introduction 

Tuberculosis is a communicable disease caused mainly by the bacillus Mycobacterium 

tuberculosis. In 2019, WHO reported 10 million new TB cases and about 1.4 million TB 

deaths.1 With approximately a quarter of the world’s population infected by M. 

tuberculosis, TB remains among the top 10 lethal diseases worldwide.1 Moreover, such 

an epidemic is exacerbated by the current HIV/AIDS and COVID-19 pandemic as well 

as ever-increasing drug-resistant TB occurrence.2 On a general basis, drug resistance 

development is induced by long-term exposure to antibiotics in low enough 

concentrations. The leading causes of drug resistance on the molecular level are mutations 

in genes coding the drug target or drug-activating enzymes.3 The resulting resistant 

bacterial strains currently represent a severe public health problem. Especially multidrug 

resistant (MDR) and extensively resistant (XDR) TB is a notable threat.4 To define Mtb 

resistance, MDR-TB is resistant to the two most potent anti-TB agents rifampicin and 

isoniazid. XDR-TB is MDR-TB with additional resistance to a fluoroquinoline and an 

injectable agent. DR-TB treatment remains relatively limited and usually requires 

multiple drugs and thus suffers from a compromised success rate. Such drugs are typically 

more expensive, toxic and less efficient than those for drug-susceptible TB.1,5 

Furthermore, 1.7 billion people are estimated to have latent TB infection (LTBI). LTBI 

is defined as the persistent immune response to stimulation by Mtb antigens without any 

clinical manifestation. Considering an extreme reactivation risk, LTBI-affected people 

possess a vast reservoir for new, active TB cases.6 Therefore, the inadequate control over 

TB disease still represents a severe public health problem and research on new anti-TB 

compounds with a novel mechanism of action. 

 

Current anti-TB treatment is based on WHO classification of anti-TB agents into 5 

groups.7 The first group includes isoniazid II-1, pyrazinamide II-2, rifampicin II-3 and 

ethambutol II-4 (Figure 1) interfering with fatty acid production, intracellular pH, RNA 

synthesis and cell wall construction, respectively. These agents are the most effective 

essential components of any short-course (usually 6 months) therapeutic regimen to treat 

susceptible TB. Short-course therapeutic regimen includes 2 months of isoniazid, 
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rifampicin, pyrazinamide and ethambutol therapy followed by additional 4 months of 

isoniazid and rifampicin treatment.8  

 

 

Figure 1 First group of anti-TB agents. 

 

On the other hand, the remaining A-D groups of anti-TB agents are only used to treat DR 

TB together with first-line antitubercular drugs in combined drug regimens (Table 1). 

Treatment of DR TB is more complicated, involves at least five anti-TB agents used for 

8 months of intensive therapy and accomplished by one-year course. Ideally, it should be 

based on pyrazinamide, one anti-TB agent from each A and B group and two ones from 

C group. Unfortunately, these anti-TB agents are clinically much less effective and 

provoke severe side reactions more frequently. For this reason, they should be used under 

the supervision of an experienced doctor. To summarize their mechanism of action, DNA 

replication, RNA translation (protein synthesis), cell-wall biosynthesis and/or 

maintenance, interference with iron acquisition, respectively are included.8 Treatment of 

DR TB is more complicated, involves at least five anti-TB agents and its overall duration 

is up to 20 months. 

 

Table 1 A-D Groups of anti-TB agents for DR TB treatment 

Group Anti-TB agents 

A: Fluoroquinolones Levofloxacin 

Moxifloxacin 

Gatifloxacin 

B: Injectable drugs Amikacin 

Capreomycin 

Kanamycin 

C: Other second-line anti-TB agents Ethionamide/Prothionamide 

Cycloserine/Terizidone 
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Linezolid 

Clofazimine 

D: Additional anti-TB agents Bedaquline 

Delamanid 

p-Aminosalicylic acid 

Imipenem-cilastin 

Meropenem 

Amoxicillin-clavulonate 

 

Within recent years, several novel antitubercular compounds were discovered. Three 

significant drugs represent these anti-TB compounds, namely bedaquiline II-5, 

delamanid II-6 and pretomanid II-7 (Figure 2). Regarding their mechanism of action, 

ATP synthase inhibition, mycolic acid and protein synthesis disruption are supposed to 

be involved, respectively. Unfortunately, TB treatment is still lengthy and complicated 

by numerous side effects. Despite some novel potent entities in (pre-)clinical evaluation, 

only three new medications recently appeared on the market: bedaquiline II-5 and 

pretomanid II-6 approved by FDA in 2012 and 2019, respectively, and delamanid II-7 

firstly approved by EMA in 2014 (Figure 2).9 

 

 

Figure 2 Selected novel anti-TB agents. 

 

Therefore, new anti-TB regimens that would shorten and simplify the therapy of active 

disease that would be effective against MDR and XDR TB as well as suitable for 

coadministration with antiretroviral agents remain urgently needed. Exploring novel 

mycobacterial drug targets is inevitable to address all the criteria mentioned above and 

increase TB control. The development of novel anti-TB compounds with a novel 

mechanism of action can provide an alternative treatment strategy for LTBI and/or DR 
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TB, mainly in combination with existing antitubercular drugs. On the other hand, non-

lethal molecules directed toward virulence factors possess synergistic effects and thus 

make Mtb generally more susceptible to existing anti-TB chemotherapy. For this reason, 

the non-lethal approach provides similar overall therapeutical outcome.5  

 

Along the way, many (non-)lethal drug targets within Mtb have been revealed comprising 

cell wall biosynthesis, redox homeostasis, DNA replication and protein synthesis, 

oxidative phosphorylation, toxin-antitoxin system and phagosome-lysosome fusion 

(Figure 3). Also, several processes at the level of the host such as autophagy, granuloma 

formation and inflammatory responses were identified as suitable drug targets (Figure 

3).5  

 

 

Figure 3 Overview of the emerging mycobacterial targets and host-directed therapies addressed.5 

 

Based on the aforementioned knowledge, the first part of the thesis is focused on the 

inhibition of two mycobacterial virulence factors: Zmp1 and MptpB. The second part of 

the thesis is inspired by targeting mycobacterial energy metabolism. In particular, 

mycobacterial ATP synthase, a crucial druggable molecular target within the electron 

transport chain-mediated energy production, was chosen for the design and synthesis of 

the following potent anti-TB candidates. Since the current trend in “empirical drug 

discovery” emphasizes the inherent complementarity of phenotypic and target-based 

approaches, the last part of the thesis is dedicated to new anti-TB entities for whole-cell 

phenotypic screening. To obtain two chemical libraries of eligible hybrid entities, a well-

established combinatorial approach was proposed.  
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3 Theoretical part 

This theoretical part is divided in accordance with mycobacterial molecular targets and 

drug discovery approaches into three main sections dedicated to mycobacterial virulence 

factors inhibition, ATP synthase inhibition and phenotypic screening. Such a division 

corresponds with the three main approaches taken toward anti-TB drug design. All the 

three main sections are further divided in accordance with included research projects 

focused on inhibition of two mycobacterial virulence factors zinc metalloprotease 1 

(Zmp1) and mycobacterial protein tyrosine phosphatase B (MptpB), ATP synthase 

inhibition including 2-aminobenzoxazoles synthesis for novel potential squaramide-

aminobenzoxazole ATP synthase inhibitors and phenotypic screening of 

thiazolidinedione (TZD)-pyrimidines and TZD-triazoles. 

3.1 Hydroxamate-based Zmp1 inhibitors 

3.1.1 Functional characterization of mycobacterial Zmp1 

The enzyme Zmp1 is a zinc-containing peptidase essential for Mtb pathogenicity.2 In 

2008, Master et al. proved Zmp1 to interfere with the macrophage phagosome maturation 

via suppressing of inflammasome activation and subsequent phagolysosome formation.10 

Typical inflammasome includes cytosolic immune sensors: so-called NOD-like receptors 

(NLRs), a subset of pattern recognition receptors essential for detecting invading 

pathogens and initiating the innate immune response. Certain NLRs, namely NLRP1, 

NLRP3 and NLRC4 oligomerize to form multiprotein inflammasome complexes. Such 

an inflammasome oligomerization leads to the cleavage and activation of caspase-1, 

which promotes the processing and secretion of IL-1β and IL-18 proinflammatory 

cytokines.11 IL-1β subsequently binds to IL-1 receptor and activates the phagosome 

fusion with intracellular lysosomes and the early inflammatory response. As an overall 

result of Zmp1-mediated inhibition of the inflammasome activation pathways, the 

enzyme prevents full clearance of the invalid pathogens (Figure 4). However, the entire 

action mechanism of Zmp1 remains not fully elucidated. There is only evidence of Zmp1-
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mediated disruption of the caspase-1-dependent activation of interleukin-1β secretion.12 

Suppression of the inflammasome activation signaling pathway is also confirmed to 

ultimately inhibit phagolysosome formation as well as Mtb clearance. Mycobacterial zinc 

metallopeptidases are widely distributed virulence factors localized outside the 

impenetrable mycobacterial cell wall and represent significant pharmacological targets.12 

 

 

Figure 4 Mycobacterial Zmp1-mediated inhibition of the phagosome maturation (adopted from Ferraris 

and Rizzi).13 

 

The molecular structure of the mycobacterial Zmp1 comprises two α-helical lobes 

interconnected by loops located over the protein equatorial line. The enzyme catalytic 

active site is located between the two lobes and contains a catalytic zinc ion in tetrahedral 

coordination. Due to the hydrophobic residues present, peptide substrates with a large 

hydrophobic P1’ side chain such as PHE, LEU or ILE are well accommodated. The 

catalytic active site also possesses a secondary binding pocket containing ARG residues. 

Zmp1 shares 31% identity and 48% similarity with both human neprilysin (NEP) (Figure 

5) and endothelin-converting enzyme-1 (ECE-1) onto which it can be superimposed with 

a root mean square deviation (rmsd) of 1.87 Å and 1.73 Å, respectively.2,13 Computational 

DNA sequence analysis indicated a remarkably close structural similarity with both the 

abovementioned human zinc metalloproteases NEP and ECE-1 and thus identified Zmp1 

as a member of M13 Zn-dependent metalloproteases.14 
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Figure 5 Ribbon representation of Zmp1 structure.13 A comparison of the binding of phosphoramidon in 

the cavity of Zmp1 (PDB ID: 3ZUK) and neprilysin (NEP; PDB ID: 1DMT). 

3.1.2 State of the art for Zmp1 inhibitors development 

To date, the number of known Zmp1 inhibitors remains very limited.15,16 In 2014, the 

Botta group synthesized and identified the first selective Mtb Zmp1 inhibitor based on 

the available X-ray structure of Zmp1/ligand complex.15 Their most potent competitive 

inhibitor ZTB23(R) III-1 showed Ki of 94 nM and SI > 250 with respect to the human 

NEP (Figure 6). Extensive SAR was coupled with molecular modeling to highlight 

structural determinants for Zmp1 inhibition. In the docking-based binding mode of III-1, 

the rhodanine performs a H-bond with ASN452 and the benzoic acid moiety is well 

inserted in the large S2’ sub-site to interact with THR606. Moreover, favorable H-bonds 

with GLU494 and HIS622 reinforce the inhibitory affinity toward Zmp1.15 Subsequently, 

several rhodanine-derived Zmp1 inhibitors such as tetrazoloquinoline-rhodanines III-2 

(MIC (Mtb H37Ra) up to 4.5 µg/mL), quinolidene-rhodanines III-3 (MIC Mtb H37Ra = 

3.5-19.9 µg/mL) and 3-(carboxymethyl)rhodanines III-4 (Zmp1 inhibition with IC50 = 

1.3-43.9 µM) were described and thus confirmed rhodanine as a preferred structural 

feature of Zmp1 inhibitors (Figure 6).17–20 The synthesized tetrazoloquinoline-rhodanines 

III-2 have exhibited good binding energies with Zmp1 enzyme as -37.07 to -58.44 

kcal/mol.20 With the minimum energy for the formation of ligand-receptor complex 

ranging from -42.06 to -26.20 kcal/mol, quinolidene-rhodanines III-3 showed a high 

affinity toward Zmp1 active site with Van der Waals interactions surpassing the 

electrostatic ones.19 Finally, the amino acid carboxylic functionality of 3-

(carboxymethyl)rhodanine III-4 coordinates the catalytic Zn(II) ion while possesses H-

bonding to key Glu494 and His622 residues.18 In 2018, Paolino et al. revealed 8-
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hydroxyquinolines bearing hydroxamate ZBG potent Zmp1 inhibitors.16 Namely N-

(benzyloxy)-8-hydroxyquinoline-2-carboxamide III-5 with Zmp1 inhibitory activity IC50 

value of 0.011±0.002 µM is the best inhibitor known so far with the carbonyl group 

accommodated at a suitable distance of 2.2 Å for a metal-coordination to Zn(II) and with 

the remaining heteroatoms form productive interactions with neighboring residues in the 

active site pocket. Its estimated ligand binding energy corresponds to -77.53 kcal/mol.16 

 

 

Figure 6 Current Zmp1 inhibitors. 

3.1.3 Synthesis of current Zmp1 inhibitors 

The synthetic approach toward known Zmp1 inhibitors is relatively straightforward. 

From the synthetic perspective, all their structural modifications can be divided into three 

main sections: heterocycle formation, N-alkylation, Knoevenagel condensation and 

hydroxylamination. The first known Zmp1 inhibitors, 3-(carboxymethyl)rhodanines III-

10, were synthesized within three simple steps (Scheme 1).18 N-alkylated rhodanine 

intermediates III-8 were formed from ß-amino acids III-6 treated with CS2 in H2O and 

resulting intermediates III-7 reacted firstly with sodium chloroacetate and subsequenty 

cyclized in an acidic environment (Scheme 1). The following Knoevenagel condensation 

of rhodanines III-8 with aromatic aldehydes III-9 was accomplished in refluxing acetic 

acid. Modified Knoevenagel condensation based on solvent-free procedure with 20 mol% 

of DBU acetate/sulfate yielded various rhodanine-quinolidenes III-14 or III-15 (Scheme 

1).19,20  
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Scheme 1 Key synthetic modifications to access rhodanine-based Zmp1 inhibitors. 

 

The last relevant modification to mention is hydroxylamination. Concerning the known 

Zmp1 inhibitors, hydroxylamination was employed in the synthesis of 8-

hydroxyquinoline-2-hydroxamates III-18 (Scheme 2). Hydroxylamination is typically 

achieved by standard coupling between the corresponding carboxylic acids III-16 and O-

alkylhydroxylamines III-17, leading to the desired hydroxamates III-18.16 

 

 

Scheme 2 Key synthetic modifications to access quinoline-based Zmp1 inhibitors. 

 

3.2 Polycyclic MptpB inhibitors via gem-

dihaloaminocyclopropanes  

3.2.1 Functional characterization of mycobacterial protein tyrosine 

phosphatases 

Both the enzymes mycobacterial protein tyrosine phosphatases (MptpA, MptpB) 

modulate host-cell signalization by proteins dephosphorylation in interferon-γ-signalling 

pathways (Figure 7).21 Mycobacterial inhibition of these pathways impairs phagosomes 
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maturation into phagolysosomes, modulates host-cell apoptosis and suppresses the host 

immune response.22 As an overall result, pathogenic mycobacteria can escape the 

bactericidal action of macrophages. While MptpA interferes with phagosome 

acidification, MptpB disrupts signal transduction cascades, thereby causing immune 

response subversion. Since MptpA is comparatively less explored than MptpB and 

potential inhibitors are usually unselective against human protein tyrosine phosphatases, 

MptpA is not further discussed within the thesis. Biochemical observations revealed that 

MptpB attenuates signalling pathways related to mitogen-activated protein kinase 

(MAPK), Ser/Thr protein kinase involved in a stimulation of cell growth and 

proliferation, and nuclear factor-κB (NF-κB), a pivotal mediator of inflammatory 

responses. Such an attenuation is leading to reduced secretion of inflammatory cytokines 

IL-1β and IL-6, critical factors for the upregulation of microbicidal activity, and initiates 

the host immune response to Mtb infection.23,24 There is strong evidence showing that 

MptpB promotes infected macrophage survival via augmenting Akt phosphorylation and 

suppressing caspase 3.25 On the contrary, non-pathogenic or dead Mtb activate host-cell 

signalization and thus induces antibacterial responses as well as phagosome maturation.26 

Considering their central role in cellular signalization, mycobacterial protein tyrosine 

phosphatases were identified as an attractive antitubercular target. 

 

 

Figure 7 Roles of MptpA and MptpB in mediating pathogen-host interactions.23 
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In recent year, an extensive amount of structural data has been published on pathogenic 

protein tyrosine phosphatases. All the data contributed to the elucidation of their 

physiological functions as well as the molecular basis for substrate binding (Figure 8).27 

MptpB is a 30kDa protein with an unusual fold, resembling the human myotubularin 

MTMR deviated from the classic PTP fold.28 MptpB displays a huge active site, unlike 

the narrow and deep PTP cleft, which is consistent with its phosphoinositide activity.29 

The P-loop signature contains an extra basic ARG residue like other lipid phosphatases. 

On the other hand, MptpB possesses the catalytic ASP in the P loop rather than in the 

distant WPD loop of typical PTPs.30 

 

 
Figure 8 X-ray crystal structures of MptpB. (A) X-ray structure of phosphate bound MptpB in the 

flexible lid closed form. (B) X-ray structure of OMTS ((oxalylamino-methylene)-thiophene 

sulphonamide) bound MptpB in open form.23 

3.2.2 State of the art for fused polycyclic MptpB inhibitors 

development 

In general, many MptpB inhibitors have been identified. However, their promising 

pharmacological qualities require further improvement in terms of selectivity and 

bioavalability.31,32 Within an infinite number of known potent MptpB inhibitors,3334 

diverse fused polycycles seem to be favored scaffolds and therefore attracted our 

attention. The first paper relevant to inhibition of MptpB appeared in 2012 reporting 
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various indolizidine and quinolizidine iminocyclitols III-19 (Figure 9). Although all the 

compounds III-19 inhibit glycoprocessing enzymes such as α-L-rhamnosidase, they lack 

any significant anti-TB activity.35 More importantly, Waldmann et al. accessed a wide 

variety of substituted indolo[2,3-a]quinolizidines. The resulting Yohimbane-derived 

quinolizidines III-20 showed remarkable MptpB inhibition with IC50 less than 10 µM 

(Figure 9).21 Subsequently, Asperterpenoid A III-21, a novel member of sesterpenoid 

family, was recently isolated from a mangrove endophytic fungus Aspergillus sp. (Figure 

9). Further pharmacological studies proved that Asperterpenoid A III-21 is a potent 

inhibitor of MptpB with an IC50 value of 2.2 µM.36 Ongoing research of Waldman and 

co-workers yielded another significant MptpB inhibitor III-22 (IC50 = 0.36 µM).21 

Finally, fragment-based optimization of α-sulfophenylacetic amide led to excellent 

MptpB inhibitor III-23. Compound III-23 demonstrated IC50 of 18 nM, Ki of 7.9 nM and 

>10000-fold selectivity against another phosphatases.37  

 

Figure 9 Known fused polycyclic MptpB inhibitors. 

3.2.3 Synthetic approaches toward izidines 

Typical synthetic approaches toward izidines concerning azabicycles formation include 

hydrogenation of corresponding heteroaromatic cores, condensation of carbonyls, 

cycloadditions, sigmatropic shifts, transition metal-mediated cyclizations and radical 

processes (Scheme 3).38 The most abundant methods for the synthesis of indolizidines 

comprise various manipulation with peripheral substituents of the bicyclic core, as well 

as intramolecular alkylation, acylation and reductive amination, which close the second 

ring in terms of N-C(3/5) disconnection. However, their syntheses usually require many 

steps or reagents, complex intermediates preparation, suffer from severe substrate limit 

and/or harsh reaction conditions. Therefore, a widely applicable synthetic strategy to 

obtain these heterocycles in short high-yielding reaction sequences remains a desirable 
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unmet challenge. In the abovementioned context, domino reaction sequences are gaining 

general interest as plausible reliable, efficient and environmentally friendly alternatives 

from readily available starting materials.39 

 

 

Scheme 3 Overview of synthetic approaches toward indolizidines. 

 

Attempts to build up a full retrosynthetic scheme to summarize all the strategic 

approaches for the indolizidines preparation would provide too complex picture. For this 

reason, only particular synthetic pathways toward selected MptpB inhibitors will be 

detailed within the chapter to further demonstrate the versatility of N-fused polycycles 

preparation. Moreover, the overview of synthetic approaches will thus be extended from 

5+6 izidines (Scheme 3) to their larger 6+6 N-fused polycyclic analogues. The first 

synthetic pathway describes chemoenzymatic synthesis of indolizidine and quinolizidine 

iminocyclitols III-19 (Scheme 4).35 The initial step comprises the aldol addition of 

dihydroxacetone phosphate (DHAP) to N-Cbz-piperidine carbaldehydes III-24 catalyzed 

by L-rhamnulose-1-phosphate aldolase affording key intermediates III-25. The 

subsequent reductive amination enables the cyclization to the final izidine iminocyclitols 

III-19. 

 

Scheme 4 Chemoenzymatic synthesis of izidine iminocyclitols. 
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The second relevant synthetic approach is based on solid-supported biology-oriented 

synthesis (BIOS), which integrates computational and synthetic tools for the generation 

of compound collections for biological applications, yielding indolo[2,3-a]quinolizidines 

III-26 (Scheme 5).21 Because of the multistep overall sequence, which is beyond the 

scope of the chapter, the main retrosynthetic disconnections are illustrated. From the 

retrosynthetic perspective, the indolo[2,3-a]quinolizidine core was traced back to 

pyridione precursor III-27 with a carboxylate function chosen for attachment to the solid 

support. The pyridine precursor III-27 was available by vinylogous Mannich-Michael 

reaction between imine III-28 and diverse electron-rich silyloxydienes III-29. All the 

sequence was accomplished by two different cyclization modes possible. Firstly, 

phosgene-mediated ring closure performed on the Wang linker provided tetracyclic vinyl 

chlorides III-26 where X is Cl. Secondly acid-mediated cyclization on the hydroxy 

methylene benzoic acid (HMBA) linker gave tetracyclic ketones III-26 where X is =O. 

 

 

Scheme 5 Retrosynthetic analysis of highly substituted indolo[2,3-a]quinolizidines. 

3.2.4 Reactivity of gem-dihaloaminocyclopropanes toward izidines 

Fused bicyclic aminocyclopropanes represent a readily available reservoir for valuable 

transformations into nitrogen-containing polycyclic systems. All the methods include 

cyclopropane compounds activated just through the amino group.40,41 Of exceptional 

value are transformations of halocyclopropanes usually proceeding via thermal ring-
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opening with a concomitant halide ion departure to generate allyl cation 

intermediates.42,43 Nevertheless, the corresponding reactivity of nitrogen-substituted gem-

dihalocyclopropanes remains underexplored. Such ring-openings require heating and/or 

activation by silver salts and are often low-yielding.44,45 On the other hand, amines were 

from time to time mentioned as more reactive due to better stabilization of the allyl cation 

intermediate.46,47 Therefore, Six et al. envisioned the enhanced reactivity of dihalogenated 

cyclopropylamines III-31, generated from ammonium salts III-30. Functionalized 

azepanes and piperidines III-33 could thus be obtained by reductive amination and ring 

expansion (Scheme 6).48 Indeed, aldehydes and ketones were reacted with 2,2-

dihaloaminocyclopropane salts III-30 using NaBH(OAc)3, to provide the thermally 

unstable dihalogenated aminocyclopropanes III-31. The transformation not only enabled 

functionalization but also triggered the cyclopropane ring cleavage to access the nitrogen-

containing final products III-33.48 

 

Scheme 6 Ring enlargement of gem-dihaloaminocyclopropane salts upon reductive amination. 

 

Moreover, the successful reaction between an acyl chloride and an endo 

monochlorocyclopropylammonium salt successfully provided the amide endo-III-34 

under Schotten-Baumann conditions. Such a transformation was fast enough to trap the 

free secondary amine even before cyclopropane-ring cleavage. However, upon 

microwave irradiation, only the ring-expanded dihydroazepine III-35B was formed via 

deprotonation of the intermediate iminium species III-35A (Scheme 7). Unfortunately, 

this deprotonation proceeded faster than the desired cyclization onto the electron-rich 

aromatic ring. As a result, the overall reactivity disabledthe cyclization toward a fused 

polycycle III-36.48 
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Scheme 7 Ring enlargement of monochlorocyclopropane amide. 

 

3.3 2-Aminobenzoxazoles preparation for mycobacterial ATP 

synthase inhibitors 

3.3.1 Functional characterization of mycobacterial ATP synthase 

ATP synthase is a ubiquitous enzyme involved in cellular energy metabolism. 

Resembling a turbine, ATP synthase contains two components: a rotor (F0) and a stator 

(F1) connected through a central stalk, reversibly coupling proton flow to either ATP 

formation or hydrolysis (Figure 10).49 The overall oxidative phosphorylation is an 

essential energy source driving ATP synthase to convert the electrochemical potential 

energy into chemical energy produced via ADP and inorganic phosphate (Pi) reaction.50,51 

Furthermore, mycobacterial ATP synthase is essential also in the dormant state under 

nonreplicating conditions such as oxygen insufficiency, nutrient limitation or acidic pH.52  

 

As a result, mycobacterial ATP synthase possesses several idiosyncratic functional 

adaptations. Firstly, mycobacterial ATP synthase lacks the ATP hydrolysis function to 

prevent the unwanted waste of ATP. The hydrolytic activity is usually suppressed by 

inhibitory binding of Mg-ADP, subunit ε dysregulation, or inhibitory protein subunit ζ.53 

The next specific feature to mention is the possibility to produce ATP even under low 

proton motive force (−110 mV) closely related to the subunit c structure. A large c 

oligomer increases H+/ATP turnover leading to promoted ATP formation. Finally, a 
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remarkable stiffness of the stator stalk, as well as highly lipophilic cytoplasmatic 

membrane, are believed to speed up ATP synthesis.54,55 

 

 

Figure 10 Mycobacterial oxidative phosphorylation (drawn according to Bald and Koul).56 
 

From the structural point of view, mycobacterial ATP synthase (Figure 11) contains three 

α and three β subunits alternate to form hydrophilic stator (F1) extending into the 

cytoplasm. The membrane-embedded rotor (F0) includes one a, two b and a ring of more 

than ten c subunits. Rotor and stator connection via the central stalk composed from γ, δ 

and ε subunits has a characteristic fusion between one b and one δ subunit.57 The resulting 

b/δ fusion protein facilitates the bonding interaction between ATP precursors and the α3β3 

hexamer, while the free b subunit enhances power transmission within the ATP synthase 

complex. Therefore, the two diverse b subunits present tend to improve their overall 

mutual interaction.58 Indeed, the comprehensive rotor and stator connection is needed to 

avoid unproductive rotation during catalysis. 

 

 

Figure 11 Mycobacterial ATP synthase (drawn according to Lu and Bald).54 
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3.3.2 State of the art for selected ATP synthase inhibitors development 

Mycobacterial ATP synthase is well known to carry idiosyncratic features enabling 

remarkably efficient ATP production. A better insight into the functional and structural 

characterization of ATP synthase may provide essential input for the rational 

development of its inhibitors as novel anti-TB agents. In addition, selective mycobacterial 

ATP synthase inhibitors can be accessed due to crucial differences compared to human 

ATP synthase. There have already been two (pre)clinical candidates discovered among 

mycobacterial ATP synthase inhibitors to highlight the importance of targeting 

mycobacterial oxidative phosphorylation.59 The first anti-TB compound to interfere with 

Mtb ATP synthase, especially its subunit c, was bedaquiline III-37 (Figure 12). The 

diarylquinoline lead compound turned out active against MDR Mtb and was developed 

by Jansen Pharmaceuticals into phase 3 of clinical investigation.60 The most potent 

mycobacterial ATP synthase inhibitors III-38 and III-39 were derived from bedaquiline 

III-37 and reported by Palmer et al.61 The naphthalene subunit was replaced with 

substituted pyridine heterocycles to reduce cardiotoxicity, lipophilicity and half-life. Both 

the pyridyl analogues III-38 and III-39 inhibit Mtb H37Rv growth under MABA, with 

MIC90 of 0.01 and 0.02 µg/mL, as well as LORA conditions, with MIC90 of 0.06 and 0.02 

µg/mL, respectively.61 Finally, an extensive SAR study of squaramides revealed 

derivative III-40 as the most promising one within the series (Mtb H37Rv MIC = 0.43 

µM), currently standing for the preclinical drug candidate.62 Membrane-based 

biochemical assay (Myc_ATPS IC50 0.03 µM) supported ATP synthase as a plausible 

molecular target. Finally, π-π interactions and H-bonds between the pyridine nitrogen of 

III-40, and ARG186 of subunit a, as well as H-bonds between the morpholine oxygen 

and PHE69 of subunit c were identified as essential for the binding mode.63 

 

Figure 12 The most potent ATP synthase inhibitors. 

 

Authors of compound III-40 performed the extensive SAR study focused on the both 

parts of the squaramide ring. A wide range of right-hand part variation confirmed the 
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importance of the pyridine moiety. On the other hand, the diversification of the left-hand 

part of the molecule IV-40 was comparatively underexplored enabling further 

modification. Together with the notable pharmacological potential of benzoxazole 

moieties, squaramide-benzoxazole structures were indicated as interesting potential ATP 

synthase inhibitors. For this reason, the particular objective of my work within such a 

complex research project was the improvement of a synthetic pathway toward 2-

aminobenzoxazole moiety and this part of the presented thesis is focused on synthetic 

approaches toward 2-aminobenzoxazoles (Scheme 8). Despite the numerous synthetic 

protocols reported, aminobenzoxazoles synthesis still suffers from many remaining 

drawbacks.64–66 The most common synthetic strategy is based on the cyclization of 2-

aminophenols with highly toxic cyanating reagent BrCN.67,68 The following approach is 

direct 2C amination of benzoxazoles, unfortunately, limited by potentially expensive 

and/or difficult-to-remove transition metal catalysts, high temperatures, the necessity to 

use an inert atmosphere and/or co-oxidants.69,70  

 

Over the past years, multiple methods have been developed to access N-substituted 

aminobenzoxazoles (Scheme 8).71–73 However, most of them suffer from low yields or 

involve toxic precursors and/or expensive reagents. Firstly, N-substituted 

aminobenzoxazoles are often formed in two steps by halogenation of the corresponding 

hydroxyl/thiol precursors, followed by the amination.74 Secondly, more specialized 

procedures such as Rose Bengal-catalyzed photochemical amination or microwave-

enhanced on-water amination of 2-mercaptobenzoxazoles were introduced.72,73 Both 

methods are complicated by long reaction time, and the elevated temperature needed, 

respectively. Hence, new, safer, efficient synthetic protocols relying on inexpensive 

precursors are very desirable to expand the number of building blocks for squaramide-

benzoxazoles as potential mycobacterial ATP synthase inhibitors. 

 

 
Scheme 8 Synthetic approaches toward aminobenzoxazoles. 
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Apart from our interest in novel potent ATP synthase inhibitors, benzoxazole moieties 

attracted our attention due to their widespread pharmacological potential.75 Considering 

anti-TB research, the benzoxazole moiety has already been successfully combined with a 

wide variety of other potent antitubercular heterocycles. However, none of the reviewed 

benzoxazoles reached nanomolar inhibitory concentrations or has entered preclinical hit-

to-lead optimization as anti-TB compounds. To the best of our knowledge, only a few 

benzoxazole-derived conjugates have micromolar potency and are worth mentioning 

(Figure 13). The selected candidates with MICs against Mtb R37Rv ranging from 0.63 to 

8 µg/mL are 2-quinolin-4-ylacetamide III-41, pyrazoline-benzoxazoles III-42 or III-43 

and 5-amino-2-(4-substituted phenyl/benzyl) benzoxazole III-44.76–78 

 

Figure 13 Selected anti-TB benzoxazole-derived conjugates. 

3.4 Phenotypic screening of thiazolidinedione-based 

conjugates 

3.4.1 Phenotypic screening in antitubercular research 

In terms of drug discovery, phenotypic screening is the nascent method to evaluate 

pharmacological effects of novel chemical entities. Over the past three decades, drug 

discovery has shifted toward molecular target-based strategies using rational drug design. 

To compare their main differences, target-based methodologies use simple in vitro 

biochemical readouts, whereas phenotypic screening requires more elaborate whole cell- 

or/and tissue-based readouts.79 Nonetheless, rapidly evolving biotechnologies and some 

more complex diseases changed the status quo and thus phenotypic screens are surpassing 

target-based approaches in the production of first-in-class scaffolds.80  

 

Despite a wide range of active compounds identified through phenotypic screens, the 

conversion of hits into clinical candidates is threatened by lacking the particular target(s) 
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and/or the decreased efficacy within difficult-to-penetrate host compartments.81 

Therefore, carefully selected compounds with promising IC50 values are subjected to 

further investigation to expand their structure-activity relationships and elucidate binding 

interactions.82 

 

From a synthetic perspective, combinatorial chemistry is a valuable technique to produce 

focused chemical libraries, designed with respect to a certain chemotype or privileged 

structure, in a time and resource-effective manner. The fundamental combinatorial 

principle resides in easy access to unique structural variations from abundant and 

economic building blocks with minimal synthetic operations.83 In conclusion, phenotypic 

screening of diverse chemical libraries can result in the identification of novel chemical 

entities with remarkable anti-TB potential.  

3.4.2 Thiazolidinedione as privileged ani-TB structure 

Introduced for the treatment of type 2 diabetes mellitus, the thiazolidine-2,4-diones 

(glitazones) are important pharmacophores with broad pharmacological potential that can 

be for example antimicrobial, antidiabetic or antiviral.84–87 Certain TZDs were also found 

to possess significant anti-TB activity against Mtb R37Rv, indicating their potential in 

antitubercular drug development (Figure 14). For example, Kumar et al. synthesized 

promising arylidene-thiazolidinedione hybrids III-45 with MIC values < 50 µM.88 

Following hit-to-lead development resulted in excellent anti-TB candidate III-46 

probably targeting Mtb ATP synthase (MIC = 1.4 µM).82  

 

 

Figure 14 Selected thiazolidinedione anti-TB entities. 
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3.4.3 Antitubercular potential of pyrimidines and triazoles 

As well as many other nitrogen heterocyclic compounds, the pyrimidine pharmacophore 

is also an essential component of many antimicrobial substances.89 Owing to their 

appreciated antitubercular properties, the use of pyrimidines as templates for the addition 

of versatile substituents into various positions frequently resulted in new 

pharmacologically active structural frames (Figure 15).90,91 Consequently, several hybrid 

pyrimidine-containing structures, for example benzocoumarins III-47 or sulfonamide 

III-48, possessed remarkable potential against Mtb H37Rv with MIC values of 0.05-2.81 

µg/mL and 0.02 µg/mL, respectively, and low cytotoxicity against VERO cells (Figure 

15).92,93 

 

 

Figure 15 Selected pyrimidine anti-TB entities. 

 

Unique achievements have also been acquired within the research in triazole-derived 

medicines. Furthermore, the triazole ring is a valuable linker to combine a wide range of 

pharmacophoric moieties into innovative bifunctional molecules. Typically, 1,2,3-

triazole is introduced to anti-TB compounds to moderate dipole character and rigidity as 

a favorable passive linker. Triazole compound III-49, synthesized upon introducing of a 

1,2,3-triazole into the structure of the marketed antitubercular drug PA-824 III-50, 

showed up to 7-fold increased potency against replicating Mtb under MABA (MIC = 

0.075 ± 0.015 µM) and LORA (3.3 ± 0.2 µM) conditions and better solubility than the 

parent molecule (Figure 16).94,95 An additional antitubercular triazole that is worth 

mentioning is compound III-51. With a Ki as low as 0.15 µM, triazole hybrid III-51 

remains the best MptpB inhibitor known up to now.96 
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Figure 16 Selected triazole-related anti-TB entities. 
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4 Results and Discussion 

The Results and discussion part is divided into chapters with contents corresponding to 

the described projects/published papers focused on inhibition of two mycobacterial 

virulence factors zinc metalloprotease 1 (Zmp1) and mycobacterial protein tyrosine 

phosphatase B (MptpB), ATP synthase inhibition including 2-aminobenzoxazoles 

synthesis for novel potential squaramide-aminobenzoxazole ATP synthase inhibitors and 

phenotypic screening of thiazolidinedione (TZD)-pyrimidines and TZD-triazoles. Each 

chapter serves as a comprehensive overview of the related project, including a short 

introduction onto the studied compounds, an actual discussion about 

unsuccessful/unpublished results, and synthetic pathways and final compounds achieved. 

4.1 Hydroxamate-based mycobacterial Zmp1 inhibitors 

4.1.1 Design and synthesis of TZD-hydroxamates 

Our first attempt to achieve the discovery of new potential anti-TB compounds was based 

on mycobacterial virulence factor Zmp1 inhibition. Privileged scaffolds within known 

Zmp1 inhibitors were hence employed to design Zmp1-targeting chemical library.15,16 

The pharmacological relevance of thiazolidinedione core97 and well-established 

hydroxamate-based ZBG98 inspired the design of a novel series of TZD-hydroxamates 

IV-1 and IV-2 (Scheme 9). For the initial study, two medicinally useful lipophilic 

hydroxamates were chosen.99 In regards of, two simple linkers R2 were selected to 

connect TZD and hydroxamate scaffolds. Furthermore, several benzylidene or 

alkylidene-based TZD modifications were envisioned according to known 

pharmacophores. The outcome of this strategy was the design of the first generation of 

our TZD-hydroxamate Zmp1 inhibitors IV-1 and IV-2 (Scheme 9).2,100  

 



28 

 

Scheme 9 Design of TZD-hydroxamates. 

 

To obtain the desired TZD-hydroxamates, we developed a straightforward synthetic 

procedure (Scheme 10). In the beginning, TZD-unsubstituted hydroxamates IV-1 were 

formed. The starting TZD IV-3 was prepared easily from thiourea and chloroacetic 

acid.101 The overall yields varied from 57 % to 65 % and thus corresponded to the 

literature precedent. With TZD IV-3 in hand, N-alkylation with either methyl 

bromoacetate or methyl 2-bromopropionate was performed. The esters IV-4 obtained 

were subjected to acidic hydrolysis providing free acids IV-5. Both the acids were 

coupled with substituted O-alkyl hydroxylamine hydrochlorides to give TZD-

hydroxamates IV-1 in moderate yields (Figure 17). 

 

On the other hand, synthesis of TZD-hydroxamates IV-2 started with Knoevenagel 

condensation (Scheme 10). Despite well-optimized high-yielding TZD-benzylidene 

formation, synthetic approach toward TZD-alkylidenes was less documented and more 

troublesome.102 Indeed, due to presumed decomposition on silica, we isolated just 40 % 

of TZD-pentylidene compared to 67-97 % of aromatic analogues. The residual sequence 

included analogous N-alkylation, acidic hydrolysis and coupling with O-alkyl 

hydroxylamine hydrochlorides to achieve substituted TZD-hydroxamates IV-2 in 

reasonable yields (Figure 17). Regardless of the particular structure, all the studied 

compounds exhibited similar reactivity. Occasionally observed compromised yields were 

caused by lower purity of the crude products and following losses during column 

chromatography. 
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Scheme 10 Synthesis of TZD-hydroxamates.a 

a Reagents and conditions: (i): methyl bromoacetate/methyl 2-bromopropionate, NaH, DMF dry, rt, on (24 

h); (ii): HBr (40%), reflux, 5 h; (iii): O-allylhydroxylamine.HCl/O-benzylhydroxylamine.HCl, EDC.HCl, 

H2O, rt, 2 h; (iv): aldehyde, piperidine, EtOH, reflux, on (16-20 h). 

 

Concerning the geometrical E/Z isomerism, the stereochemical outcome of the 

Knoevenagel condensation was assessed. Both possible isomers may be distinguished by 

1H NMR spectral measurement.103 The obtained NMR data confirmed the Z configuration 

for all our products, with the benzylidene proton shifted approximately to 7.90 ppm. 

Finally, the racemic nature of the present stereogenic centre was revealed by SFC 

analysis. 

 

The abovementioned synthetic pathway resulted in a novel series of TZD-hydroxamates 

conjugates IV-1 and IV-2 (Figure 17). Desired TZD-hydroxamates IV-1 and IV-2 were 

hence obtained in a straightforward manner in 31-75% yields (Figure 17). 
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Figure 17 Overview of obtained TZD-hydroxamates. 

a Isolated yield. 

 

4.1.2 Biological activity of TZD-hydroxamates 

Finally, the chemical library was biologically tested (Table 2). The biological 

investigation started with in silico prediction of drug-likeness properties. Herein, software 

tools104 identified all the TZD-hydroxamates to possess druggable behavior. Then the 

Zmp1 inhibition was analyzed by MALDI-TOF MS. All our compounds inhibited the 

enzymatic reaction and their inhibitory strength depended on the structure. Based on the 

experimental IC50 values, TZD-hydroxamates IV-2E and IV-2N were revealed medium-

efficient and high-efficient inhibitors, respectively. Furthermore, with a MIC value of 

61.8 µM, conjugate IV-2N exhibited the best extracellular anti-Mtb potency. In contrast, 

IV-2E features unique 48.8% inhibition of intracellular Mtb H37Ra even at 10 µM 

concentration while IV-2N was active at the relatively high 100-µM concentration. To 

summarize the biological outcome, hybrid IV-2N was proved the most optimal anti-TB 

candidate based on the overall results including in silico predictions and enzymatic 

assays. 



31 

Table 2 Biological characterization of the most potent TZD-hydroxamates 

Entry IC50 (µM)a MIC (µM)b 
Percentage 

inhibition (%)c 

 

38 ˃64 48.8 

 

18 61.8 - 

a Fifty percent Zmp1 inhibitory concentration. b Minimum inhibitory concentration against extracellular 

Mtb H37Ra. c Percentage inhibition of intracellular Mtb H37Ra at 10 µM concentration. 

4.1.3 Design and synthesis of pyrrole/indole-hydroxamates 

Encouraged by the promising results within our first series of TZD-hydroxamates, the 

improved hydroxamate-based Zmp1 inhibitors were proposed. Herein, we were inspired 

by in silico molecular docking combined with the best anti-TB candidate IV-2N obtained 

within the first series of TZD-hydroxamates (Table 2). Docking investigation of the first 

generation showed that the TZD-hydroxamates occupy just the entrance to the central 

cavity, located 7 Å apart from the Zn catalytic site. Therefore, longer peptide chains R2 

bearing a terminal ZBG were supposed to better reach the Zmp1 active site. Often 

reported as pan-assay interfering compounds (PAINS),105 TZDs can complicate drug-like 

molecules development. For this reason, we tend to replace the central TZD with either 

pyrrole or indole moiety using scaffold hopping to propose hydroxamates IV-9 or IV-10, 

respectively (Figure 18).106,107 Considering the dipeptide motif R2, four readily accessible 

aliphatic amino acids were picked up for the initial anti-TB screening. Finally, the 

simplest methylene linker was selected to connect both the pharmacophores. Two 

lipophilic hydroxamates R1 were maintained following the previous series of Zmp1 

inhibitors. 
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Figure 18 Proposed structures of pyrrole/indole-hydroxamates. 

 

Despite some structural similarity with TZD-hydroxamates, a notably different synthetic 

pathway toward pyrrole/indole-hydroxamates was needed (Schemes 11, 12). Our 

synthetic effort started with construction of dipeptide side chains (Scheme 11). Firstly, 

standard protecting groups were used for pre-modification of GLY/ALA and VAL/LEU 

IV-11.108,109 Once protected, the pre-modified amino acids IV-12 and IV-13 underwent 

HOBt/EDC amide coupling to achieve N-Boc dipeptides IV-14. The dipeptide 

preparation was finished upon Boc removal and quantitatively provided four NH2-

dipeptides IV-15 as their trifluoroacetates.110  

 

Scheme 11 Synthesis of dipeptides.a 

a Reagents and conditions: (i): Boc2O, NaOH, H2O/dioxane (1:1), rt, on (16 h); (ii): SOCl2, MeOH, 0 °C to 

reflux, 2 h; (iii): EDC.HCl, HOBt, DIPEA, CH2Cl2, 0 °C to rt, on (16 h); (iv): TFA, CH2Cl2, 0 °C to rt, 5 

h. 

 

The subsequent formation of heterocyclic cores proceeded smoothly (Scheme 12). Being 

commercially available, methyl pyrrole- or indole-3-carboxylates IV-16 were chosen as 

starting materials. The reaction sequence started with their N-alkylation using tert-butyl 

bromoacetate. Selective tert-butyl removal from diesters IV-17 provided intermediates 
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IV-18 in an acidic environment. The desired heterocyclic hydroxamates IV-19 resulted 

from coupling of intermediate acids IV-18 with O-alkyl hydroxylamines hydrochlorides, 

and consequent basic methyl ester hydrolysis yielded the free acids IV-20. Achieved 

heterocyclic-hydroxamates IV-20 were involved in following conjugation with pre-

modified dipeptides IV-15. Unfortunately, the conjugation turned out to be the most 

complicated step within the whole sequence. Regardless of the well-proven HOBt/EDC 

technique,111 quite complex mixtures were isolated, and their further purification often 

failed. Since all the esters IV-21 were intermediates excluded from the biological 

investigation, no additional optimization was pursued. For this reason, slightly impure 

conjugates IV-21 were excluded from the Experimental part and engaged in the final 

step without any further purification. Formation of the target pyrrole/indole-

hydroxamates IV-9 and IV-10 was accomplished by base-mediated methyl ester 

cleavage. The synthetic procedure was finished by multiple co-distillation to eliminate 

residual solvents and H2O. 

 

Scheme 12 Synthesis of pyrrole/indole-hydroxamates.a 

a Reagents and conditions: (i): K2CO3, t-butyl bromoacetate, MeCN, reflux, on (16 h); (ii): TFA, CH2Cl2, 

rt, 2 h; (iii): O-allylhydroxylamine.HCl/O-benzylhydroxylamine.HCl, EDC.HCl, H2O, rt, 2 h; (iv): 2 M aq. 

LiOH, THF, 60 °C, 2 h; (v): EDC.HCl, HOBt, DIPEA, DMF, rt, on (16 h); (vi): LiOH.H2O, H2O, MeOH, 

rt, 2 h. 
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Our synthetic protocol thus yielded two series of heterocyclic hydroxamates IV-9 and 

IV-10 (Figure 19). The desired pyrrole/indole-hydroxamates IV-9 and IV-10 were 

isolated in lower yields varying from 2 to 60 % over two steps (Figure 19). In this regards, 

pyrrole-hydroxamates IV-10 behaved comparatively worse than their indole analogues 

IV-9. Mainly pyrrole-hydroxamate IV-10B, achieved in unsatisfactory 2% yield, turned 

out hard-to-handle. Due to a certain level of instability in solution, we were unable to 

remove residual impurities from the IV-10B sample. For the reason, compound IV-10B 

was not involved in biological assays. 

 

Figure 19 Overview of obtained pyrrole/indole-hydroxamates. 

a IN: indole; PY: pyrrole. b Isolated yields over 2 steps. c Residual impurities contained. 

4.1.4 Biological activity of pyrrole/indole-hydroxamates 

All the pyrrole/indole-hydroxamates IV-9 and IV-10 are currently under biological 

investigation. Their Zmp1 inhibition was only analyzed by MALDI-TOF MS so far 

(Table 3). Considering the experimental IC50 values, indole-hydroxamate IV-9H and 

pyrrole-hydroxamate IV-10H turned out similarly efficient inhibitors (IC50 ≤ 20 µM) 

compared to the first generation of TZD-hydroxamates. 
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Table 3 Zmp1 inhibition of the most potent pyrrole/indole-hydroxamates 

Entry IC50 (µM)a 

 

20 

 

17 

a Fifty percent Zmp1 inhibitory concentration. 

4.1.5 Conclusive remark 1 

This chapter is dedicated to the design and synthesis of mycobacterial Zmp1 inhibitors. 

Encouraged by our initial promising results achieved with TZD-hydroxamates, our 

extended effort resulted in pyrrole/indole-hydroxamates analogues. Two different series 

of heterocyclic hydroxamates were thus successfully designed and synthesized and all the 

final products were provided for biological investigation, which indicated their notable 

micromolar Zmp1 inhibitory and promising anti-TB potency. Based on the 

abovementioned findings, further optimizations reflecting in silico studies can be the 

subject of future work. 

4.2 Polycyclic MptpB inhibitors via gem-

dihaloaminocyclopropanes 

4.2.1 Proposed pathway toward N-fused polycycles 

To extend the known reactivity of gem-dihaloaminocyclopropanes IV-23, we designed a 

general procedure based on their ring expansion and cyclization to prepare various 

functionalized N-fused tricyclic compounds IV-25 (Scheme 13). Taking the preceding 

ring enlargement results reported by Six et al. as a starting point,48 we proposed thermally 

mediated ring expansion of the starting gem-dihalocyclopropane amides IV-23 to the 

corresponding dihydropyridinium or dihydroazepinium species IV-24 to be the plausible 

first step (Scheme 18). Following the unsuccessful attempt for the direct cyclization, acid-

mediated regeneration of the iminium IV-24 from deprotonated intermediate 
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dihydroazepines and dihydropyridines was then supposed crucial for the successful key 

cyclization onto diverse electron-rich aromatic rings to achieve the desired functionalized 

N-fused tricyclic compounds IV-25 (Scheme 13). Keeping the earlier reported 

uncontrolled iminium deprotonation under heating in mind, we intended to explore more 

promising potential of acid-mediated procedure.39 

 

 

Scheme 13 Strategy for the production of N-fused polycycles from gem-dihaloaminocyclopropanes. 

4.2.2 Synthesis of starting gem-dihalocyclopropane amides 

Our initial synthetic effort was focused on the preparation of the key precursors: gem-

dihalocyclopropane amides IV-23. Inspired by the previous experience of Six et al.,48 the 

acylation reaction between aminocyclopropane hydrochlorides IV-32 and acyl chlorides 

IV-34 was supposed to be the most feasible transformation to acquire the desired amide 

precursors IV-23. All the starting aminocyclopropane hydrochloride salts IV-32 were 

synthesized according to the literature precedent.48 Herein, two complementary synthetic 

approaches were employed. The first one, based on a Kharasch-Sosnovsky reaction, was 

applied onto N-Boc piperidine IV-26A leading to azabicyclo[4.1.0]heptane substrate IV-

32A (Scheme 14).  
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Scheme 14 A Kharash-Sosnovsky approach toward cyclopropylammonium salts. 

 

The second one comprises functional group transformation from lactams IV-26B yielding 

azabicyclo[3.1.0]hexanes IV-32B (Scheme 15).  

 

 

Scheme 15 Functional group transformation toward cyclopropylammonium salts. 

 

Additional starting compounds, acyl chlorides IV-34 were obtained quite easily from the 

corresponding acids using standard chlorination protocols.112,113 Both aforementioned 
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entities were then transformed into six desired cyclopropane amides IV-35A-F under 

Schotten-Baumann conditions and isolated in satisfactory yields ranging from 43 to 84 % 

(Table 4). Compared to the acylation conditions reported by Six et al., there was only 

minor optimization needed: the concentration of the reaction mixture was increased from 

0.025 mol/L of aminocyclopropane hydrochloride IV-32 in DCM up to 0.65 mol/L to 

speed up the acylation and prevent any unwanted hydrolytic side reactions and premature 

ring-opening. 

 

Table 4 Substrate scope for the Schotten-Baumann acylationa 

 
a Reaction conditions correspond to the general procedure provided in the experimental section. Isolated 

yield. 

 

However, following substrate scope extension to the methylated aminocyclopropane 

hydrochloride IV-32G brought complication related to a slower acylation rate caused by 

the presence of the methyl substitutent. Since increased steric hindrance probably 

facilitated amine IV-36G ring-opening, the Schotten-Baumann acylation was notably 

compromised. For this reason, the free amine IV-36G did not undergo the expected 

conversion and yielded the corresponding ring-opened amide IV-39G (Scheme 16).  
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Scheme 16 Plausible mechanism for the unexpected ring-opened ketone formation. 

 

Therefore, more suitable acylation conditions were proposed and tested. To prevent the 

premature ring opening and subsequent hydrolysis, we decided to lower the reaction 

temperature and to exclude water potentially harmful in terms of an acyl chloride 

hydrolysis. Finally, 2.2 equiv of TEA were revealed optimal to liberate the amine and 

neutralize the released HCl. The reaction mixture was allowed to warm up gradually from 

-78 to 0 °C to slow down the transformation. Indeed, improved acylation conditions were 

successfully applied to all the remaining aminocyclopane hydrochlorides IV-32G-L and 

yielded six new gem-dihalocyclopropane amides IV-35G-L in a wide range of isolated 

yields varying from 27 to 85 % (Table 5). 
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Table 5 Substrate scope for the modified acylationa 

  
a Reaction conditions correspond to the general procedure provided in the experimental section. Isolated 

yield. 

 

To summarize all the achievements reached within the synthesis of gem-

dihaloaminocyclopropane amides, two acylation procedures were successfully 

developed. The first procedure involved Schotten-Baumann conditions and provided 6 

novel amide precursors IV-35A-F, not yet reported in the literature, in lower to good 

isolated yields of 43-84 % (Table 4). Subsequently, anhydrous conditions used to 

suppress competing ring-opening of the free amines afforded lower to good isolated 

yields of six remaining gem-dihaloaminocyclopropanes IV-35G-L ranging from 27 to 85 

% (Table 5). 

4.2.3 Deprotection and ring expansion of gem-dihalocyclopropane 

amides 

The subsequent part of the studied reaction sequence involved deprotection and ring 

expansion of amides precursors to obtain dihydroazepines and dihydropyridines suitable 

for the final cyclization. Based on the different ring-size and reactivity of the expected 
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intermediates, this chapter is divided into dihydroazepine and dihydropyridine sections, 

respectively. 

 

4.2.3.1 Synthesis of dihydroazepines 

Encouraged by preliminary results from the Six group, our initial investigation was 

focused on 6-membered amide precursors. Particularly, we started with finding the most 

appropriate amide precursor in terms of protecting group. Combining the commercial and 

synthetic availability, methylenedioxy-protected amide precursor IV-35E was chosen as 

a primary substrate. Firstly, we tried to deprotect the amide precursor IV-35E to release 

hydroxy groups. The resulting catechol derivative can be deprotonated to become more 

powerful nucleophiles and thus facilitate the final cyclization. To deprotect the substrate, 

common Lewis acidic conditions were applied (Table 6, Reaction A, Entry 1, 2).114 

Unfortunately, the deprotection of our dihalocyclopropane amide IV-35E completely 

failed (Table 6, Entry 1). Allowing the reaction mixture to warm to rt, TLC analysis 

showed at least low conversion to the deprotected amide IV-40 (Table 6, Entry 2). Finally, 

the catechol IV-40 was isolated only in negligible yield of 12 % and the amide precursor 

IV-35E was found out inappropriate for further investigation. To utilize the remaining 

protected amide IV-35E, we decided to test the acid catalyzed ring expansion (Table 6, 

Reaction B, Entry 3, 4). In accordance with analogous transformation of endo-

monohalocyclopropanes reported by Six et al., verified acidic conditions were tried 

(Table 6, Entry 3). However, gem-dihaloaminocyclopropanes showed slower kinetic of 

the ring opening and we isolated dihydroazepine IV-41E in poor 11% yield with 52 % of 

IV-35E recovered. To drive the ring expansion forward, we switched to o-

dichlorobenzene and elevated temperature of 180 °C with catalytic tert-butanol to 

reversibly trap the iminium intermediate to provide it more time to cyclise (Table 6, Entry 

4). Indeed, the reaction outcome was improved up to 37 % of isolated dihydroazepine IV-

41E. Our results thus clearly confirmed a temperature dependence of the ring 

enlargement. 
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Table 6 Optimization of the reaction conditions for the deprotection/ring expansion of IV-35Ea 

 

Entry Reaction 
Additive 

(equiv) 
Solvent T (°C) 

Yield 

(%)b 

1 A - CH2Cl2 0 - 

2 A - CH2Cl2 0 to rt 12 

3 B - DMF 150 (MW) 11 

4 B t-BuOH (cat.) o-C6H4Cl2 180 (MW) 40 

a Reaction conditions A: IV-35E (0.23 mmol, 75 mg), BBr3: 1.0 M in hexanes (0.34 mmol, 347 µL), solvent 

(0.5 mL), 6 h. Reaction conditions B: IV-35E (64.6 µmol, 21 mg), solvent (1.0 mL), 30 min. b Isolated 

yield. The residual reaction mixture contained unreacted IV-35E. 

 

Our initial results indicated that a more labile protecting group had to be employed. 

Therefore, we decided to continue our investigation with amide precursor IV-35D 

protected with a dimethylated methylenedioxy bridge (Table 7). Amide IV-35D was 

deprotected quite easily in acidic environment in accordance with a literature protocol115 

furnishing the free catechol IV-40. With the desired dihydroxy-substituted amide IV-40 

in hand, we moved on to the following ring expansion. Discouraged by the diminished 

reactivity observed under acid catalysis, we switched to basic conditions. We took 

advantage of the results described by Six et al. and started with catalytic collidine in 

chlorobenzene under microwave irradiation. However, LCMS analysis indicated only 

unsatisfactory 37% conversion to the product IV-42 (Table 7, Entry 1). On the other hand, 

the reaction mixture heated to 180 °C in o-dichlorobenzene verified the aforementioned 

temperature dependence of the ring expansion and afforded 71% conversion of the 

deprotected amide IV-40 to dihydroazepine IV-42 (Table 7, Entry 2). Finally, increased 

amount of collidine then drove the reaction to completion (Table 7, Entry 3). Despite the 

full conversion, dihydroazepine IV-42 was isolated in rather disappointing yield of 22 %. 

Herein, enhanced polarity of the dihydroxy-substituted product was suspected to 

complicate the isolation and notably compromise the overall yield. Neither the subsequent 

replacement of collidine with stronger base DBU was not useful and resulted in more 
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complex mixture including also the starting amide IV-40 and the ring enlarged product 

IV-42 (Table 7, Entry 4). 

 

Table 7 Optimization of the reaction conditions for the ring expansion of IV-35Da 

 

Entry Base (equiv) Solvent T (°C) 
Time 

(min) 

Ratio of 

IV-40:IV-

42 (%)b 

1 2,4,6-collidine (cat.)  PhCl 150 (MW) 30 63:37 

2 2,4,6-collidine (cat.) o-C6H4Cl2 180 (MW) 15 29:71 

3 2,4,6-collidine (1)  o-C6H4Cl2 180 (MW) 15 0:100 

4 DBU (cat.) o-C6H4Cl2 180 (MW) 15 59:41c 

a Reaction conditions: IV-40 (0.23 mmol, 72 mg), solvent (1.0 mL). b Estimated from LC-MS at 210-500 

nm. c Complex mixture observed. 

 

Because of higher polarity of the ring enlarged catechol IV-40 and resulting problematic 

isolation, we abandoned the deprotection and started to wonder whether the dimethoxy-

substituted gem-dihalocyclopropane amides IV-35F, J, K (Table 8) may be a better 

alternative. Lone pairs-bearing methoxy substituents were hypothesized to retain the 

electron donating power while decreasing the overall polarity and thus make the isolation 

easier. To confirm our hypothesis, amide precursor IV-35F was tested as model substrate 

(Table 8). At the beginning, our initial experiment was settled under the conditions 

inspired by Craig et al. using excess K2CO3 in refluxing toluene (Table 8, Entry 1).116 

Because of lacking reactivity and known temperature-dependence of the ring 

enlargement, we decided to use refluxing chlorobenzene instead (Table 8, Entry 2). There 

were traces of ring-opened dihydroazepine IV-41F formed with approximately 10% 

conversion estimated. For this reason, an even harsher procedure based on additive-free 

refluxing o-dichlorobenzene was tested (Table 8, Entry 3, 4). Surprisingly, we reached 

64% and 98% transformation to 7-membered compound IV-41F after 30 minutes and one 

hour, respectively.  
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On the contrary, our next substrate, brominated gem-dihalocyclopropane amide IV-35J, 

reacted more readily. In accordance with the literature, hydrogen bromide was eliminated 

easier to trigger the ring expansion already in refluxing chlorobenzene to give brominated 

dihydroazepine IV-41J (Table 8, Entry 6). Despite such a feasible reactivity of 

brominated derivative IV-35J, the lower temperature of refluxing acetonitrile turned out 

insufficient to complete the reaction, compared to full conversion achieved in refluxing 

chlorobenzene (Table 8, Entry 5). Finally, methylated analogue IV-35K was the last 

example engaged. This amide precursor was the hardest to open, probably due to steric 

hindrance. Herein, no reaction proceeded neither in well-proven refluxing o-

dichlorobenzene (Table 8, Entry 7). Stoichiometric silver salts are well-known to bind to 

halogen atoms and thus facilitate the carbon-halogen C-X bond cleavage.117 Therefore, 

2.0 equiv of silver salt AgBF4 were added to access methylated dihydroazepine IV-41K 

(Table 8, Entry 8). More interestingly, the use of the silver salt also forced the subsequent 

cyclization leading to notable traces of polycyclic compound IV-43K present in the crude 

mixture. Such an unexpected activation of the dihydroazepine intermediate IV-41K was 

presumably caused via coordination of AgBF4 to the halogen-substituted double bond or 

regeneration of the iminium intermediate mediated by a stronger acid HBF4 formed 

during the transformation. 

 

Table 8 Optimization of the reaction conditions for the ring expansion of IV-35F/J/Ka 

 

Entry R X Solvent 
Additive 

(equiv) 

Time 

(h) 

Ratio of 

IV-35:4-

41:IV-43 

(%)b 

1 H Cl toluene K2CO3 (2) ON 100:0:0 

2 H Cl PhCl K2CO3 (2) ON 90:10:0 

3 H Cl o-C6H4Cl2 - ½ 36:64:0 



45 

4 H Cl o-C6H4Cl2 - 1 2:98:0 

5 H Br MeCN - 2 100:0:0 

6 H Br PhCl - 3 2:98:0 

7 Me Cl o-C6H4Cl2 - 2 100:0:0 

8 Me Cl o-C6H4Cl2 AgBF4 (2) 4 9:45:46 

a Reaction conditions: IV-35F/J/K (0.12 mmol, 40 mg), solvent (0.5 mL), reflux. b Estimated from 1H 

NMR. 

 

Optimized conditions reached for each of the 6-membered amide precursors IV-35F/J/K 

enabled the synthesis of three corresponding dihydroazepines IV-41F/J/K (Table 9). 

Despite the harsh reaction conditions, all the 7-membered intermediates IV-41F/J/K 

were prepared in satisfactory yields ranging from 64% to quantitative and immediately 

consumed in following transformation without any further purification. 

 

Table 9 Substrate scope for the 6-membered ring expansiona 

 
a Reaction conditions correspond to the general procedure detailed in the experimental section. Yield for 

crude product. b Mixture of IV-41J and unknown (probably regioisomeric) side product. c Mixture of IV-

41K and cyclized compound in 50:50 ratio estimated by 1H NMR. d AgBF4 (2.0 equiv) used to access IV-

41K. 

 

4.2.3.2 Synthesis of dihydropyridines 

All the effort made on the ring expansion of 6-membered cyclopropane amides was 

subsequently extended to their 5-membered analogues. Their higher ring strain compared 

to the 6-membered compounds was expected to ease their ring enlargement into 

functionalized pyridines. Our experimental observation met such an expectation and the 

optimization procedure was more straightforward (Table 10). In accordance with our 
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experience in treating 6-membered amide precursors, we skipped the deprotection and 

started directly with methoxy-protected 5-membered amide IV-35A as a model substrate. 

Regarding the comparable behavior of 6-membered analogues, refluxing chlorobenzene 

stood for our first optimization attempt (Table 10, Entry 1). Since the reaction proceeded 

smoothly with 91% conversion to the desired dihydropyridine IV-41A, we wondered if 

milder conditions could provide the same reaction outcome. Therefore, the next 

experiment was carried out in refluxing toluene (Table 10, Entry 2). Despite the prolonged 

reaction time, slightly worse 83% ring opening was observed. Based on mechanistic 

considerations, we suspected polar solvents to speed up the reaction via stabilization of 

the developing positive charge in the transition state. For this reason, impact of refluxing 

acetonitrile was tested (Table 10, Entry 3, 4). In true, faster conversion was achieved. 

However, the overall reaction outcome differed notably in dependence on the fate of HCl 

released upon the cyclopropane cleavage. Once present in the reaction mixture, HCl 

forced the protonation of IV-41A and following HCl elimiation resulting in 32% 

transformation into unexpected side-product IV-44A (Table 10, Entry 3). On the other 

hand, decent nitrogen flow enabled gaseous HCl to escape and afforded 95% 

transformation to the targeted dihydropyridine IV-41A within 30 minutes (Table 10, 

Entry 4). 

 

Table 10 Optimization of the reaction conditions for the ring expansion of IV-35Aa 

 

Entry Solvent Time (h) 
Specific 

conditions 

Ratio of IV-

35A:IV-41A:IV-

44A (%)b 

1 PhCl 1 - 9:91:0 

2 toluene 3 N2 flowc 17:83:0 

3 MeCN ¼ Sealed vial 23:45:32 

4 MeCN ½ N2 flowc 5:95:0 

a Reaction conditions: IV-35A (0.12 mmol, 40 mg), solvent (2.0 mL), reflux. b Estimated from 1H NMR. c 

Nitrogen flow at the top of the reflux condenser. 
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With optimized conditions developed, we set out to investigate the scope of the 5-

membered ring enlargement (Table 11). The first substrate scope extension relied on the 

diversification of the aromatic substitution pattern. As a result, tri-, di- and mono-

methoxylated derivatives IV-41A/B/C/L were successfully obtained in satisfactory 66-

96% yields based on the weight of the crude products. Varying the length of the linker 

between the aromatic and cyclopropane-containing units was the following objective 

pursued. Herein, the ring enlargement of the corresponding amide IV-35H and IV-35I 

proceeded almost quantitatively. The last example included ring opening of methyl-

substituted compound IV-35G. In analogy with the methylated 6-membered gem-

dihalocyclopropane amide IV-35K, steric hindrance made the ring expansion more 

difficult again. For this reason, increased temperature of refluxing chlorobenzene was 

needed to trigger the transformation. The resulting complexity of the crude product made 

further purification inevitable affording a poor 8% isolated yield of the intermediate 

dihydropyridine IV-41G. Therefore, the particular transformation requires additional 

optimization. 

 

Table 11 Substrate scope for the 5-membered ring expansiona 

 
a Reaction conditions correspond to the general procedure detailed in the experimental section. Yield based 

on the weight of the crude product. b Isolated yield. 

 

After an extensive study of reactivity within three differently protected 6-membered 

amide precursors, we found suitable conditions for their deprotection as well as the 
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following ring expansion. Regarding the deprotection, methylated methylenedioxy-

protected amide IV-35D turned out the most appropriate substrate and delivered a 

quantitative yield of the deprotected catechol IV-40 in acidic environment. However, 

subsequent base-mediated ring enlargement proved fruitless, probably due to polarity-

related isolation issues. On the other hand, more straightforward ring enlargement 

pathway from dimethoxy-protected amides furnished all the proposed dimethoxy-

substituted dihydroazepines and dihydropyridines IV-41 in good to quantitative yields. 

Despite a little bit diverse reactivity within the series of 6-membered amides, elevated 

temperature was revealed universal to induce ring opening across the whole spectrum of 

studied gem-dihalocyclopropane amides. 

4.2.4 Acid-mediated cyclization to final polycycles 

To accomplish the proposed synthetic pathway and deliver N-fused polycycles as 

potential MptpB inhibitors, cyclization of ring-enlarged intermediates was the final 

transformation to pursue. Following all the results of the preceding ring expansion 

experiments, we tested one-pot procedures on deprotected amide precursors as well as 

tandem ring enlargement/cyclization sequences on dimethoxy-substituted 

dihalocyclopropanes, which is reflected also in the division of this chapter. 

 

4.2.4.1 One-pot procedure toward catechol-containing polycycles 

The compromised isolation of catechol-containing dihydroazepines (Chapter 4.2.3.1) 

excited our interest in a one-pot procedure to improve the overall reaction outcome (Table 

12, Reaction A, Entry 1, 2). Based on the relevant literature, Lewis acid BF3.Et2O was 

expected to remove the protecting group as well as, perhaps, force the final cyclization 

via the formation of a dioxaborole intermediate. For this reason, BF3.Et2O was the reagent 

of choice for such a one-pot procedure. Moreover, addition of 2,4,6-collidine was 

supposed useful to neutralize HCl released during the ring opening and thus prevent 

hydrolysis of the dioxaborole intermediate. On small scale (0.20 mmol), these reagents 

completed all the cyclization sequence, however, with rather low 30% isolated yield 

(Table 12, Entry 1). On somewhat larger scale (0.33 mmol), the crude mixture still 

contained 44 % of the unreacted protected amide precursor IV-35E and the cyclized 

product was isolated only in moderate 36% yield (Table 12, Entry 2). To eliminate any 

deprotection issues, we decided for stepwise approach from catechol species IV-40 
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(Table 12, Reaction B, Entry 3, 4). Herein, the initial base-free cyclization experiment 

disproved our primary acidic hydrolysis-related hypothesis and afforded similar level of 

cyclization compared to analogous base-mediated reactions (Table 12, Entry 3). 

Opposingly, slightly higher isolated yield of 39 % indicated acidic environment more 

appropriate to avoid a formation of unwanted salts and ease the isolation of the desired 

polycycle IV-45. The last control experiment with equimolar H3BO3 additive and 

comparatively lower amount of Lewis acid confirmed the presumed dioxaborole 

formation giving almost identical crude mixture as in both previous cases (Table 12, Entry 

4). On the other hand, the isolated yield of cyclized product IV-45 again dropped to 31 

%.  

 

Table 12 Optimization of the reaction conditions for BF3.Et2O-mediated cyclizationa,b,c 

 

Entry Reaction 
Additive 

(equiv) 

BF3.Et2O 

(equiv) 

Time 

(min) 

Ratio of 

IV-

35E:IV-

40:IV-45d 

Yield of 

IV-45 

(IV-40) 

(%)e 

1a A 
2,4,6-collidine 

(1) 
1 30 0:0:100 30 

2b A 
2,4,6-collidine 

(1) 
1 40 44:0:56 36 (28) 

3c B - 2.50 2 × 30 0:49:51 39 (37) 

4c B H3BO3 (1.25) 1.25 2 × 30 0:54:46 29 (25) 

a Reaction conditions: IV-35E (0.20 mmol, 71 mg), o-dichlorobenzene (1.5 mL), MW: 180 °C. b Reaction 

conditions: IV-35E (0.33 mmol, 118 mg), o-dichlorobenzene (1.0 mL), MW: 180 °C. c Reaction conditions: 

IV-40 (0.16 mmol, 50 mg), o-dichlorobenzene (1.0 mL), MW: 180 °C. d Estimated by 1H NMR. e Isolated 

yield. 

 

All of our cyclization effort toward catechol polycycles IV-45 thus brought numerous 

complications and unsatisfactory results. To overcome such a difficulty, we decided to 

follow successful ring expansion of dimethoxy-protected ring enlarged species. In this 

context, we took an inspiration from Sánchez et al.39 and chose super acidic TfOH to 
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regenerate the iminium and accomplish the desired cyclization. At the beginning, 30% 

isolated yield of the polycycle IV-43A was obtained after 30 min using catalytic TfOH 

in microwave-irradiated (100 °C) dichlorobenzene (Table 13, Entry 1). Chasing as mild 

and efficient conditions as possible, we continued with conventional heating at 90 °C in 

toluene (Table 13, Entry 2). After prolonged reaction time of 3 h, these conditions 

improved the isolated yield up to 53 %. Contrarily, polar solvents such as MeCN were 

revealed inappropriate leading to more complex mixture and thus lowering the isolated 

yield to 25 % (Table 13, Entry 3). Finally, the best conditions found (see Table 13, Entry 

2) were used to scale up the cyclization procedure (Table 13, Entry 4). Unfortunately, we 

faced up an unexpectedly diminished reactivity reflected in dominant side products. After 

an additional effort, stoichiometric TfOH was proved inevitable for smooth 

transformation to the polycycle IV-43A in 49% isolated yield (Table 13, Entry 5). 

 

Table 13 Optimization of the reaction conditions for TfOH-mediated cyclizationa,b 

 

Entry 
TfOH 

(equiv) 
Solvent T (°C) 

Time 

(h) 

Yield of 

IV-43A 

(%)c 

1a Cat. PhCl MW: 100 ½ 30 

2a Cat. toluene 90 3 53 

3a Cat. MeCN RT 1 25d 

4b Cat. toluene 90 ¾ -d 

5b 0.50 toluene 90 ¾ 49 

a Reaction conditions: IV-41A (0.10 mmol, 30 mg), solvent (0.5 mL). b Reaction conditions: IV-41A (0.34 

mmol, 100 mg), solvent (3.0 mL). c Isolated yield. d Complex mixture obtained. 

 

Once arrived at the optimized conditions, we set out to develop the scope and limitations 

of the TfOH-mediated cyclization (Table 14). Our first achievement included the 

cyclization of dimethoxy-substituted model substrates IV-41A/F to synthesize polycycles 

of tetrahydropyridine IV-43A and tetrahydroazepine IV-43F type in moderate 49% and 
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44% yield, respectively. Herein, the reaction outcome clearly reflected the different ring 

expansion rate associated with varying ring strain of the corresponding 5- or 6-membered 

amide precursors.  

 

Next, we explored an influence of the aromatic substitution pattern. Electron rich 

trimethoxy-containing dihydropyridine cyclized readily giving 52% yield of the desired 

polycycle IV-43C. Subsequently, electron poorer m-monomethoxy-substituted analogue 

was employed. Its lower reactivity enabled numerous competitive isomerization 

processes resulting in a complex 1H NMR spectrum of the crude product containing 2 

regioisomers IV-43LA and IV43-LB, as well as their 2 counterparts IV-43LC and IV-

43LD with translocated double bond in 47:18:27:8 ratio, respectively (Scheme 17). 

However, only the unexpected isomer IV-43LC was isolated in appropriate purity for 

structural confirmation and full characterization. Comparatively, p-monomethoxy-

substituted analogue failed to cyclize at all, and the complexity of the resulting mixture 

clearlyindicates that the presence of a m-EDG is essential for the cyclization.  

 

 

Scheme 17 Unexpected isomerisation observed upon cyclization of IV-41L 

a Estimated from 1H NMR. 

 

To further extend the substrate scope, we varied the size of the middle ring. For this 

reason, we used dihydropyridine precursors with modified linkers. Herein, homologue 

IV-41I having a longer chain reacted smoothly, however, yielded a mixture of three 

products (Scheme 18).  
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Scheme 18 Unexpected transformations observed upon cyclization of IV-41I. 

 

Outside the desired cyclized compound IV-43IB, we were also faced with 2,3-dihydro-

1H-inden-1-one IV-46 formation. The third compound was probably the isomer IV-43IB 

with a differently located double bond. Firstly, the protonation of IV41I can provide two 

possible carbocations (Scheme 19). Secondly, the first carbocation IV-41IA which leads 

to the expected polycycle IV-43IA, is more stable and easier to form, however, less 

reactive. On the other hand, the second carbocation IV-41IB, providing the surprising 

polycycle IV-43IB, is more difficult to access but more reactive. Subsequently, unstable 

isomer IV-43IB underwent further transformation upon HPLC purification leading to the 

nucleophilic substitution product IV-43IC isolated as an 80:20 diastereomeric mixture.  

 

 

Scheme 19 Formation of two possible carbocations. 

 



53 

On the other hand, the shorter-linked homologue reacted rapidly, but its susceptibility to 

decomposition resulted in a complex crude mixture. For this reason, N-fused polycycle 

IV-43H was isolated in slightly lower quality and quantity so far. Therefore, further 

optimizations, perhaps lowering the temperature and/or concentration of the reaction 

solution, remain inevitable. The last substrate proposed for the cyclization toward 

tetrahydropyridine-based N-fused polycycles was a methylated analogue. Unfortunately, 

sterically demanding preceding ring enlargement gave the intermediate dihydropyridine 

in unsatisfactory quantity of 58.5 µmol. Despite of such a low quantity, the final 

cyclization proceeded in an acceptable way, however, affording a mixture of the desired 

polycycle IV-43G and its double bond-shifted isomer, that we were not able to separate. 

 

Regarding dihydroazepine intermediates, brominated analogue IV-41J underwent less 

selective cyclization and afforded even two regioisomeric polycycles IV-43JA and IV-

43JB in correspondingly decreased yield of 8 % and 16 %, respectively. To account for 

the unexpected polycycle IV-43JB, we suppose a mechanistic pathway as follows 

(Scheme 20). After an initial iminium regeneration, a bromide anion as a soft nucleophile 

attacks the resulting allylic bromide moiety according to an SN2’ process. The 

intermediate regioisomeric iminium IV-48JB then rearranges to the iminium species IV-

50JB, to eventually form the final brominated regioisomer IV-43JB. 

 

 

Scheme 20 Plausible mechanism for the unexpected brominated polycycle IV-43JB formation. 

 

Opposingly, the corresponding methylated dihydroazepine cyclized smoothly giving the 

final tricycle IV-43K in 21% yield lowered by the sterically demanding preceding 

reaction step. 
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Table 14 Substrate scope for the TfOH-mediated cyclizationa 

 
a Reaction conditions correspond to the general procedure detailed in the experimental section. Isolated 

yields over two steps. b Residual impurities contained. c Entirely remained in mixture with its double bond-

shifted isomer impossible to separate. d Partly remained in mixture with its isomers impossible to separate. 

 

To summarize the cyclization studies, our initial Lewis acid-mediated one-pot procedure 

toward catechol-containing polycycle IV-45 brought unsatisfactory results in terms of 

reproducibility and an overall reaction outcome. Such complications were assigned to 

incomplete deprotection step and plausible formation of undesirable salts during the 

workup, respectively. On the other hand, additional effort on dimethoxy-substituted 

intermediate dihydroazepines and dihydropyridines IV-41 yielded more satisfactory 

results. Following substrate scope exploration of TfOH-mediated cyclization resulted in 

a series of 10 N-fused polycycles IV-43 as novel potential MptpB inhibitors in variable 
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isolated yields ranging from 6 to 52 %. Among them, three unexpected isomers were 

produced due to wide structural variation leading to diverse reactivity within the whole 

series. 

4.2.5 Conclusive remark 2 

This chapter describes a straightforward tandem ring expansion/cyclization pathway from 

gem-dihaloaminocyclopropanes toward novel N-fused polycycles as potential 

mycobacterial virulence factor MptpB inhibitors. Wide structural diversity and 

unexpected reactivity of the prepared gem-dihaloaminocyclopropanes furnished ten novel 

N-fused tricycles and, additionally, several isomerized counterparts. We thus extended 

the synthetic utilility of dihalocyclopropanes in terms of cyclization and accessed 

unprecedented halogenated polycycles in a straightforward manner. Finally, 

antitubercular potential of all the achieved polycycles is currently under biological 

investigation. 

4.3 2-Aminobenzoxazoles preparation for mycobacterial ATP 

synthase inhibitors1 

4.3.1 Design of squaramide-based ATP synthase inhibitors and 

proposed pathway toward 2-aminobenzoxazoles 

Our following approach toward novel anti-TB compounds consisted of mycobacterial 

ATP synthase inhibition. In this context, Tantry et al. published a very informative paper 

on squaramide-mediated inhibition of mycobacterial ATP-synthesis, which became an 

invaluable source of inspiration for the whole project.63 Inspired by Tantry et al., 

numerous modified squaramides IV-51 were designed (Scheme 21). To summarize the 

main idea behind the whole squaramide-based chemical library, a wide variety of 

aromatic, aliphatic and heterocyclic substituents attached via amine linker to the 

squaramide core were predicted to offer extended possibilities of free rotation and H-

bonding, reinforcing their ATP synthase binding mode. Moreover, benzoxazole-

                                                   
1 As the main topic of his bachelor thesis, the synthesis of squaramides was performed by Jan Chasak 

(Chasak, J. 2020, Synthesis of novel squaramides as potent mycobacterial ATP synthase inhibitors, 

UPOL, Olomouc). 
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containing squaramides IV-51 exhibited better binding energy than −7.7 kcal/mol 

measured for the parent compound arising from in silico molecular docking to 

mycobacterial ATP synthase (Scheme 21). To synthesize all the proposed benzoxazole-

squaramides, we needed a straightforward pathway to various 2-aminobenzoxozoles IV-

52 as privileged building blocks. Taking inspiration from the relevant precedent in 

literature,118,119 the plausible synthetic strategy toward 2-aminobenzoxazoles IV-52 was 

based on a reaction between substituted o-aminophenols IV-53 and NCTS as a beneficial 

nonhazardous electrophilic cyanating agent under Lewis acid catalysis (Scheme 20).120 

 

Scheme 21 Design and plausible access toward aminobenzoxazole-containing ATP synthase inhibitors. 

 

Additionally, a complementary synthetic approach to their N-substituted counterparts was 

suggested (Scheme 22). The Smiles rearrangement, an intramolecular nucleophilic 

aromatic substitution reaction, has received our attention to achieve the desired N-

substituted analogues. In 2011, Zuo et al. published an inspiring synthesis of N-aryl-2-

aminobenzoxazoles from substituted benzoxazole-2-thiol and in situ formed 2-chloro-N-

arylacetamides in a Cs2CO3-DMF system. However, it was limited only to aromatic 

substrates.121 Such a capability of the Smiles rearrangement combined with economic 

precursor benzoxazole-2-thiol IV-54 enabled us to predict its functionalization by 

different amines upon chloroacetyl chloride-mediated activation to reach various N-

derivatized benzoxazoles IV-56 (Scheme 22).120 
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Scheme 22 Proposed approach to N-substituted aminobenzoxazoles via Smiles rearrangement. 

4.3.2 NCTS-mediated cyclization to 2-aminobenzoxazoles 

Our first intention consisted of using N-cyano-N-phenyl-p-toluenesulfonamide as a 

benign electrophilic cyanating agent.122 With Kurzer`s method employed, NCTS was 

easy-to-synthesize from inexpensive phenylurea and p-toluenesulfonyl chloride.123 

Indeed, this dehydrative tosylation in pyridine provided NCTS in satisfactory yields 

varying from 55 % to 69 % after recrystallization. Once we had NCTS available, we tried 

to reproduce the reaction conditions reported by Kasthuri et al. (Table 15).118 To follow 

their synthetic protocol, we started with equimolar LiHMDS and NCTS (Table 15, Entry 

1). However, we observed only 9% conversion. Determined to optimize the procedure, 

we increased NCTS and/or LiHMDS (Table 15, Entry 2-4). Unfortunately, the conversion 

remained unchanged. Finally, a higher temperature of 60 °C afforded 11% conversion 

(Table 15, Entry 5). Despite our effort, compound IV-57 always predominated in the 

reaction mixture over the desired 2-aminobenzoxazole IV-52A. 

 

Table 15 Optimization of the reaction conditions for the LiHMDS-mediated cyclizationa 

 

Entry NCTS (equiv) LiHMDS (equiv) T (°C) Yield of IV-52A (%)b 

1 1 1 0 to rt 9 

2 1 3 0 to rt 9 

3 1.2 1 0 to rt 6 

4 1.2 3 0 to rt 9 
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5 1 3 0 to 60 11 

a Reaction conditions: o-aminophenol (0.18 mmol, 20 mg), NCTS, LiHMDS, THF (1 mL), 2 h. b 

Conversion estimated from LC-MS at 210-500 nm. 

 

Consequently, we switched to the Lewis acid-mediated procedure. In fact, Lewis acids 

were suggested to activate the cyano group of NCTS toward a nucleophilic attack of the 

aniline group and thus facilitate the cyclization.118 Indeed, the proposed hypothesis met 

our expectations and after careful optimization (Table 16), 2-aminobenzoxazole IV-52A 

was obtained in suitable isolated yield of 60 %. To summarize the optimization procedure, 

we started with an excess of both reagents in refluxing dioxane (Table 16, Entry 1). 

Firstly, notable temperature dependence was observed from poor 39% conversion below 

100 °C while refluxing dioxane enabled comparatively increased 86% transformation to 

the desired 2-aminobenzoxazole IV-52A (Table 16, Entry 1, 2). Secondly, 1.5 equiv of 

NCTS turned out the most appropriate amount to use without compromising the overall 

conversion (Table 16, Entry 3, 4). Finally, we were able to decrease the required amount 

of BF3.Et2O to 2 equiv (Table 16, Entry 5, 6). It should be noted that no reaction appeared 

in different solvents such as toluene, anisole, diphenyl ether or DMF. Only 2-

methyltetrahydrofuran gave similar reaction outcome as reported in Entry 5. 

 

Table 16 Optimization of the reaction conditions for the Lewis acid-mediated cyclizationa 

 

Entry BF3.Et2O (equiv) NCTS (equiv) T (°C) Yield of IV-52A (%)c 

1 3 3 reflux 86 

2 3 3 100b 39 

3 3 1.5 reflux 87 

4 3 1.2 reflux 54 

5 2 1.5 reflux 90 

6 1 1.5 reflux 71 

a Reaction conditions: o-aminophenol (0.18 mmol, 20 mg), NCTS, BF3.Et2O, 1,4-dioxane (1 mL), 30 h. b 

External temperature of the bath. c Conversion estimated from LC-MS at 210-500 nm. 
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With optimal reaction conditions, the scope and limitations of the cyclization were 

examined (Table 17). Both EWG- and EDG-bearing o-aminophenols IV-53 showed 

similar reactivity. Neither the position of substituent on the aromatic ring influenced the 

reaction. All the corresponding 2-aminobenzoxazoles IV-52 were thus accessed in 

moderate yields of 45-60 %. Concerning satisfactory LC-MS conversion, the multistep 

isolation/purification is estimated to lower the yields. 

 

Table 17 Substrate scope for the Lewis acid-mediated cyclizationa 

 
a Reaction conditions correspond to the general procedure detailed in the experimental section. Isolated 

yields. 

 

Considering our observation and prevalent literature, the following reaction mechanism 

is proposed (Scheme 23).118 With its cyano group coordinated to BF3.Et2O, NCTS IV-58 

is more prone to the subsequent nucleophilic attack of the amine accompanied by the 

sulfonamide elimination. Within the proposed intermediate IV-61, the ring closure is 

completed by the hydroxyl group attacking the electron-poor carbon atom and the desired 

2-aminobenzoxazole IV-52A is released after the basic workup. Finally, LC-MS analysis 

clearly showed m/z of 246 [M – H] and experimentally confirmed the assumed 

sulfonamide elimination. 
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Scheme 23 Proposed mechanism for the Lewis acid-mediated cyclization. 

4.3.3 The Smiles rearrangement approach to N-substituted 2-

aminobenzoxazoles 

Following our interest in the catalyst-free synthesis of N-substituted 2-

aminobenzoxazoles, we focused on the Smiles rearrangement. For this reason, the 

treatment of benzoxazole-2-thiol IV-54 with various aliphatic bromoamines was studied. 

Unexpected reactivity of 3-bromopropylamine.HBr IV-63 as well as 2-

bromoethylamine.HBr IV-64 yielded a mixture of corresponding thiol IV-65 or IV-66 

and disulfide IV-67 or IV-68 (Table 18). We started with conditions adapted from 

Abdelazeem et al.124 and applied them to 3-bromopropylamine.HBr IV-64 which 

selectively yielded disulfide IV-67 via a radical pathway (Table 18, Entry 1). Even a 

lower amine concentration did not influence the reaction outcome (Table 18, Entry 2). 

However, a less basic environment enabled a selective formation of the desired compound 

IV-65 (Table 18, Entry 3-5). On the other hand, 2-bromoethylamine.HBr IV-64 showed 

different behavior (Table 18, Entry 6). An increased temperature of 120 °C was needed 

to reach disulfide IV-68 selectively (Table 18, Entry 7). While the altered amount of 

K2CO3 turned out useless, switching to 1 equiv of Et3N afforded compound IV-66 

selectively (Table 18, Entry 8-10). 
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Table 18 Optimization of the reaction conditions for the Smiles rearrangement with shorter aliphatic 

bromoaminesa 

 

Entry Amine (equiv) Base (equiv) T (°C) 
Ratio of IV-

65:IV-67 (%)b 

1 IV-63 (2) K2CO3 (3) 70 0:95 

2 IV-63 (1) K2CO3 (3) 70 0:95 

3 IV-63 (1) K2CO3 (2) 70 38:38 

4 IV-63 (2) K2CO3 (2) 70 80:7 

5 IV-63 (4) K2CO3 (2) 70 80:5 

Entry Amine (equiv) Base (equiv) T (°C) 
Ratio of IV-

66:IV-68 (%)b 

6 IV-64 (2) K2CO3 (3) 70 50:33 

7 IV-64 (2) K2CO3 (3) 120 5:80 

8 IV-64 (2) K2CO3 (2) 70 33:30 

9 IV-64 (2) K2CO3 (4) 70 20:60 

10 IV-64 (2) Et3N (1) 70 94:4 

a Reaction conditions: benzoxazole-2-thiol (0.16 mmol, 25 mg), 3-bromopropylamine.HBr/2-

bromoethylamine.HBr, base, DMF (1 mL), 2 h. b Estimated from LC-MS at 210-500 nm. The rest of the 

crude mixture contained unknown impurities and (or) by-products. 

 

Also, two longer bromoamines IV-69 and IV-73 were subjected to our Smiles 

rearrangement exploration (Table 19). Herein, both the bromoamines were synthesized 

from commercial aminoalcohols according to the literature precedent using ionex 

workup.125 In the case of 4-bromobutylamine.HBr IV-69, preferential 5-membered ring 

closure always resulted in pyrrolidine IV-72 as the main product. Facilitated by negligible 

ring strain and minimal entropy change, ring closure was observed with inconsiderable 

dependence on the reaction conditions (Table 19, Entry 1-3). Lower temperature only 
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decreased the reaction rate (Table 19, Entry 4). In the context of the abovementioned 

results, 2 equiv of the amine IV-69 and 2 equiv of Et3N in refluxing toluene seemed to be 

the most efficient conditions. Finally, 5-bromopentylamine IV-73 substituted the starting 

benzoxazole-2-thiol smoothly, leading to compound IV-74. Herein, 2 equiv of the amine 

IV-73 and 2 equiv of Et3N in refluxing toluene were found to be useful again (Table 19, 

Entry 7). To force the rearrangement, harsher conditions were applied directly onto the 

amine IV-74 (Table 19, Entry 8, 9). Instead of the expected rearrangement, just undesired 

formylation, confirmed by NMR spectroscopy, occurred to give formamide IV-76. 

 

Table 19 Optimization of the reaction conditions for the Smiles rearrangement with larger aliphatic 

bromoaminesa 

 

Entry Base Solvent T (°C) Time (h) 
Ratio of IV-71:IV-72 

(%)b 

1 NaH toluene reflux 26 0:92 

2 Et3N toluene reflux 4 0:95 

3 Et3N DMF 120 22 0:16 

4 Et3N toluene 80 22 26:9 

Entry Base Solvent T (°C) Time (h) 
Ratio of IV-74:IV-76 

(%)b 

5 NaH DMF 120 (MW) ½ 24:48 

6 Et3N DMF 120 (MW) ½ 42:11 

7 Et3N toluene reflux 2 99:0 

8c Et3N DMF 120 (MW) ½ 54:44 

9c Et3N DMF 120 (MW) 2 0:98 

a Reaction conditions: benzoxazole-2-thiol (0.06 mmol, 10 mg), 4-bromobutylamine.HBr/5-

bromopentylamine.HBr (0.12 mmol), base (0.12 mmol), solvent (0.5 mL). b Estimated from LC-MS at 210-

500 nm. The rest of the crude mixture contained unknown impurities and (or) by-products. c Compound 

IV-74 used as starting material. 

 



63 

Later on, some more challenging substrates such as 2-chloroacetamide IV-77, 3-

(bromomethyl)aniline IV-78, 4-bromobenzylamine IV-79 were also employed in the 

Smiles rearrangement (Figure 20). Presumably compromised by sterically and 

energetically demanding transition states, all the substrates failed in term of the Smiles 

rearrangement, and only the corresponding nucleophilic substitution products IV-80, IV-

81, IV-82 were isolated regardless of the reaction conditions (Figure 20).  

 

 

Figure 20 Extended substrate scope with resulting nucleophilic substitution products. Isolated yields 

included. 

 

Motivated by the abovementioned observations, we needed a universal method to widen 

the substrate scope. To meet rather ambitious expectation, Smiles rearrangement was 

performed (Table 20). The initial reaction conditions were adopted from Tian et al.121 and 

tested on cyclohexylamine IV-83A as a model substrate (Table 20, Entry 1). 

Conventional heating at 160 °C provided similar conversion compared to microwave 

irradiation (Table 20, Entry 2). On the other hand, the change of stoichiometry, solvent 

or reaction time had no positive influence on the reaction outcome (Table 20, Entry 3-6). 

Different bases than Cs2CO3 completely suppressed the rearrangement leading to the 

substitution product IV-55A (Table 20, Entry 7, 8). 
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Table 20 Optimization of the reaction conditions for the Smiles rearrangement with cyclohexylaminea 

 

Entry 

Chlorid

e 

(equiv) 

Base (equiv) T (°C) Time (h) Solvent 

Ratio of 

IV-56A:IV-

55A (%)b 

1 1.2 Cs2CO3 (3.2) 160 (MW) ½ DMF 57:0 

2 1.2 Cs2CO3 (3.2) 160 8 DMF 58:0 

3 1.7 Cs2CO3 (3.2) 160 (MW) ½ DMF 31:0 

4 1.2 Cs2CO3 (3.7) 160 (MW) ½ DMF 48:0 

5 1.2 Cs2CO3 (3.2) 160 (MW) ½ N,N-DMA 25:0 

6 1.2 Cs2CO3 (3.2) 160 (MW) 2 DMF 42:0 

7 1.2 NaH (3.2) 150  2 N,N-DMA 0:42 

8 1.2 DBU (3.2) reflux 2 MeCN 0:95 

a Reaction conditions: benzoxazole-2-thiol (0.16 mmol, 25 mg), cyclohexylamine (0.16 mmol), base, 

ClCH2COCl, solvent (1 mL). b Estimated from LC-MS at 210-500 nm. The rest of the crude mixture 

contained unknown impurities and (or) by-products. 

 

Having the optimized reaction conditions in hand, we set out to explore the scope of the 

Smiles rearrangement (Table 21). A broad scope of primary and secondary aromatic, 

aliphatic, alicyclic amines and bisnucleophilic ethanolamine was tested. Considering the 

aromatic and primary amines, there was no influence of the electron effects or substitution 

patterns recognized, and the corresponding N-substituted aminobenzoxazoles IV-56B-I 

and IV-56K were isolated in good yields of 55-83%. In contrast, bulkier amines exhibited 

comparatively worse reactivity reflected in decreased yield of IV-56A (32%) and IV-56J 

(25%). The rearrangement with diethylamine ultimately failed. 
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Table 21 Substrate scope for the intramolecular Smiles rearrangementa 

a Reaction conditions correspond to the general procedure detailed in the experimental section. Isolated 

yields. 

 

The mechanistic proposal has been made concerning the experimental observations and 

the existing literature (Scheme 24). After the initial S-alkylation, the Smiles 

rearrangement is driven forward via intermediate IV-55A by the nitrogen's nucleophilic 

attack at the electron-deficient benzoxazole carbon. The process is accompanied by a new 

C-N bond formation to give spiro compound IV-84. The conclusive rearomatization and 

Cs2CO3-mediated alkaline hydrolysis furnishes the desired N-substituted benzoxazole 

IV-56A. 
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Scheme 24 Proposed mechanism for the intramolecular Smiles rearrangement. 

4.3.4 Conclusive remark 3 

This chapter outlines two novel synthetic approaches toward 2-aminobenzoxazoles and 

their N-substituted analogues from safe and readily available starting materials. Both 

achieved synthetic protocols are widely applicable, provide the target aminobenzoxazoles 

in moderate to excellent yields, and use nontoxic, inexpensive precursors. Moreover, the 

cyclization protocol was successfully utilized within our group to prepare squaramide-

benzoxazoles IV-51 as potential mycobacterial ATP synthase inhibitors (Scheme 25). 

Most of the squaramide-benzoxazoles exhibited promising preliminary results against 

extracellular Mtb R37Ra and their mechanism of action is currently under elucidation. 
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Scheme 25 Synthetic pathway toward the target squaramide-benzoxazoles. 

4.4 Thiazolidinedione-based conjugates for phenotypic 

screening 

4.4.1 Design and solid phase synthesis of the TZD-pyrimidines 

Over many years, combining two pharmacophores became a well-established approach 

for designing more potent drugs with enhanced pharmacotherapeutic activity. The 

resulting hybrid molecules aimed at manifold targets are considered better drug 

candidates with more predictable pharmacological behavior and extend patient 

compliance.  

 

Encouraged by all the aforementioned findings, especially by the reported relevance of 

TZD and 5-nitropyrimidine heterocycles in anti-TB research, we decided to combine 

these two attractive pharmacophores to reach novel promising anti-TB TZD-pyrimidine 

hybrids IV-90 (Scheme 26).86,126 The central heterocycles were connected by an 

appropriate linker. Herein, ethylenediamine and propylenediamine were selected for 

primary screening.127 Because we envisioned the polymer-supported synthetic protocol 

as the most suitable approach to the desired library of TZD-pyrimidines, the whole system 

was built on Wang resin via immobilization of lipophilic amino acids to optimize the 

overall drug-likeness of final hybrids.128 Three amino acids, namely valine, phenylalanine 



68 

and proline, were incorporated in compounds IV-90 to evaluate their influence on the 

resulting biological qualities. The last modification yielded from typical benzylidene or 

alkylidene substitution pattern engaged to diversify the TZD core.88 

 

 

Scheme 26 Design of anti-TB TZD-pyrimidines. 

 

For the conjugation of TZD with 5-nitropyrimidine, the polymer-supported synthetic 

protocol was introduced (Scheme 27). To emphasize our synthetic procedure's main 

advantages in general comparison with typical medicinal chemistry synthetic protols, it 

does not require multiple isolation/purification and proceeds from relatively inexpensive 

precursors. Furthermore, our method includes minimal synthetic operations to reach 

structural diversity from feasible building blocks. The solid phase synthesis started with 

amino acid immobilization on Wang resin. Such a modified resin IV-91 underwent Fmoc 

deprotection and substitution with 4,6-dichloro-5-nitropyrimidine to provide resin IV-92. 

The resulting chlorine atom was reported to be prone to hydrolysis.129 That is why resin 

IV-92 was immediately treated with aminoethanol or aminopropanol resulting in resin 

IV-93. Fukuyama-Mitsunobu transformation then yielded the key polymer-supported 

intermediate IV-94. Herein, shorten reaction time turned out useful to increase the purity 

of the resin-bound intermediate IV-94 with quantitative conversion observed after 1 h. 

The TZD was again obtained in 57% yield from thiourea and chloroacetic acid by 

reproduction of the literature precedent.84 Later on, Knoevenagel condensation of resin 

IV-94 with various aldehydes resulted in conjugate IV-95. After several published 

protocols tested, the most suitable conditions were found to include piperidine, DMF, 70 
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°C, on (16 h).130 All the desired TZD-pyrimidines IV-96 and IV-97 were finally isolated 

by standard acidic cleavage and subsequent HPLC purification.  

 

As already stated in Chapter 4.1.1, Knoevenagel condensation gave rise to E/Z 

geometrical isomers. Both the isomers may be differentiated by 1H NMR shifts.102,131,132 

Based on the method, all our final products IV-96 and IV-97 were confirmed as Z isomers 

with characteristic vinylic proton shifted above 7.90 ppm, deshielded by the adjacent 

C=O. 

 

Scheme 27 Solid-phase synthesis of TZD-pyrimidines.a 

a Reagents and conditions: (i): Fmoc-amino acid, HOBt, DMAP, DIC, DMF/CH2Cl2 (1:1), rt, on; (ii): 50% 

piperidine, DMF, rt, 15 min; (iii): 4,6-dichloro-5-nitropyrimidine, DIPEA, DMF, rt, 2 h; (iv): amino 

alcohol, DIPEA, DMF, rt, 2 h; (v): thiazolidine-2,4-dione, PPh3, DIAD, THF, rt, 1 h; (vi): aldehyde, 

piperidine, DMF, 70 °C, on; (vii): 50% TFA in CH2Cl2, rt, 1 h. 

 

The introduced solid-phase protocol yielded a novel chemical library of TZD-pyrimidines 

IV-96 and IV-97 (Figure 22). The reaction sequence was successfully applied on 

aromatic aldehydes with electron-withdrawing and electron-donating substitution pattern 

and aliphatic aldehydes. All the proposed TZD-pyrimidines IV-96 and IV-97 were 

synthesized in acceptable crude purity from 58 to 91 %. Their isolated yields varied 

between 29 and 63 %, sometimes lowered by HPLC purification. 
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Figure 21 Overview of obtained TZD-pyrimidines. 

a Crude purity estimated from LC-MS at 210-500 nm. b Isolated yield after HPLC purification. 

4.4.2 Biological activity of TZD-pyrimidines 

The chemical library was consequently tested for antituberbular and antimicrobial activity 

(Table 22). Regarding their antitubercular potential against Mtb H37Rv, conjugate IV-

97F possessed MIC = 256 µg/mL while TZD-pyrimidine IV-97I exhibited bacteriostatic 

effect on Mtb H37Rv. Subsequently, reference Gram-positive as well as Gram-negative 

bacterial strains (S. aureus CCM 3953, P. aeruginosa CCM 3955, E. coli CCM 3954, E. 

faecalis CCM 4224), two fungal strains (C. albicans ATCC 90028, A. niger CCM 8189) 

were employed. Unfortunately, TZD-pyrimidines IV-96 turned out completely inactive. 

On the contrary, conjugates IV-97 were more potent. Namely compound IV-97F 

expressed the best inhibition of S. aureus CCM 3953 with MIC = 128 µg/mL. Concerning 

the structure-activity relationship, the propylene diamine linker between the 

pharmacophores enhanced antimicrobial potential compared to corresponding 

ethylenediamine-containing analogues. 
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Table 22 Biological characterization of the most active TZD-pyrimidines 

Entry 
M. 

tuberculosisa 
S. aureusa E. faecalisa 

 

1024 256 256 

 

256 128 256 

a Minimum inhibitory concentration (MIC; µg/mL). 

4.4.3 Design and combinatorial synthesis of TZD-triazoles 

We decided to further continue with the TZD-based combinatorial approach to extend 

phenotypic screening. This time, our research relied on the unique anti-TB potential of 

triazole moiety and its role as a linker between two bioactive functionalities.94 The 

construction of bioconjugates via triazoles is thus an appealing synthetic methodology. 

Namely 1,2,3-triazoles were of our interest, and their combination with TZD thus resulted 

in design of novel TZD-triazole hybrids IV-98 (Scheme 28). Our interest in such a 

combination was further enhanced by recently reported promising pharmacological 

properties of the TZD-triazole hybrids such as isatin (oxime)-triazole-TZD ferrocenes 

and ferrocenyl sugar-triazole conjugates (Scheme 28).133,134 To enable the combinatorial 

synthesis while keeping the synthetic protocol as straightforward as possible, click 

transformation was engaged to connect both the pharmacophores.135,136 In this context, 

we took an advantage of the CuI catalyzed azide-alkyne cycloaddition.137 For this reason, 

corresponding azide and alkyne building blocks were proposed. Herein, three simple 

azide-substituted residues R1 were chosen for the initial investigation to reveal any 

possible consequences of the triazole ring modification. On the other hand, further 

diversification of the TZD core by various benzylidenes or alkylidenes was proposed 

according to the prevalent literature.88 
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Scheme 28 Design of anti-TB TZD-triazoles. 

 

To access all the proposed TZD-triazoles, we developed a straightforward synthetic 

protocol based on 2 or 3 simple steps (Scheme 29). We started with formation of simpler 

TZD-unsubstituted conjugates IV-100. As reported in the Chapter 4.1.1, TZD precursor 

IV-3 was synthesized easily from thiourea and chloroacetic acid.101 The overall yields 

varied from 57 % to 65 % and thus corresponded to the literature precedent. Once TZD 

IV-3 was obtained, N-alkylation with propargyl bromide followed under standard 

conditions using K2CO3 in refluxing acetone.138 The resulting N-alkylated TZD IV-99 

was then isolated in a moderate 48% yield. Subsequently, all the necessary azides were 

prepared. Both the aliphatic azides were accessed by nucleophilic substitution from 

appropriate bromides in accordance with literature precedents.139,140 On the other hand, 

azidobenzene was formed by diazotation. Achieved TZD-alkyne IV-99 then underwent 

CuI catalyzed azide-alkyne cycloaddition resulting in the desired TZD-triazoles IV-100 

in low to moderate isolated yields of 13-58 % (Figure 23). Concerning the Huisgen 

cycloaddition, typical conditions with CuSO4.5H2O reduced by sodium ascorbate for in 

situ generation of CuI were involved.141 

 

The following synthesis of TZD-triazoles IV-98 started with Knoevenagel condensation 

(Scheme 29). Herein, we observed a similar trend in reactivity as reported during 

analogous TZD-hydroxamates synthesis in Chapter 4.1.1. Contrary to well-optimized 

high-yielding TZD-benzylidene formation, TZD-pentylidene turned out more 

problematic.102 Presumed decomposition on silica lowered the isolated yield of TZD-
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pentylidene to 43 % while all the aromatic counterparts were obtained in satisfactory 64-

97% isolated yields. The sequence continued with N-alkylation providing TZD-alkynes 

IV-101 in excellent 50-97% isolated yields. All the desired TZD-triazoles IV-98 were 

formed by Huisgen cycloaddition with various azides (Figure 23). Regardless of the 

substitution pattern, all the studied compounds exhibited comparable reactivity. To 

generalize the reaction outcome within the series, pentylidene-substituted hybrids were 

finally isolated in compromised quantity compared to benzylidene-bearing conjugates. 

 

 

Scheme 29 Synthesis of TZD-triazoles.a 

a Reagents and conditions: (i): propargyl bromide, K2CO3, acetone, reflux, on (16 h); (ii): azide, sodium 

ascorbate, CuSO4.5H2O, DMF, rt, 5 h; (iii): aldehyde, piperidine, EtOH, reflux, on, (16-20 h). 

 

To determine the stereochemical outcome of the Knoevenagel condensation reactions, 

the geometrical E/Z isomerism was questioned again. As stated in Chapter 4.1.1, both 

possible isomers are known to be distinguishable by 1H NMR spectral measurement.103 

Concerning all the final TZD-triazoles IV-98, the benzylidene proton was found out 

shifted approximately to 7.90 ppm, and thus, Z configuration was proposed. Due to the 

comparatively lesser deshielding effect of sulphur, a vinylic proton in E-isomers should 

resonate at lower frequency values.142,143 

 

The developed synthetic protocol provided us with a chemical library of novel TZD-

triazoles IV-100 and IV-98 (Figure 23). All the reaction sequence was successfully 

applied on unsubstituted TZD-alkynes, as well as on their substituted analogues 

containing aromatic aldehydes having electron-withdrawing or electron-donating 

functional groups and aliphatic aldehydes treated with various azides. The desired TZD-
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triazole hybrids IV-100 and IV-98 were isolated in quite variable yields ranging from 13 

to 90 %. 

 

 

Figure 22 Overview of obtained TZD-triazoles. 
a Isolated yield. 

 

Once we obtained the chemical library of TZD-triazoles, their antitubercular activity 

against Mtb R37Ra was tested. However, none of the conjugates exhibited any significant 

anti-TB potential. After all, the antimicrobial properties of the chemical library were 

explored. For this purpose, selected Gram-positive and Gram-negative bacterial strains 

(S. aureus CCM 3953, E. coli CCM 3954) and one fungal strain (C. albicans ATCC 

90028) were employed. Unfortunately, all the TZD-triazoles IV-100 as well as IV-98 

were found to be completely inactive. 

4.4.4 Conclusive remark 4 

Two chemical libraries of novel TZD-based hybrids were reported in this chapter. Herein, 

wide structural diversity needed for phenotypic screening was accessed in a combinatorial 

synthetic approach. Firstly, 20 novel TZD-pyrimidines IV-96 and IV-97 were prepared 

using an efficient solid-phase protocol. We thus explored various building blocks in terms 

of their reactivity as well as influence on antimicrobial activity. Despite their moderate 

antibacterial potential, our compact synthetic method can be further successfully 

combined with sophisticated in silico-supported drug design.  
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Secondly, we synthesized 15 new TZD-triazole IV-100 and IV-98 hybrids in a 

combinatorial manner. In accordance with the previously accessed TZD-pyrimidines, 

diverse building blocks were used to extend the investigation of their reactivity as well as 

biological properties. Despite their insignificant antimicrobial activity, they exhibited 

promising antileishmanial properties undergoing an extensive biological study.  
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5 General conclusions and outlook 

The ultimate goal of the thesis was the synthesis of novel chemical entities with potential 

antitubercular activity. We have envisioned that mycobacterial virulence factors 

inhibition, ATP synthase inhibition and phenotypic screening may be attractive 

approaches for development of promising anti-TB candidates. 

 

Firstly, we focused on inhibition of two mycobacterial virulence factors Zmp1 and 

MptpB. To access potential mycobacterial Zmp1 inhibitors, we designed and synthesized 

two generations of heterocyclic compounds with hydroxamate-based zinc binding group. 

Herein, our initial effort resulted in the first generation of 20 TZD-hydroxamates with the 

most efficient Mtb H37Ra inhibitor possessing IC50 of 18 µM. Such an encouraging result 

inspired the following work on the second generation of pyrrole- and indole-

hydroxamates leading to another 16 potential Zmp1 inhibitors which are currently under 

biological investigation. Subsequently, our synthetic effort on tandem ring 

expansion/cyclization enabled preparation of 10 novel N-fused polycyles presumed to 

inhibit MptpB. Moreover, we extended the reactivity of gem-dihaloaminocyclopropanes 

in terms of their thermic ring enlargement followed by TfOH-mediated cyclization and 

accounted for unexpected competitive pathways. Finally, all the achieved N-fused 

polycycles are undergoing biological investigation. 

 

The second research area included inhibition of mycobacterial ATP synthase. Within a 

complex research project comprising design and synthesis of squaramide-benzoxazoles 

as potential mycobacterial ATP synthase inhibitors, the development of widely applicable 

synthetic approach toward 2-aminobenzoxazole moiety from nonhazardous and 

inexpensive precursors was the partial objective of the thesis. Indeed, all the careful study 

of cyclization and Smiles rearrangement yielded two novel synthetic procedures affording 

2-aminobenzoxazoles and their N-substituted analogues from nonhazardous, inexpensive 

precursors. Such a straightforward pathway toward 2-aminobenzoxozoles enabled 

synthesis of the target squaramide-benzoxazoles as potential mycobacterial ATP synthase 

inhibitors. Most of the squaramide-benzoxazoles exhibited promising preliminary results 
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against extracellular Mtb R37Ra and their mechanism of action is currently under 

elucidation. 

Our last anti-TB drug discovery approach taken was phenotypic screening. Wide 

structural diversity required for phenotypic screening was accessed via the combinatorial 

technique and yielded two novel chemical libraries of TZD-based hybrids. Firstly, 20 

novel TZD-pyrimidines were prepared using an efficient solid-phase protocol. Despite 

their moderate antibacterial potential, our compact synthetic method can be further 

successfully combined with sophisticated in silico-supported drug design. Secondly, we 

synthesized 15 new TZD-triazole hybrids in a combinatorial manner. Regardless of their 

negligible antimicrobial activity, obtained TZD-triazoles showed notable antileishmanial 

potential. 

 

In summary, three selected molecular targets and drug discovery approaches yielded 5 

series of novel potential anti-TB compounds and thus fulfilled the main goal of the thesis. 

Moreover, the valuable preliminary results obtained from their biological evaluation may 

be of scientific value for further extensive antitubercular research. 
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6 Experimental Part 

6.1 General information 

Solvents and chemicals were purchased from Sigma-Aldrich (www.sigmaaldrich.com) 

and Fluorochem (www.fluorochem.co.uk). All reactions were carried out at ambient 

temperature (21 °C) unless stated otherwise. Analytical thin-layer chromatography (TLC) 

was performed using aluminum plates precoated with silica gel (silica gel 60 F254). 

 

The LC-MS analyses were carried out on UHPLC-MS system (Waters, Santa Clara, 

USA). This system consists of UHPLC chromatograph Acquity with photodiode array 

detector and single quadrupole mass spectrometer and uses XSelect C18 column 

(dimensions 1.8 µm, 2.1 × 50 mm at 30 °C and a flow rate of 600 µL/min. The mobile 

phase was (A) 10 mM ammonium acetate in HPLC grade water, and (B) HPLC grade 

acetonitrile. A gradient was formed from 10% A to 80% B over 2.5 min; kept for 1.5 min. 

The column was re-equilibrated with a 10% solution of B for 1 min. The ESI source 

operated at a discharge current of 5 µA, vaporizer temperature of 350 °C and a capillary 

temperature of 200 °C. 

 

NMR 1H/13C spectra were recorded on JEOL ECX-500SS (500 MHz) or JEOL ECA400II 

(400 MHz) or AVANCE 400 Bruker (400 MHz) spectrometers at magnetic field strengths 

of 11.75 T (with operating frequencies 500.16 MHz for 1H and 125.77 MHz for 13C) and 

9.39 T (with operating frequencies 399.78 MHz for 1H and 100.53 MHz for 13C) at 

ambient temperature (∼21 °C). Chemical shifts (δ) are reported in parts per million (ppm) 

and coupling constants (J) are reported in Hertz (Hz). NMR spectra were recorded at 

ambient temperature (21 °C) in DMSO-d6 or CDCl3 and referenced to the resonance 

signals of CDCl3 (7.26 ppm for 1H and 77.16 ppm for 13C) and DMSO-d6 (2.50 ppm for 

1H and 39.51 ppm for 13C). Abbreviations in NMR spectra: app: apparent, br s: broad 

singlet, s: singlet, d: doublet, t: triplet, q: quartet, q: quintet, h: hextet, m: multiplet. 
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HRMS analysis was performed with LC-MS and an Orbitrap high-resolution mass 

spectrometer (Dionex, Ultimate 3000, Thermo Exactive plus, MA, USA) operating in 

positive full scan mode in the range of 80-1200 m/z. The settings for electrospray 

ionization were as follows: 150 °C oven temperature and 3.6 kV source voltage. The 

acquired data were internally calibrated with phthalate as a contaminant in methanol (m/z 

297.15909). Samples were diluted to a final concentration of 0.1 mg /mL in a solution of 

water and acetonitrile (50:50, v/v). The samples were injected into the mass spectrometer 

following HPLC separation on a Kinetex C18 column (2.6 µm, 100 A, 50 × 3.0 mm) 

using an isocratic mobile phase of 0.01M MeCN/ammonium acetate (80/20) at a flow 

rate of 0.3 mL/min. 

 

All reactions carried out under microwave irradiation were performed with a CEM 

Discover® SP microwave synthesizer, using the Dynamic mode with the following 

settings: maximum amount of microwave power (150 W), premixing time (1 minute), 

and stirring speed (high). Simultaneous cooling of the reaction vessel provided by 

compressed air (24 psi) was applied during the entire experiment (PowerMax option 

"ON"). All 0.5 mmol scale reactions were performed in a 10 mL borosilicate glass 

reaction vessel closed with a disposable silicon cap and equipped with a Teflon coated 

egg-shaped magnetic stir bar. The temperature was monitored by an external infrared 

sensor. 

 

Solid phase synthesis was carried out on Domino Blocks in disposable polypropylene 

reaction vessels (Torviq, Niles, MI). The resulting crude products were purified on C18 

column 19 × 100 mm for 5 µm particles; gradient was formed from 10 mM aqueous 

ammonium acetate and acetonitrile with a flow rate 15mL/min. For lyophilization of 

residual solvents at −110 °C SanVac Coolsafe 110-4 was used.  

 

Considering the characterization of all the synthesized compounds, there are presented 

analytical data on all the new final compounds as well as their precursos not yet reported 

in the literature. Supporting information is attached as an electronic file containing 

NMR spectra. 
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6.2 Synthesis of TZD-hydroxamates 

General procedure for Knoevenagel condensation reactions 

A mixture of thiazolidinedione IV-3, aldehyde (1.0 eq), piperidine (0.8 eq) and EtOH (0.1 

M) was refluxed on for 16-20 h and worked up according to method A or B. 

Method A: The reaction mixture was poured into H2O, acidified with AcOH (pH ≈ 1) and 

filtered. 

Method B: The product was concentrated in vacuum and purified by column 

chromatography (Hex/EtOAc, isocratic 25 %). 

 

General procedure for reactions with bromoesters 

Thiazolidinedione IV-3 or IV-6 was dissolved in dry DMF (0.8 M). NaH (1.0 eq) was 

slowly added to the reaction mixture followed by stirring at rt for 10 min. The bromoester 

(1.0 eq) was added dropwise. After stirring for 24 h, the reaction mixture was diluted with 

water. The product was extracted with DCM, organic layers were washed with 5% aq. 

HCl, brine, dried over Na2SO4 and concentrated in vacuum. 

 

 

Methyl (Z)-2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)acetate IV-7A 

Orange oil. Yield: 81 % (822 mg). 1H NMR (500 MHz, DMSO-d6): δ 7.12 (t, J = 7.7 Hz, 

1H), 4.44 (s, 2H), 3.70 (s, 3H), 2.28 – 2.23 (m, 2H), 1.53 – 1.47 (m, 2H), 1.35 – 1.30 (m, 

2H), 0.89 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 167.2, 166.6, 163.6, 

140.1, 123.9, 52.6, 41.8, 31.0, 29.2, 21.7, 13.6. HRMS: m/z: calcd for C11H15NO4S: 

258.0795 [M+H]+; found: 258.0796. 

 

 

Methyl (Z)-2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)propanoate IV-7B 

The crude product was purified by column chromatography (DCM/MeOH, isocratic 2 

%). Brown solid. Yield: 44 % (467 mg). 1H NMR (500 MHz, DMSO-d6): δ 7.10 (t, J = 
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7.7 Hz, 1H), 5.07 (q, J = 7.1 Hz, 1H), 3.65 (s, 3H), 2.27 – 2.22 (m, 2H), 1.51 – 1.46 (m, 

2H), 1.47 (d, J = 7.7 Hz, 2H), 1.35 – 1.30 (m, 2H), 0.89 (d, J = 7.3 Hz, 3H). 13C NMR 

(126 MHz, DMSO-d6): δ 169.0, 166.4, 163.4, 140.1, 123.8, 52.6, 49.98, 31.0, 29.2, 21.8, 

14.0, 13.6. HRMS: m/z: calcd for C12H17NO4S: 272.0951 [M+H]+; found: 272.0952. 

 

Ester hydrolysis 

Methyl ester IV-5 or IV-7 (1.0 eq) was dissolved in 40% aq. HBr (0.6 M) and refluxed 

for 5 h. The mixture was cooled down to rt and diluted with H2O and worked up according 

to method A or B. 

Method A: The resulting suspension was filtered, washed with H2O (10 mL) and the solid 

was lyophilized overnight. 

Method B: The product was extracted with EtOAc (3 × 10 mL), washed with brine (10 

mL), dried over Na2SO4 and concentrated in vacuum. 

 

(Z)-2-(2,4-Dioxo-5-(4-trifluoromethyl)benzylidene)thiazolidin-3-yl)propanoic acid 

IV-8A 

Method A. Brown solid. Yield: 55 % (734 mg). 1H NMR (500 MHz, DMSO-d6): δ 13.28 

(s, 1H), 8.06 (s, 1H), 7.91 (d, J = 8.3 Hz, 2H), 7.86 (d, J = 8.3 Hz, 2H), 5.03 (q, J = 7.2 

Hz, 1H), 1.52 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 169.9, 166.3, 164.6, 

136.8, 131.9, 130.6, 130.0 (q, J = 32.7 Hz), 126.1, 123.8 (q, J = 272.1 Hz), 123.7, 50.5, 

13.9. HRMS: m/z: calcd for C14H10F3NO4S: 346.0355 [M+H]+; found: 346.0358. 

 

 

(Z)-2-(2,4-Dioxo-5-pentylidenethiazolidin-3-yl)propanoic acid IV-8B 

Method B. Brown solid. Yield: 83 % (415 mg). 1H NMR (500 MHz, DMSO-d6): δ 13.16 

(s, 1H), 7.08 (t, J = 7.7 Hz, 1H), 4.93 (q, J = 7.2 Hz, 1H), 2.24 – 2.21 (m, 2H), 1.51 – 1.45 

(m, 2H), 1.46 (d, J = 7.7 Hz, 3H), 1.35 – 1.29 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H). 13C NMR 
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(126 MHz, DMSO-d6): δ 170.0, 166.5, 163.6, 139.6, 123.9, 50.1, 31.0, 29.3, 21.8, 13.9, 

13.6. HRMS: m/z: calcd for C11H15NO4S: 258.0795 [M+H]+; found: 258.0795. 

 

Reaction with hydroxylamine.HCl 

Carboxylic acid (1.0 eq) IV-5 or IV-8 was suspended in water (0.05 M). 

Hydroxylamine.HCl (1.5 eq) was dissolved in water (0.05 M). The amine solution was 

added to the acid suspension and the pH was adjusted to 4.5 with 1 M aq. NaOH. THF 

was added until a homogeneous solution was obtained. EDC.HCl (3.0 eq) was dissolved 

in water (0.1 M) and added in aliquots (4 mL/1 min) to the reaction mixture. The reaction 

was stirred for 2 h and worked up according to the method A or B. 

Method A: The reaction was filtered and the solid was lyophilized overnight. 

Method B: The product was extracted with EtOAc (3 × 30 mL), washed with saturated 

aq. NaHCO3 (30 mL), brine (30 mL), dried over Na2SO4 and concentrated in vacuum. 

 

 

N-(benzyloxy)-2-(2,4-dioxothiazolidin-3-yl)acetamide IV-1A 

Method A. Mobile phase: DCM/MeOH, isocratic 10 %. White solid. Yield: 49 % (277 

mg). 1H NMR (500 MHz, DMSO-d6): δ 11.22 (s, 1H), 7.42 – 7.35 (m, 5H), 4.82 (s, 2H), 

4.25 (s, 2H), 4.10 (s, 2H). 13C NMR (126 MHz, DMSO-d6): δ 171.8, 171.5, 162.7, 135.7, 

128.9, 128.3, 77.1, 41.1, 34.0. HRMS: m/z: calcd for C12H12N2O4S: 281.0591 [M+H]+; 

found: 281.0592. 

 

 

N-(allyloxy)-2-(2,4-dioxothiazolidin-3-yl)acetamide IV-1B 

Method B. Mobile phase: CHCl3/MeOH, isocratic 10 %. Yellow oil. Yield: 55 % (257 

mg). 1H NMR (500 MHz, DMSO-d6): δ 11.35 (s, 1H), 5.95 – 5.87 (ddt, J = 17.3, 10.4, 

6.0 Hz, 1H), 5.31 (d, J = 17.3 Hz, 1H), 5.26 (d, J = 10.4 Hz, 1H), 4.27 (app br s, 4H), 

4.03 (s, 2H). 13C NMR (126 MHz, DMSO-d6): δ 171.8, 171.4, 162.5, 132.7, 119.5, 76.1, 

41.1, 34.0. HRMS: m/z: calcd for C8H10N2O4S: 231.0434 [M+H]+; found: 231.0435. 
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N-(benzyloxy)-2-(2,4-dioxothiazolidin-3-yl)propanamide IV-1C 

Method B. Mobile phase: DCM/MeOH, isocratic 10 %. Yellow oil. Yield: 61 % (342 

mg). 1H NMR (500 MHz, DMSO-d6): δ 11.35 (s, 1H), 7.40 – 7.38 (m, 4H), 7.37 – 7.36 

(m, 1H), 4.75 (AB system, δA 4.74, δB 4.76, JAB = 10.7, 2H), 4.68 (q, J = 7.1 Hz, 1H), 

4.16 (s, 2H), 1.40 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 171.7, 171.3, 

165.1, 135.7, 128.9, 128.3, 76.9, 49.4, 34.0, 13.6. HRMS: m/z: calcd for C13H14N2O4S: 

295.0747 [M+H]+; found: 295.0749. 

 

 

N-(allyloxy)-2-(2,4-dioxothiazolidin-3-yl)propanamide IV-1D 

Method B. Mobile phase: CHCl3/MeOH, isocratic 10 %. Yellow oil. Yield: 52 % (240 

mg). 1H NMR (500 MHz, DMSO-d6): δ 11.24 (s, 1H), 5.94 – 5.86 (m, 1H), 5.30 (dd, J = 

17.3, 1.6 Hz, 1H), 5.24 (d, J = 10.5 Hz, 1H), 4.65 (q, J = 7.1 Hz, 1H), 4.25 – 4.23 (m, 

2H), 4.16 (s, 2H), 1.38 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 171.66, 

171.29, 164.87, 132.80, 119.24, 75.83, 49.33, 34.02, 13.59. HRMS: m/z: calcd for 

C9H12N2O4S: 245.0591 [M+H]+; found: 245.0593. 

 

 

(Z)-2-(5-benzylidene-2,4-dioxothiazolidin-3-yl)-N-(benzyloxy)acetamide IV-2A 

Method A. White solid. Yield: 58 % (451 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.34 

(s, 1H), 7.96 (s, 1H), 7.65 (d, J = 7.3 Hz, 2H), 7.56 (t, J = 7.3 Hz, 2H), 7.52 (d, J = 7.1 

Hz, 1H), 7.42 – 7.37 (m, 5H), 4.84 (s, 2H), 4.28 (s, 2H). 13C NMR (126 MHz, DMSO-

d6): δ 166.96, 165.15, 162.54, 135.64, 133.50, 132.83, 130.77, 130.15, 129.39, 128.91, 

128.33, 121.00, 77.10, 41.50. HRMS: m/z: calcd for C19H16N2O4S: 369.0904 [M+H]+; 

found: 369.0907. 
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(Z)-N-(allyloxy)-2-(5-benzylidene-2,4-dioxothiazolidin-3-yl)acetamide IV-2B 

Method A. White solid. Yield: 51 % (339 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.26 

(s, 1H), 7.96 (s, 1H), 7.64 (d, J = 6.0 Hz, 2H), 7.58 – 7.51 (m, 3H), 5.96 (s, 1H), 5.35 (d, 

J = 17.2 Hz, 1H), 5.28 (d, J = 9.2 Hz, 1H), 4.30 (app br s, 4H). 13C NMR (126 MHz, 

DMSO-d6): δ 166.94, 165.13, 162.38, 133.48, 132.82, 132.69, 130.77, 130.14, 129.39, 

120.99, 119.54, 76.09, 41.46. HRMS: m/z: calcd for C15H14N2O4S: 319.0747 [M+H]+; 

found: 319.0749. 

 

 

(Z)-2-(5-benzylidene-2,4-dioxothiazolidin-3-yl)-N-(benzyloxy)propanamide IV-2C 

Method B. Mobile phase: DCM/MeOH, isocratic 2 %. Yellow solid. Yield: 64 % (373 

mg). 1H NMR (500 MHz, DMSO-d6): δ 11.46 (s, 1H), 7.94 (s, 1H), 7.65 (d, J = 7.4 Hz, 

2H), 7.58 – 7.50 (m, 3H), 7.40 – 7.34 (m, 5H), 4.87 (q, J = 7.1 Hz, 1H), 4.77 (AB system, 

δA 4.75, δB 4.79, JAB = 10.7, 2H), 1.50 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-

d6): δ 166.75, 164.99, 164.90, 135.69, 132.96, 130.63, 130.05, 129.40, 128.97, 128.27, 

121.36, 76.92, 49.85, 13.86. HRMS: m/z: calcd for C20H18N2O4S: 383.1060 [M+H]+; 

found: 383.1058. 

 

 

(Z)-N-(allyloxy)-2-(5-benzylidene-2,4-dioxothiazolidin-3-yl)propanamide IV-2D 

Method B. Mobile phase: DCM/MeOH, isocratic 2 %. Yellow solid. Yield: 62 % (314 

mg). 1H NMR (500 MHz, DMSO-d6): δ 11.36 (s, 1H), 7.94 (s, 1H), 7.64 (d, J = 7.4 Hz, 

2H), 7.58 – 7.51 (m, 3H), 5.91 (ddt, J = 17.3, 11.7, 6.1 Hz, 1H), 5.31 (d, J = 17.3 Hz, 1H), 

5.24 (d, J = 11.7 Hz, 1H), 4.85 (q, J = 7.1 Hz, 1H), 4.29 – 4.24 (m, 2H), 1.48 (d, J = 7.1 

Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 166.72, 164.98, 164.70, 132.95, 132.82, 
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130.63, 130.05, 129.39, 121.36, 119.30, 75.87, 49.81, 13.85. HRMS: m/z: calcd for 

C16H16N2O4S: 333.0904 [M+H]+; found: 333.0905. 

 

 

(Z)-N-(benzyloxy)-2-(2,4-dioxo-5-(4-trifluoromethyl)benzylidene)thiazolidin-3-

yl)acetamide IV-2E 

Method A. White solid. Yield: 49 % (298 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.35 

(s, 1H), 8.04 (s, 1H), 7.90 – 7.85 (m, 4H), 7.43 – 7.37 (m, 5H), 4.85 (s, 2H), 4.29 (s, 2H). 

13C NMR (126 MHz, DMSO-d6): δ 166.6, 164.9, 162.5, 136.8, 135.63, 131.7, 130.0 (q, J 

= 31.5 Hz), 128.9, 128.3, 126.1, 124.0, 123.8 (q, J = 273.4 Hz), 77.1, 41.6. HRMS: m/z: 

calcd for C20H15F3N2O4S: 437.0777 [M+H]+; found: 437.0775. 

 

 

(Z)-N-(allyloxy)-2-(2,4-dioxo-5-(4-trifluoromethyl)benzylidene)thiazolidin-3-

yl)acetamide IV-2F 

Method A. Yellow solid. Yield: 50 % (289 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.27 

(s, 1H), 8.03 (s, 1H), 7.89 (d, J = 8.4 Hz, 2H), 7.85 (d, J = 8.4 Hz, 2H), 6.00 – 5.91 (m, 

1H), 5.35 (d, J = 17.2 Hz, 1H), 5.28 (d, J = 10.1 Hz, 1H), 4.33 (app br s, 4H). 13C NMR 

(126 MHz, DMSO-d6): δ 166.6, 164.9, 162.3, 136.8, 132.7, 131.7, 130.6, 130.0 (q, J = 

31.5 Hz), 126.2, 124.0, 123.8 (q, J = 272.1 Hz), 119.6, 76.1, 41.6. HRMS: m/z: calcd for 

C16H13F3N2O4S: 387.0621 [M+H]+; found: 387.0621. 
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(Z)-N-(benzyloxy)-2-(2,4-dioxo-5-(4-trifluoromethyl)benzylidene)thiazolidin-3-

yl)propanamide IV-2G 

Method B. Mobile phase: DCM/MeOH, isocratic 5 %. White solid. Yield: 48 % (126 mg). 

1H NMR (500 MHz, DMSO-d6): δ 11.47 (s, 1H), 8.03 (s, 1H), 7.91 (d, J = 8.1 Hz, 2H), 

7.86 (d, J = 8.1 Hz, 2H), 7.41 – 7.34 (m, 5H), 4.88 (q, J = 7.0 Hz, 1H), 4.77 (AB system, 

δA 4.75, δB 4.79, JAB = 10.7, 2H), 1.50 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-

d6): δ 166.4, 164.8, 164.8, 136.9, 135.7, 131.1, 130.5, 129.9 (q, J = 32.7), 129.0, 128.3, 

126.2, 124.4, 123.8 (q, J = 273.4 Hz), 50.0, 13.8. HRMS: m/z: calcd for C21H17F3N2O4S: 

451.0934 [M+H]+; found: 451.0934. 

 

 

(Z)-N-(allyloxy)-2-(2,4-dioxo-5-(4-trifluoromethyl)benzylidene)thiazolidin-3-

yl)propanamide IV-2H 

Method B. Mobile phase: DCM/MeOH, isocratic 2 %. White solid. Yield: 31 % (127 mg). 

1H NMR (500 MHz, DMSO-d6): δ 11.37 (s, 1H), 8.02 (s, 1H), 7.91 (d, J = 8.2 Hz, 2H), 

7.85 (d, J = 8.2 Hz, 2H), 5.91 (ddt, J = 17.3, 11.8, 6.1 Hz, 1H), 5.31 (d, J = 17.3 Hz, 1H), 

5.24 (d, J = 10.4 Hz, 1H), 4.86 (q, J = 7.0 Hz, 1H), 4.28 – 4.25 (m, 2H), 1.49 (d, J = 7.0 

Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 166.4, 164.8, 164.6, 136.9, 132.8, 131.0, 

130.5, 129.9 (q, J = 31.5 Hz), 126.2, 124.4, 123.8 (q, J = 272.1 Hz), 119.3, 75.9, 49.9, 

13.8. HRMS: m/z: calcd for C17H15F3N2O4S: 401.0777 [M+H]+; found: 401.0775. 

 

 

(Z)-N-(benzyloxy)-2-(5-(4-fluorobenzylidene)-2,4-dioxothiazolidin-3-yl)acetamide 

IV-2I 

Method A. Yellow solid. Yield: 75 % (617 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.33 

(s, 1H), 7.98 – 7.96 (m, 1H), 7.71 (dd, J = 12.5, 6.7 Hz, 2H), 7.42 – 7.36 (m, 7H), 4.84 

(s, 2H), 4.27 (s, 2H). 13C NMR (126 MHz, DMSO-d6): δ 165.5 (d, J = 218.4 Hz), 164.06, 
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162.5, 162.1, 135.6, 132.7 (m), 132.5 (d, J = 7.0 Hz), 129.5, 128.9 (d, J =22.1 Hz), 128.3 

(d, J = 22.1 Hz), 120.7, 116.6 (m), 116.6, 77.1, 41.5. HRMS: m/z: calcd for 

C19H15FN2O4S: 387.0809 [M+H]+; found: 387.0813. 

 

 

(Z)-N-(allyloxy)-2-(5-(4-fluorobenzylidene)-2,4-dioxothiazolidin-3-yl)acetamide IV-

2J 

Method A. Yellow solid. Yield: 75 % (432 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.25 

(s, 1H), 7.97 (s, 1H), 7.74 – 7.69 (m, 2H), 7.38 (t, J = 8.4 Hz, 2H), 6.00 – 5.91 (m, 1H), 

5.35 (d, J = 17.1 Hz, 2H), 5.28 (d, J = 9.5 Hz, 2H), 4.32 (app br s, 4H). 13C NMR (126 

MHz, DMSO-d6): δ 166.0 (d, J = 216.7 Hz), 162.4, 162.1, 132.7 (d, J = 9.3 Hz), 132.4, 

129.5, 120.7, 119.5, 116.6 (d, J = 21.5 Hz), 116.6, 116.4, 76.1, 41.5. HRMS: m/z: calcd 

for C15H13FN2O4S: 337.0653 [M+H]+; found: 337.0653. 

 

 

(Z)-N-(benzyloxy)-2-(5-(4-fluorobenzylidene)-2,4-dioxothiazolidin-3-

yl)propanamide IV-2K 

Method B. Mobile phase: DCM/MeOH, isocratic 2 %. Green solid. Yield: 45 % (62 mg). 

1H NMR (500 MHz, DMSO-d6): δ 11.46 (s, 1H), 7.96 (s, 1H), 7.72 (dd, J = 8.5, 5.5 Hz, 

2H), 7.43 – 7.34 (m, 7H), 4.87 (q, J = 7.1 Hz, 1H), 4.77 (AB system, δA 4.75, δB 4.79, 

JAB = 10.7, 2H), 1.49 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 165.8 (d, J 

= 210.3 Hz), 164.9, 164.0, 162.0, 135.7, 132.6 (d, J = 8.8 Hz), 131.9, 129.6, 129.0, 128.3, 

128.3, 121.1, 116.6 (d, J = 22.6 Hz), 76.9, 49.9, 13.9. HRMS: m/z: calcd for 

C20H17FN2O4S: 401.0966 [M+H]+; found: 401.0968. 
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(Z)-N-(allyloxy)-2-(5-(4-fluorobenzylidene)-2,4-dioxothiazolidin-3-yl)propanamide 

IV-2L 

Method B. Mobile phase: DCM/MeOH, isocratic 5 %. Green solid. Yield: 45 % (54 mg). 

1H NMR (500 MHz, DMSO-d6): δ 11.35 (s, 1H), 7.95 (s, 1H), 7.72 (dd, J = 8.7, 5.4 Hz, 

2H), 7.41 (t, J = 8.7 Hz, 2H), 5.95 – 5.87 (m, 1H), 5.30 (d, J = 16.0 Hz, 1H), 5.24 (d, J = 

10.4 Hz, 1H), 4.84 (q, J = 7.1 Hz, 1H), 4.28 – 4.25 (m, 2H), 1.48 (d, J = 7.1 Hz, 3H). 13C 

NMR (126 MHz, DMSO-d6): δ 165.8 (d, J = 208.6 Hz), 164.7, 162.0, 132.8, 132.6 (d, J 

= 8.8 Hz), 131.9, 129.6, 129.6, 121.1, 119.3, 116.6 (d, J = 22.2 Hz), 75.88, 49.84, 13.84. 

HRMS: m/z: calcd for C16H15FN2O4S: 351.0809 [M+H]+; found: 351.0811. 

 

 

(Z)-N-(benzyloxy)-2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)acetamide IV-2M 

Method B. Brown solid. Yield: 35 % (174 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.29 

(s, 1H), 7.43 – 7.37 (m, 5H), 7.12 – 7.06 (m, 1H), 4.85 – 4.81 (m, 2H), 4.21 (s, 2H), 2.31 

– 2.24 (m, 2H), 1.56 – 1.50 (m, 2H), 1.40 – 1.32 (m, 2H), 0.95 – 0.89 (m, 3H). 13C NMR 

(126 MHz, DMSO-d6): δ 166.8, 163.9, 162.6, 139.3, 135.6, 128.9, 128.3, 128.3, 124.3, 

77.1, 41.2, 31.0, 29.3, 21.8, 13.6. HRMS: m/z: calcd for C17H20N2O4S: 349.1217 [M+H]+; 

found: 349.1217. 

 

 

(Z)-N-(allyloxy)-2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)acetamide IV-2N 

Method B. Mobile phase: Hex/EtOAc, isocratic 40 %. Yellow solid. Yield: 40 % (178 

mg). 1H NMR (500 MHz, DMSO-d6): δ 11.40 (s, 1H), 7.08 (t, J = 7.7 Hz, 1H), 5.91 (ddt, 

J = 17.3, 10.4, 6.0 Hz, 1H), 5.32 (d, J = 17.3 Hz, 1H), 5.26 (d, J = 10.4 Hz, 1H), 4.35 – 

4.13 (m, 4H), 2.27 – 2.22 (m, 2H), 1.50 (q, J = 7.4 Hz, 2H), 1.32 (h, J = 7.4 Hz, 2H), 0.89 
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(t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 166.76, 163.9, 162.4, 139.3, 132.7, 

124.3, 119.5, 76.1, 41.2, 30.9, 29.3, 21.7, 13.6. HRMS: m/z: calcd for C13H18N2O4S: 

299.1060 [M+H]+; found: 299.1060. 

 

 

(Z)-N-(benzyloxy)-2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)propanamide IV-2O 

Method B. Mobile phase: DCM/MeOH, isocratic 5 %. Yellow oil. Yield: 60 % (160 mg). 

1H NMR (500 MHz, DMSO-d6): δ 11.41 (s, 1H), 7.39 – 7.34 (m, 5H), 7.04 (app t, J = 7.7 

Hz, 1H), 4.79 – 4.74 (m, 3H), 2.23 (q, J = 7.3 Hz, 2H), 1.51 – 1.48 (m, 2H), 1.45 (d, J = 

7.3 Hz, 3H), 1.35 – 1.30 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-

d6): δ 166.6, 164.9, 163.7, 138.6, 135.7, 129.0, 128.3, 124.5, 76.9, 49.6, 30.9, 29.3, 21.8, 

13.9, 13.6. HRMS: m/z: calcd for C18H22N2O4S: 363.1373 [M+H]+; found: 363.1372. 

  

 

(Z)-N-(allyloxy)-2-(2,4-dioxo-5-pentylidenethiazolidin-3-yl)propanamide IV-2P 

Method B. Mobile phase: DCM/MeOH, isocratic 15 %. Yellow oil. Yield: 56 % (129 

mg). 1H NMR (500 MHz, DMSO-d6): δ 11.31 (s, 1H), 7.04 (t, J = 7.7, 1H), 5.91 (ddt, J 

= 17.0, 11.2, 5.9 Hz, 1H), 5.32 – 5.27 (m, 1H), 5.25 – 5.22 (m, 1H), 4.76 (q, J = 7.1 Hz, 

1H), 4.26 – 4.23 (m, 2H), 2.25 – 2.20 (m, 2H), 1.51 – 1.47 (m, 2H), 1.43 (d, J = 7.1 Hz, 

3H), 1.33 (h, J = 7.4 Hz, 2H), 0.89 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): 

δ 166.5, 164.7, 163.7, 138.6, 132.8, 124.5, 119.3, 75.8, 49.6, 30.9, 29.3, 21.8, 13.8, 13.6. 

HRMS: m/z: calcd for C14H20N2O4S: 313.1217 [M+H]+; found: 313.1215. 

6.3 Synthesis of indole/pyrrole-hydroxamates 

Typical procedure for N-alkylation 

To a suspension of methyl 1H-indole-3-carboxylate IV-16A (1.0 eq, 10 mmol) and 

anhydrous K2CO3 (2.3 eq, 23 mmol) in MeCN (50 mL) was added tert-butyl 

bromoacetate (1.4 eq, 14 mmol) and the reaction mixture was refluxed overnight. The 

mixture was cooled to rt, diluted with H2O (100 mL) and extracted with EtOAc (3 × 100 
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mL). The combined organic layers were dried over Na2SO4 and concentrated in vacuum. 

The residue was purified by column chromatography (PE/EtOAc, isocratic 20 %). 

The same procedure applied on methyl 1H-pyrrole-3-carboxylate IV-16B (1.0 eq, 20 

mmol). 

 

 

Methyl 1-(2-(tert-butoxy)-2-oxoethyl)-1H-indole-3-carboxylate IV-17A 

Light orange amorphous solid. Yield: 90 % (2.62 g). 1H NMR (400 MHz, CDCl3): δ 8.19 

(m, 1H), 7.82 (s, 1H), 7.31 – 7.27 (m, 3H), 7.27 – 7.25 (m, 1H), 4.76 (s, 2H), 3.91 (s, 3H), 

1.44 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 166.9, 165.5, 137.1, 135.2, 126.7, 123.3, 

122.3, 122.0, 109.6, 108.3, 83.4, 51.2, 49.2, 28.1. HRMS: m/z: calcd for C16H19NO4: 

290.1387 [M+H]+; found: 290.1385. 

 

 

Methyl 1-(2-(tert-butoxy)-2-oxoethyl)-1H-pyrrole-3-carboxylate IV-17B 

Yellow oil. Yield: 83 % (3.98 g). 1H NMR (400 MHz, CDCl3): δ 7.30 – 7.27 (m, 1H), 

6.64 – 6.57 (m, 2H), 4.51 (s, 2H), 3.79 (s, 3H), 1.47 (s, 9H). 13C NMR (101 MHz, CDCl3): 

δ 167.0, 165.1, 127.1, 122.8, 116.7, 110.6, 83.1, 52.0, 51.1, 28.0. HRMS: m/z: calcd for 

C12H17NO4: 240.1230 [M+H]+; found: 240.1232. 

 

Typical procedure for tert-butyl ester hydrolysis 

Tert-butyl ester IV-17A (1.0 eq, 9.1 mmol) was dissolved in CH2Cl2 (27 mL), TFA (15.0 

eq, 136 mmol) was added and the solution was stirred at rt for 2 h. The crude mixture was 

concentrated in vacuum. 
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The same procedure applied on tert-butyl ester IV-17B (1.0 eq, 16.6 mmol). 

 

 

2-(3-(Methoxycarbonyl)-1H-indol-1-yl)acetic acid IV-18A 

Red amorphous solid. Yield: 95 % (2.00 g). 1H NMR (400 MHz, DMSO-d6): δ 13.17 (br 

s, 1H), 8.13 (s, 1H), 8.04 – 7.98 (m, 1H), 7.55 – 7.45 (m, 1H), 7.29 -7.19 (m, 2H), 5.13 

(s, 2H), 3.81 (s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 169.7, 164.4, 136.9, 136.4, 

125.8, 122.6, 121.6, 120.5, 110.8, 105.9, 50.7, 47.3. HRMS: m/z: calcd for C12H11NO4: 

234.0761 [M+H]+; found: 234.0762. 

 

 

2-(3-(Methoxycarbonyl)-1H-pyrrol-1-yl)acetic acid IV-18B 

Light yellow amorphous solid. Yield: 98 % (3.01 mg). 1H NMR (400 MHz, DMSO-d6): 

δ 12.99 (br s, 1H), 7.43 (dd, J = 2.2, 1.7 Hz, 1H), 6.80 (dd, J = 2.8, 2.2 Hz, 1H), 6.38 (dd, 

J = 2.8, 1.7 Hz, 1H), 4.80 (s, 2H), 3.69 (s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 170.0, 

164.3, 127.8, 123.7, 114.6, 108.9, 50.6, 50.2. HRMS: m/z: calcd for C8H9NO4: 184.0604 

[M+H]+; found: 184.0605.  

 

General procedure for reaction with hydroxylamine.HCl 

Carboxylic acid IV-18A (1.0 eq, 4.3 mmol) was suspended in water (12 mL). 

Hydroxylamine.HCl (1.5 eq, 6.4 mmol) was dissolved in water (20 mL). The 

hydroxylamine aq. solution was added to the acid suspension and the pH was adjusted to 

4.5 with 1 M aq. NaOH. THF was added until a homogeneous solution was obtained. 

EDC.HCl (3.0 eq, 12.9 mmol) was dissolved in water (40 mL) and added in aliquots (12 

mL every min) to the reaction mixture. The reaction was stirred for 4 h. The mixture was 
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extracted with EtOAc (3 × 100 mL), washed with saturated aq. NaHCO3 (150 mL), brine 

(150 mL), dried over MgSO4 and concentrated in vacuum. The residue was purified by 

column chromatography (PE/EtOAc, isocratic 60 %). 

The same procedure applied on carboxylic acid IV-18B (1.0 eq, 8.2 mmol). 

 

 

Methyl 1-(2-((benzyloxy)amino)-2-oxoethyl)-1H-indole-3-carboxylate IV-19A 

White amorphous solid. Yield: 84 % (1222 mg). 1H NMR (400 MHz, DMSO-d6): δ 11.31 

(br s, 1H), 8.09 – 7.99 (m, 2H), 7.49 – 7.30 (m, 6H), 7.29 – 7.18 (m, 2H), 4.98 – 4.97 (m, 

4H), 3.84 (s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 164.3, 163.8, 136.6; 136.6, 135.7, 

128.9, 128.4, 128.3, 126.0, 122.6, 121.7, 120.6, 110.7, 105.8, 77.0, 50.7, 46.7. HRMS: 

m/z: calcd for C19H18N2O4: 337.1183 [M-H]+; found: 337.1186. 

 

 

Methyl 1-(2-((allyloxy)amino)-2-oxoethyl)-1H-indole-3-carboxylate IV-19B 

Orange amorphous solid. Yield: 83 % (1027 mg). 1H NMR (400 MHz, DMSO-d6): δ 

11.50 (br s, 1H), 8.11 (s, 1H), 8.06 – 7.97 (m, 1H), 7.50 – 7.40 (m, 1H), 7.32 – 7.18 (m, 

2H), 6.17 – 5.82 (m, 1H), 5.36 – 5.18 (m, 2H), 4.86 (br s, 2H), 4.52 – 4.24 (m, 2H), 3.82 

(s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 164.3, 163.7, 136.6, 136.6, 132.8, 126.0, 

122.5, 121.7, 120.6, 119.6, 110.7, 105.8, 76.1, 50.7, 46.7. HRMS: m/z: calcd for 

C15H16N2O4: 287.1032 [M-H]+; found: 287.1035. 
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Methyl 1-(2-((benzyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carboxylate IV-19C 

Yellow oil. Yield: 73 % (1738 mg). 1H NMR (400 MHz, DMSO-d6): δ 11.38 (br s, 1H), 

7.50 – 7.29 (m, 6H), 6.81 – 6.60 (m, 1H), 6.46 – 6.28 (m, 1H), 4.90 (br s, 2H), 4.52 (s, 

2H), 3.69 (s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 164.2, 164.1, 135.7, 128.9, 128.3, 

127.5, 123.4, 114.8, 109.2, 77.0, 50.6, 49.6. HRMS: m/z: calcd for C15H16N2O4: 289.1183 

[M+H]+; found: 289.1179. 

 

 

Methyl 1-(2-((allyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carboxylate IV-19D 

Light orange oil. Yield: 92 % (1818 mg). 1H NMR (400 MHz, DMSO-d6): δ 11.31 (br s, 

1H), 7.44 – 7.37 (m, 1H), 6.76 (m, 1H), 6.44 – 6.35 (m, 1H), 6.06 – 5.83 (m, 1H), 5.45 – 

5.21 (m, 2H), 4.52 (s, 2H), 4.36 – 4.19 (m, 2H), 3.69 (s, 3H). 13C NMR (101 MHz, 

DMSO-d6): δ 164.2, 164.0, 132.8, 127.5, 123.3, 119.5, 114.8, 109.2, 76.1, 50.6, 49.5. 

HRMS: m/z: calcd for C11H14N2O4: 239.1026 [M+H]+; found: 239.1029. 

 

Typical procedure for methyl ester hydrolysis 

Methyl ester IV-19A or IV-19B (1.0 eq, 3.6 mmol) was dissolved in THF (36 mL). 2 M 

aq. LiOH solution (7 mL/mmol of IV-19A or IV-19B) was added and the reaction mixture 

was refluxed overnight. After cooling, the mixture was acidified (pH ≈ 2) with 12 M aq. 

HCl and extracted with EtOAc (3 × 70 mL). The combined organic layers were dried over 
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MgSO4 and concentrated in vacuum. The residue was purified by column 

chromatography (PE/EtOAc, isocratic 60 %). 

The same procedure applied on methyl ester IV-19C or IV-19D (1.0 eq, 6.0 mmol or 7.6 

mmol respectively). IV-20D was synthesized at rt. 

 

 

1-(2-((Benzyloxy)amino)-2-oxoethyl)-1H-indole-3-carboxylic acid IV-20A 

Light pink amorphous solid. Yield: 88 % (1.03 g). 1H NMR (400 MHz, DMSO-d6): δ 

11.99 (br s, 1H), 11.56 (br s, 1H), 8.08 – 7.92 (m, 2H), 7.61 – 7.31 (m, 6H), 7.29 – 7.00 

(m, 2H), 5.18 – 4.75 (m, 4H). 13C NMR (101 MHz, DMSO-d6): δ 165.5, 163.9, 136.7, 

136.5, 135.7, 128.9, 128.4, 128.3, 126.4, 122.3, 121.4, 120.8, 110.5, 106.9, 77.0, 46.7. 

HRMS: m/z: calcd for C18H16N2O4: 323.1026 [M-H]+; found: 323.1029. 

 

 

1-(2-((Allyloxy)amino)-2-oxoethyl)-1H-indole-3-carboxylic acid IV-20B 

White amorphous solid. Yield: 56 % (548 mg). 1H NMR (400 MHz, DMSO-d6): δ 11.80 

(br s, 2H), 8.05 – 8.01 (m, 1H), 8.00 (s, 1H), 7.50 – 7.35 (m, 1H), 7.29 – 7.11 (m, 2H), 

5.92 (ddt, J = 16.9, 11.6, 6.0 Hz, 1H), 5.49 – 5.20 (m, 2H), 4.84 (s, 2H), 4.63 – 4.20 (m, 

2H). 13C NMR (101 MHz, DMSO-d6): δ 165.5, 163.8, 136.7, 136.5, 132.8, 126.4, 122.3, 

121.4, 120.8, 119.6, 110.5, 106.9, 76.1, 46.7. HRMS: m/z: calcd for C14H14N2O4: 

275.1026 [M+H]+; found: 275.1026. 
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1-(2-((Benzyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carboxylic acid IV-20C 

White amorphous solid. Yield: 98 % (1.62 g). 1H NMR (400 MHz, DMSO-d6): δ 11.59 

(br s, 2H), 7.45 – 7.29 (m, 6H), 6.77 – 6.62 (m, 1H), 6.41 – 6.29 (m, 1H), 4.81 (br s, 2H), 

4.50 (s, 2H). 13C NMR (101 MHz, DMSO-d6): δ 165.3, 164.1, 135.7, 128.9, 128.4, 127.3, 

123.0, 116.0, 109.5, 77.0, 49.5. HRMS: m/z: calcd for C14H14N2O4: 275.1026 [M+H]+; 

found: 275.1026. 

 

 

1-(2-((Allyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carboxylic acid IV-20D 

Light orange amorphous solid. Yield: 83 % (1.42 g). 1H NMR (400 MHz, DMSO-d6): δ 

11.69 (br s, 1H), 11.34 (br s, 1H), 7.37 – 7.27 (m, 1H), 6.78 – 6.66 (m, 1H), 6.42 – 6.29 

(m, 1H), 5.92 (ddt, J = 16.6, 11.3, 6.0 Hz, 1H), 5.47 – 5.17 (m, 2H), 4.50 (br s, 2H), 4.41 

– 4.24 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 165.3, 164.0, 132.8, 127.3, 123.0, 

119.5, 116.0, 109.5, 76.0, 49.5. HRMS: m/z: calcd for C10H12N2O4: 225.0870 [M+H]+; 

found: 225.0869. 

 

Typical procedure for amide bond formation 

Indole-derived carboxylic acid IV-20A and IV-20B (1.0 eq, 0.8 mmol and 0.5 mmol 

respectively) were dissolved in DMF (14 mL) and HOBt (1.1 eq, 0.9/0.6 mmol), DIPEA 

(3.0 eq, 2.4/1.5 mmol), EDC.HCl (1.2 eq, 0.9/0.6 mmol) and dipeptide trifluoroacetate 

IV-15A-D (1.0 eq, 0.8/0.5 mmol) were added. The reaction mixture was stirred at rt 

overnight. The mixture was diluted with EtOAc (100 mL) and washed with sulfate buffer 
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(100 mL), saturated aq. NaHCO3 (100 mL) and brine (100 mL). The organic phase was 

dried over Na2SO4 and concentrated in vacuum. The residue was purified by column 

chromatography (CH2Cl2/MeOH, gradient from 0 to 16 %) and used in the next step 

despite the residual impurities contained. 

The same procedure was applied on pyrrole-derived carboxylic acids IV-20C and IV-

20D (1.0 eq, 1.5 mmol and 1.6 mmol respectively). 

 

General procedure for final methyl ester hydrolysis 

The intermediate methyl ester IV-21 was dissolved in MeOH (0.7 M) and 3.3 M aq. 

LiOH.H2O (1.5 mL per mmol of IV-21) was added dropwise. The reaction mixture was 

stirred at rt for 1–5 h (monitored by TLC). The mixture was acidified (pH ≈ 2) with 1 M 

aq. HCl and extracted with EtOAc (3 × 20 mL). The combined organic phases were dried 

over Na2SO4 and concentrated in vacuum. The crude product was purified by column 

chromatography (CH2Cl2/MeOH, acidified with AcOH (1 drop/50 mL), gradient from 0 

to 16 %) followed by codistillation with Tol/MeOH, 9/1 (2 × 2 mL) and Et2O/MeOH, 1/1 

(3 × 2 mL). 

 

 

(1-(2-((Benzyloxy)amino)-2-oxoethyl)-1H-indole-3-carbonyl)glycyl-L-valine IV-9A 

Yellow oil. Yield: 25 % over two steps (111 mg). 1H NMR (400 MHz, DMSO-d6): δ 

12.64 (br s, 1H), 11.57 (br s, 1H), 8.26 – 8.07 (m, 2H), 8.04 (s, 1H), 8.00 – 7.88 (m, 1H), 

7.62 – 7.30 (m, 6H), 7.29 – 7.03 (m, 2H), 5.16 – 4.73 (m, 4H), 4.21 (dd, J = 8.6, 5.7 Hz, 

1H), 4.03 – 3.89 (m, 2H), 2.14 – 2.00 (m, 1H), 0.90 (d, J = 6.7 Hz, 3H), 0.88 (d, J = 6.7 

Hz, 3H). 13C NMR (101 MHz, DMSO-d6): δ 172.9, 169.7, 164.4, 164.0, 136.5, 135.7, 
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132.4, 128.9, 128.4, 126.4, 122.1, 121.1, 120.9, 110.2, 110.0, 77.0, 57.0, 46.7, 41.8, 30.1, 

19.1, 17.9. HRMS: m/z: calcd for C25H28N4O6: 481.2082 [M+H]+; found: 481.2082. 

 

 

(1-(2-((Allyloxy)amino)-2-oxoethyl)-1H-indole-3-carbonyl)glycyl-L-valine IV-9B 

White amorphous solid. Yield: 20 % over two steps (42 mg). 1H NMR (400 MHz, DMSO-

d6): δ 12.64 (br s, 1H), 11.53 (br s, 1H), 8.23 – 8.16 (m, 1H), 8.16 – 8.10 (m, 1H), 8.03 

(s, 1H), 7.99 – 7.91 (m, 1H), 7.49 – 7.38 (m, 1H), 7.25 – 7.19 (m, 1H), 7.18 – 7.13 (m, 

1H), 6.15 – 5.86 (m, 1H), 5.50 – 5.19 (m, 2H), 5.14 – 4.72 (br s, 2H), 4.51 – 4.27 (m, 

2H), 4.21 (dd, J = 8.6, 5.7 Hz, 1H), 4.09 – 3.86 (m, 2H), 2.15 – 1.98 (m, 1H), 0.90 (d, J 

= 6.6 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 172.9, 169.7, 

164.4, 163.9, 136.5, 132.8, 132.4, 126.4, 122.1, 121.3, 120.9, 119.7, 110.2, 110.0, 76.1 , 

57.0, 46.7, 41.8, 30.1, 19.1, 17.9. HRMS: m/z: calcd for C21H26N4O6: 431.1925 [M+H]+; 

found: 431.1925. 
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(1-(2-((Benzyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carbonyl)glycyl-L-valine IV-

10A 

Colourless amorphous solid. Yield: 11 % over two steps (69 mg). 1H NMR (400 MHz, 

DMSO-d6): δ 12.52 (br s, 1H), 11.40 (br s, 1H), 8.11 – 7.94 (m, 1H), 7.93 – 7.77 (d, J = 

8.5 Hz, 1H), 7.38 (app br s, 5H), 7.32 – 7.17 (m, 1H), 6.76 – 6.57 (m, 1H), 6.56 – 6.28 

(m, 1H), 4.81 (br s, 2H), 4.47 (s, 2H), 4.18 (dd, J = 8.6, 5.7 Hz, 1H), 3.93 – 3.78 (m, 2H), 

2.11 – 1.99 (m, 1H), 0.88 (d, J = 6.5 Hz, H), 0.86 (d, J = 6.5 Hz, 3H). 13C NMR (101 

MHz, DMSO-d6): δ 172.9, 169.7, 164.3, 164.0, 135.7, 128.9, 128.4, 124.6, 122.5, 119.5, 

107.8, 77.0, 57.0, 49.6, 41.9, 30.1, 19.1, 17.9. HRMS: m/z: calcd for C21H26N4O6: 

431.1925 [M+H]+; found: 431.1925. 

 

 

(1-(2-((Allyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carbonyl)glycyl-L-valine IV-10B 

Pale orange oil. Yield: 2 % over two steps (9 mg). Note: Residual impurities contained. 

Assumed decomposition in solution. 1H NMR (400 MHz, DMSO-d6): δ 12.61 (s, 1H), 
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11.34 (br s, 1H), 8.07 – 7.96 (m, 1H), 7.95 – 7.78 (m, 1H), 7.33 – 7.22 (m, 1H), 6.76 – 

6.64 (m, 1H), 6.51 – 6.39 (m, 1H), 5.92 (ddt, J = 16.5, 11.3, 6.0 Hz, 1H), 5.46 – 5.20 (m, 

2H), 4.47 (br s, 2H), 4.29 (d, J = 5.9 Hz, 2H), 4.17 (dd, J = 8.6, 5.7 Hz, 1H), 3.93 – 3.78 

(m, 2H), 2.11 – 1.98 (m, 1H), 0.88 (d, J = 6.8 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H). 13C NMR 

(101 MHz, DMSO-d6): δ 172.9, 169.6, 164.1, 163.9, 132.8, 124.5, 122.4, 119.5, 107.7, 

76.0, 57.0, 49.6, 41.8, 30.0, 19.0, 17.9. HRMS: m/z: calcd for C17H24N4O6: 381.1769 

[M+H]+; found: 381.1769. HRMS: m/z: calcd for C17H24N4O6: 403.1588 [M+Na]+; 

found: 403.1588. 

 

 

(1-(2-((Benzyloxy)amino)-2-oxoethyl)-1H-indole-3-carbonyl)glycyl-L-leucine IV-9C 

Light red oil. Yield: 24 % over two steps (114 mg). 1H NMR (400 MHz, DMSO-d6): δ 

12.54 (br s, 1H), 11.57 (br s, 1H), 8.30 – 8.06 (m, 3H), 8.04 (s, 1H), 7.67 – 7.28 (m, 6H), 

7.27 – 7.06 (m, 2H), 5.22 – 4.70 (m, 4H), 4.29 (td, J = 8.5, 6.0 Hz, 1H), 4.06 – 3.80 (m, 

2H), 1.75 – 1.60 (m, 1H), 1.60 – 1.46 (m, 2H), 0.90 (d, J = 6.5 Hz, 3H), 0.86 (d, J = 6.5 

Hz, 3H). 13C NMR (101 MHz, DMSO-d6): δ 174.0, 169.5, 164.3, 164.1, 136.5, 135.7, 

132.4, 129.0, 128.4, 126.4, 122.1, 121.2, 120.9, 110.2, 110.0, 77.0, 50.2, 46.7, 41.6, 40.2, 

24.3, 22.8, 21.5. HRMS: m/z: calcd for C26H30N4O6: 495.2238 [M+H]+; found: 495.2239. 
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(1-(2-((Allyloxy)amino)-2-oxoethyl)-1H-indole-3-carbonyl)glycyl-L-leucine IV-9D 

Light yellow amorphous solid. Yield: 27 % over two steps (61 mg). 1H NMR (400 MHz, 

DMSO-d6): δ 12.55 (br s, 1H), 11.53 (br s, 1H), 8.24 – 8.05 (m, 3H), 8.02 (s, 1H), 7.43 – 

7.33 (m, 1H), 7.23 – 7.14 (m, 1H), 7.14 – 7.05 (m, 1H), 5.93 (ddt, J = 16.6, 11.4, 6.1 Hz, 

1H), 5.47 – 5.15 (m, 2H), 5.12 – 4.70 (m, 2H), 4.33 – 4.25 (m, 2H), 4.09 – 3.79 (m, 2H), 

1.76 – 1.61 (m, 1H), 1.60 – 1.46 (m, 2H), 0.90 (d, J = 6.5 Hz, 3H), 0.86 (d, J = 6.5 Hz, 

3H). 13C NMR (101 MHz, DMSO-d6) δ 174.0, 169.5, 164.3, 163.9, 136.5, 132.8, 132.4, 

126.4, 122.1, 121.2, 120.9, 119.7, 110.2, 110.0, 76.2, 50.2, 46.7, 41.6, 40.3, 24.3, 22.9, 

21.5. HRMS: m/z: calcd for C22H28N4O6: 445.2082 [M+H]+; found: 445.2081. 

 

 

(1-(2-((Benzyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carbonyl)glycyl-L-leucine IV-

10C 

Light yellow amorphous solid. Yield: 15 % over two steps (98 mg). 1H NMR (400 MHz, 

DMSO-d6): δ 12.49 (br s, 1H), 11.39 (br s, 1H), 8.21 – 8.00 (m, 1H), 7.99 – 7.70 (m, 1H), 
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7.38 (app br s, 5H), 7.32 – 7.19 (m, 1H), 6.78 – 6.55 (m, 1H), 6.53 – 6.31 (m, 1H), 4.89 

(br s, 2H), 4.47 (s, 2H), 4.26 (td, J = 8.4, 6.1 Hz, 1H), 3.90 – 3.74 (m, 2H), 1.70 – 1.55 

(m, 1H), 1.56 – 1.43 (m, 2H), 0.89 (d, J = 6.5 Hz, 3H), 0.85 (d, J = 6.5 Hz, 3H). 13C NMR 

(101 MHz, DMSO-d6) δ 174.0, 169.5, 164.2, 163.8, 135.7, 128.9, 128.4, 124.5, 122.4, 

119.6, 107.8, 77.0, 50.2, 49.6, 41.6, 40.2, 24.3, 22.8, 21.4. HRMS: m/z: calcd for 

C22H28N4O6: 445.2081 [M+H]+; found: 445.2082. 

 

 

(1-(2-((Allyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carbonyl)glycyl-L-leucine IV-10D 

White amorphous solid. Yield: 6 % over two steps (40 mg). 1H NMR (400 MHz, DMSO-

d6): δ 12.53 (br s, 1H), 11.37 (br s, 1H), 8.06 – 7.90 (m, 2H), 7.30 – 7.26 (m, 1H), 6.72 – 

6.67 (m, 1H), 6.50 – 6.41 (m, 1H), 5.92 (ddt, J = 16.6, 11.4, 6.0 Hz, 1H), 5.28 (m, 2H), 

4.47 (br s, 2H), 4.29 (d, J = 6.1 Hz, 2H), 4.27 – 4.21 (m, 1H), 3.89 – 3.75 (m, 2H), 1.69 

– 1.57 (m, 1H), 1.57 – 1.45 (m, 2H), 0.89 (d, J = 6.5 Hz, 3H), 0.85 (d, J = 6.5 Hz, 3H). 

13C NMR (101 MHz, DMSO-d6): δ 175.2, 169.1, 164.0, 164.0, 132.9, 124.6, 122.5, 119.5, 

107.8, 76.0, 51.2, 49.6, 42.0, 41.1, 24.3, 23.0, 21.8. HRMS: m/z: calcd for C18H26N4O6: 

395.1925 [M+H]+; found: 395.1925. 
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(1-(2-((Benzyloxy)amino)-2-oxoethyl)-1H-indole-3-carbonyl)-L-alanyl-L-valine IV-

9E 

Yellow amorphous solid. Yield: 30 % over two steps (141 mg). 1H NMR (400 MHz, 

DMSO-d6): δ 12.60 (br s, 1H), 11.58 (br s, 1H), 8.21 – 8.06 (m, 2H), 8.06 – 8.00 (m, 1H), 

7.98 – 7.93 (m, 1H), 7.57 – 7.31 (m, 5H), 7.27 – 7.06 (m, 2H), 5.22 – 4.71 (m, 4H), 4.70 

– 4.56 (m, 1H), 4.23 – 4.00 (m, 1H), 2.15 – 1.99 (m, 1H), 1.34 (d, J = 7.1 Hz, 3H), 0.90 

(d, J = 6.6, Hz, 3H), 0.88 (d, J = 6.6, Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 173.0, 

172.9, 164.0, 163.9, 136.5, 135.7, 132.5, 128.9, 128.4, 126.6, 122.1, 121.1, 120.9, 110.2, 

109.8, 77.0, 57.0, 47.9, 46.7, 30.0, 19.1, 17.9, 17.9. HRMS: m/z: calcd for C26H30N4O6: 

495.2238 [M+H]+; found: 495.2238. 

 

 

(1-(2-((Allyloxy)amino)-2-oxoethyl)-1H-indole-3-carbonyl)-L-alanyl-L-valine IV-9F 

White amorphous solid. Yield: 39 % over two steps (86 mg). 1H NMR (400 MHz, DMSO-

d6): δ 11.74 (br s, 1H), 8.24 – 8.10 (m, 2H), 8.10 – 8.00 (m, 1H), 7.91 – 7.64 (m, 1H), 
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7.54 – 7.34 (m, 1H), 7.27 – 7.18 (m, 1H), 7.17 – 7.10 (m, 1H), 5.92 (ddt, J = 16.4, 11.5, 

6.8 Hz, 1H), 5.50 – 5.12 (m, 2H), 4.81 (br s, 2H), 4.67 – 4.52 (m, 1H), 4.52 – 4.22 (m, 

2H), 4.17 – 4.03 (m, 1H), 2.16 – 1.96 (m, 1H), 1.33 (d, J = 7.1 Hz, 3H), 1.00 – 0.75 (m, 

6H). 13C NMR (101 MHz, DMSO-d6) δ 173.7, 172.6, 164.0, 163.8, 136.5, 132.9, 132.6, 

126.6, 122.1, 121.2, 120.9, 119.6, 110.3, 109.8, 76.1, 57.6, 48.1, 46.8, 30.4, 19.3, 18.0. 

HRMS: m/z: calcd for C22H28N4O6: 445.2082 [M+H]+; found: 445.2082. 

 

 

(1-(2-((Benzyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carbonyl)-L-alanyl-L-valine IV-

10E 

Light yellow amorphous solid. Yield: 44 % over two steps (289 mg). 1H NMR (400 MHz, 

DMSO-d6): δ 12.57 (br s, 1H), 11.39 (br s, 1H), 7.90 – 7.83 (m, 1H), 7.84 – 7.62 (m, 1H), 

7.38 (app br s, 5H), 7.36 – 7.30 (m, 1H), 6.76 – 6.57 (m, 1H), 6.56 –6.38 (m, 1H), 4.81 

(br s, 2H), 4.67 – 4.48 (m, 1H), 4.47 (s, 2H), 4.15 (dd, J = 8.6, 5.7 Hz, 1H), 2.11 – 1.98 

(m, 1H), 1.28 (d, J = 7.1 Hz, 3H), 0.88 (d, J = 6.8 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H). 13C 

NMR (101 MHz, DMSO-d6) δ 173.0, 172.9, 164.2, 163.5, 135.7, 128.9, 128.4, 124.7, 

122.4, 119.4, 107.9, 77.0, 57.0, 49.6, 47.9, 30.0, 19.1, 17.9, 17.8. HRMS: m/z: calcd for 

C22H28N4O6: 445.2082 [M+H]+; found: 445.2082. 
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(1-(2-((Allyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carbonyl)-L-alanyl-L-valine IV-

10F 

Colourless amorphous solid. Yield: 8 % over two steps (52 mg). 1H NMR (400 MHz, 

DMSO-d6): δ 11.39 (s, 1H), 7.87 – 7.79 (m, 1H), 7.79 – 7.68 (m, 1H), 7.39 – 7.28 (m, 

1H), 6.76 – 6.66 (m, 1H), 6.54 – 6.43 (m, 1H), 5.92 (ddt, J = 16.6, 11.3, 6.0 Hz, 1H), 5.45 

– 5.19 (m, 2H), 4.95 – 4.42 (m, 3H), 4.39 – 4.24 (m, 2H), 4.11 (dd, J = 8.2, 5.6 Hz, 1H), 

2.12 – 1.98 (m, 1H), 1.27 (d, J = 7.1 Hz, 3H), 0.86 (br s, 3H), 0.85 (br s, 3H). 13C NMR 

(101 MHz, DMSO-d6) δ 173.3, 172.8, 164.0, 163.5, 132.9, 124.7, 122.4, 119.4, 108.0, 

76.0, 57.2, 49.6, 48.0, 30.2, 19.2, 17.9, 17.8. HRMS: m/z: calcd for C18H26N4O6: 

395.1925 [M+H]+; found: 395.1924.  

 

 

(1-(2-((Benzyloxy)amino)-2-oxoethyl)-1H-indole-3-carbonyl)-L-alanyl-L-leucine IV-

9G 
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Light orange oil. Yield: 52 % over two steps (249 mg). 1H NMR (400 MHz, DMSO-d6): 

δ 12.50 (br s, 1H), 11.57 (br s, 1H), 8.23 – 8.03 (m, 3H), 8.00 – 7.88 (m, 1H), 7.49 – 7.33 

(m, 5H), 7.25 – 7.10 (m, 2H), 5.11 – 4.71 (m, 4H), 4.64 – 4.52 (m, 1H), 4.30 – 4.21 (m, 

1H), 1.75 – 1.63 (m, 1H), 1.62 – 1.47 (m, 2H), 1.33 (d, J = 7.1 Hz, 3H), 0.90 (d, J = 6.5 

Hz, 3H), 0.85 (d, J = 6.5 Hz, 3H).13C NMR (101 MHz, DMSO-d6) δ 174.0, 172.9, 164.0, 

163.8, 136.5, 135.7, 132.6, 129.0, 128.4, 126.6, 122.1, 121.2, 120.9, 110.2, 109.9, 77.0, 

50.3, 47.8, 46.8, 40.1, 24.3, 22.9, 21.5, 18.3. HRMS: m/z: calcd for C27H32N4O6: 

509.2395 [M+H]+; found: 509.2396. 

 

 

(1-(2-((Allyloxy)amino)-2-oxoethyl)-1H-indole-3-carbonyl)-L-alanyl-L-leucine IV-

9H 

White amorphous solid. Yield: 60 % over two steps (137 mg). 1H NMR (400 MHz, 

DMSO-d6): δ 12.49 (br s, 1H), 11.53 (br s, 1H), 8.20 – 8.10 (m, 2H), 8.10 – 8.05 (m, 1H), 

8.01– 7.84 (m, 1H), 7.49 – 7.35 (m, 1H), 7.25 – 7.18 (m, 1H), 7.18 – 7.11 (m, 1H), 5.93 

(ddt, J = 16.6, 11.7, 6.0 Hz, 1H), 5.49 – 5.15 (m, 2H), 4.79 (br s, 2H), 4.67 – 4.49 (m, 

1H), 4.49 – 4.29 (m, 2H), 4.25 (td, J = 9.3, 5.6 Hz, 1H), 1.78 – 1.63 (m, 1H), 1.62 – 1.47 

(m, 2H), 1.33 (d, J = 7.1 Hz, 3H), 0.90 (d, J = 6.5 Hz, 3H), 0.85 (d, J = 6.5 Hz, 3H). 13C 

NMR (101 MHz, DMSO-d6) δ 174.0, 172.9, 163.9, 163.8, 136.4, 132.8, 132.5, 126.6, 

122.1, 121.1, 120.8, 119.6, 110.1, 109.9, 76.1, 50.2, 47.8, 46.7, 40.1, 24.3, 22.8, 21.4, 

18.2. HRMS: m/z: calcd for C23H30N4O6: 459.2238 [M+H]+; found: 459.2239. 
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(1-(2-((Benzyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carbonyl)-L-alanyl-L-leucine 

IV-10G 

Colourless amorphous solid. Yield: 30 % over two steps (206 mg). 1H NMR (400 MHz, 

DMSO-d6): δ 12.46 (br s, 1H), 11.39 (br s, 1H), 8.09 – 7.90 (m, 1H), 7.78 – 7.63 (m, 1H), 

7.38 (app br s, 5H), 7.35 – 7.29 (m, 1H), 6.77 – 6.56 (br s, 1H), 6.55 – 6.36 (m, 1H), 4.81 

(br s, 2H), 4.57 – 4.37 (m, 3H), 4.22 (td, J = 8.7, 5.9 Hz, 1H), 1.70 – 1.59 (m, 1H), 1.59 

– 1.46 (m, 2H), 1.28 (d, J = 7.1 Hz, 2H), 0.89 (d, J = 6.5 Hz, 3H), 0.84 (d, J = 6.5 Hz, 

3H). 13C NMR (101 MHz, DMSO-d6): δ 174.0, 172.8, 164.2, 163.3, 135.7, 128.9, 128.4, 

124.6, 122.4, 119.5, 108.0, 77.0, 50.2, 49.6, 47.8, 40.1, 24.3, 22.8, 21.5, 18.1. HRMS: 

m/z: calcd for C23H30N4O6: 459.2238 [M+H]+; found: 459.2237.  

 

 

(1-(2-((Allyloxy)amino)-2-oxoethyl)-1H-pyrrole-3-carbonyl)-L-alanyl-L-leucine IV-

10H 
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White amorphous solid. Yield: 19 % over two steps (121 mg). 1H NMR (400 MHz, 

DMSO-d6): δ 11.37 (s, 1H), 8.03 – 7.88 (m, 1H), 7.81 – 7.63 (m, 1H), 7.39 – 7.26 (m, 

1H), 6.76 –6.63 (m, 1H), 6.55 – 6.41 (m, 1H), 5.92 (ddt, J = 16.6, 11.5, 6.1 Hz, 1H), 5.46 

– 5.20 (m, 2H), 4.96 – 4.40 (m, 3H), 4.32 – 4.26 (m, 2H), 4.25 – 4.14 (m, 1H), 1.71 – 

1.58 (m, 1H), 1.57 – 1.45 (m, 2H), 1.27 (d, J = 7.1 Hz, 3H), 0.88 (d, J = 6.5 Hz, 3H), 0.84 

(d, J = 6.5 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 174.1, 172.8, 164.1, 163.3, 132.9, 

124.6, 122.4, 119.5, 108.0, 76.0, 50.3, 49.6, 47.8, 40.2, 24.3, 22.9, 21.5, 18.1 . HRMS: 

m/z: calcd for C19H28N4O6: 409.2082 [M+H]+; found: 409.2080. 

6.4 Synthesis of starting gem-dihalocyclopropane amides 

General acylation procedure A  

1 M aq. NaOH (0.3 M) was added to a solution of acyl chloride IV-34 (1.4 eq) and 

aminocyclopropane salt IV-32 (1.0 eq) in CH2Cl2 (0.7 M). After 10 min of strong stirring, 

the mixture was diluted with CH2Cl2 (20 mL) and H2O (20 mL). The organic layer was 

separated and the aqueous phase was extracted with CH2Cl2 (2 × 20 mL). The combined 

organic layers were dried over MgSO4 and concentrated in vacuum. The residue was 

purified by column chromatography (PET/EtOAc, gradient). 

 

 

1-(6,6-Dichloro-2-azabicyclo[3.1.0]hexan-2-yl)-2-(3,4-dimethoxyphenyl)ethan-1-

one IV-35A 

Orange oil. Yield: 43 % (375 mg). 1H NMR (CDCl3, 400 MHz), 79 : 21 mixture of two 

rotamers. Major rotamer: δ 6.82−6.89 (m, 3H), 3.88 (s, 3H), 3.87 (s, 3H), 3.73 (AB 

system, δA 3.70, δB 3.76, JAB = 15.0, 2H), 3.72 (ddd, J = 12.0, 10.5, 6.0, 1H), 3.69 (d, J = 

8.0, 1H), 3.61 (ddd, J = 12.0, 9.5, 5.5, 1H), 2.46 (ddd, J = 8.0, 7.5, 1.0, 1H), 2.30 (dddd, 

J = 14.0, 10.5, 7.5, 5.5, 1H), 2.14 (dddd, J = 14.0, 9.5, 6.0, 1.0, 1H). Minor rotamer, 

characteristic signals: δ 6.78 (AB part of an ABX system, δA 6.76, δB 6.79, JAB = 8.0, JAX 

= 2.0, JBX = 0.0, 2H), 4.17 (d, J = 7.0, 1H), 3.36 (ddd, J = 10.5, 9.5, 6.0, 1H), 2.40 (m, 

1H), 2.24 (dddd, J = 14.0, 9.5, 4.5, 0.5, 1H). 13C NMR (CDCl3, 100.6 MHz), 79 : 21 

mixture of two rotamers. Major rotamer: δ 171.5, 149.1, 148.1, 126.4, 121.3, 112.1, 111.3, 

65.1, 55.88, 55.85, 50.0, 49.0, 42.2, 37.3, 23.9. Minor rotamer: δ 170.9, 149.0, 148.0, 
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126.2, 121.0, 111.8, 111.1, 64.4, 55.88, 55.85, 49.3, 48.8, 41.9, 34.2, 25.8. HRMS: m/z: 

calcd for C15H17
35Cl2NO3: 330.0658 [M+H]+; found: 330.0657, calcd for 

C15H17
35Cl37ClNO3: 332.0629 [M+H]+; found: 332.0629, calcd for C15H17

37Cl2NO3: 

334.0599 [M+H]+; found: 334.0605. 

 

 

1-(6,6-dichloro-2-azabicyclo[3.1.0]hexan-2-yl)-2-(4-methoxyphenyl)ethan-1-one IV-

35B 

Orange oil. Yield: 63 % (163 mg). 1H NMR (CDCl3, 400 MHz), 77 : 23 mixture of two 

rotamers. Major rotamer: δ 7.24 (br d, J = 8.5, 2H), 6.88 (br d, J = 8.5, 2H), 3.80 (s, 3H), 

3.72 (AB system, δA 3.70, δB 3.75, JAB = 14.5, 2H), 3.71 (ddd, J = 12.0, 10.5, 6.0, 1H), 

3.67 (d, J 8.0, 1H), 3.61 (ddd, J = 12.0, 10.0, 5.5, 1H), 2.46 (ddd, J = 8.0, 7.5, 1.0, 1H), 

2.30 (dddd, J = 14.0, 10.5, 7.5, 5.5, 1H), 2.14 (dddd, J = 14.0, 10.0, 6.0, 1.0, 1H). Minor 

rotamer, characteristic signals: δ 7.18 (br d, J = 8.5, 2H), 6.85 (br d, J = 8.5, 2H), 4.16 (d, 

J = 7.5, 1H), 3.37 (ddd, J = 10.0, 9.5, 6.0, 1H), 2.38 (dddd, J = 14.0, 7.0, 6.0, 4.0, 1H), 

2.24 (dddd, J = 14.0, 9.5, 4.5, 0.5, 1H). 13C NMR (CDCl3, 100.6 MHz), 77 : 23 mixture 

of two rotamers. Major rotamer: δ 171.6, 158.7, 130.2, 126.1, 114.2, 65.1, 52.3, 49.9, 

49.0, 41.6, 37.4, 23.9. Minor rotamer, characteristic signals: δ 171.1, 158.6, 129.9, 125.8, 

64.4, 41.4, 34.2, 25.8. HRMS: m/z: calcd for C14H15
35Cl2NO2: 300.0553 [M+H]+; found: 

300.0556, calcd for C14H15
35Cl37ClNO2: 302.0523 [M+H]+; found: 302.0524, calcd for 

C14H15
37Cl2NO2: 304.0494 [M+H]+; found: 304.0493. 

 

 

1-(6,6-Dichloro-2-azabicyclo[3.1.0]hexan-2-yl)-2-(3,4,5-trimethoxyphenyl)ethan-1-

one IV-35C 

Orange oil. Yield: 45 % (185 mg). 1H NMR (CDCl3, 400 MHz), 76 : 24 mixture of two 

rotamers. Major rotamer: δ 6.54 (s, 2H), 3.86 (s, 6H), 3.83 (s, 3H), 3.74 (ddd, J = 12.0, 

10.5, 6.0, 1H), 3.72 (AB system, δA 3.69, δB 3.76, JAB = 14.5, 2H), 3.70 (d, J = 8.0, 1H), 

3.61 (ddd, J 12.0, 9.5, 5.5, 1H), 2.48 (ddd, J = 8.0, 7.5, 1.0, 1H), 2.31 (dddd, J = 14.0, 
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10.5, 7.5, 5.5, 1H), 2.15 (dddd, J = 14.0, 9.5, 6.0, 1.0, 1H). Minor rotamer, characteristic 

signals: δ 6.48 (s, 2H), 4.18 (d, J = 7.5, 1H), 3.37 (ddd, J = 10.5, 9.5, 6.0, 1H), 2.26 (dddd, 

J = 14.0, 9.5, 4.5, 0.5, 1H). 13C NMR (CDCl3, 100.6 MHz), 76 : 24 mixture of two 

rotamers. Major rotamer: δ 171.1, 153.4, 137.2, 129.6, 106.3, 65.2, 60.8, 56.1, 50.1, 49.1, 

43.0, 37.4, 23.9. Minor rotamer, characteristic signals: δ 105.9, 49.3, 42.4, 34.2, 25.8. 

HRMS: m/z: calcd for C16H19
35Cl2NO4: 360.0764 [M+H]+; found: 360.0767, calcd for 

C16H19
35Cl37ClNO4: 362.0734 [M+H]+; found: 362.0735, calcd for C16H19

37Cl2NO4: 

364.0705 [M+H]+; found: 364.0701. 

 

 

1-(7,7-Dichloro-2-azabicyclo[4.1.0]heptan-2-yl)-2-(2,2-dimethylbenzo[d][1,3]dioxol-

5-yl)ethan-1-one IV-35D 

Yellow oil. Yield: 84 % (256 mg). 1H NMR (CDCl3, 400 MHz): δ 6.77 (d, J = 1.5, 1H), 

6.71 (AB part of an ABX system, δA 6.67, δB 6.75, JAB = 8.0, JAX = 0.0, JBX = 1.5, 2H), 

3.85 (ddd, J = 13.0, 7.0, 4.0, 1H), 3.73 (AB system, δA 3.72, δB 3.74, JAB = 14.5, 2H), 

3.35 (d, J = 9.5, 1H), 2.76 (ddd, J = 13.0, 9.0, 3.5, 1H), 2.09 (ddd, J = 9.5, 9.0, 2.5, 1H), 

2.04 (dddd, J = 14.0, 9.0, 8.5, 6.0, 1H), 1.76 (dddd, J = 14.0, 6.0, 5.0, 2.5, 1H), 1.66 (s, 

6H), 1.65 (ddddd, J = 13.5, 9.0, 8.5, 5.0, 4.0, 1H), 1.49 (ddtd, J =13.5, 7.0, 6.0, 3.5, 1H). 

13C NMR (CDCl3, 100.6 MHz): δ 173.4, 147.7, 146.5, 127.0, 121.8, 117.9, 109.5, 108.1, 

63.3, 41.0, 40.6, 39.3, 28.8, 25.9, 20.7, 17.2. HRMS: m/z: calcd for C17H19
35Cl2NO3: 

356.0815 [M+H]+; found: 356.0813, calcd for C17H19
35Cl37ClNO3: 358.0785 [M+H]+; 

found: 358.0781, calcd for C17H19
37ClNO3: 360.0756 [M+H]+; found: 360.0746. 

 

 

2-(Benzo[d][1,3]dioxol-5-yl)-1-(7,7-dichloro-2-azabicyclo[4.1.0]heptan-2-yl)ethan-

1-one IV-35E 

Pale yellow solid. Yield: 74 % (220 mg). 1H NMR (CDCl3, 400 MHz): δ 6.87 (dd, J = 

1.5, 0.5, 1H), 6.79 (AB part of an ABX system, δA 6.78, δB 6.80, JAB = 8.0, JAX = 0.5, JBX 

= 1.5, 2H), 5.95 (s, 2H), 3.85 (ddd, J = 13.0, 7.0, 4.0, 1H), 3.75 (AB system, δA 3.74, δB 



110 

3.76, JAB = 15.5, H8), 3.32 (d, J = 9.5, 1H), 2.76 (ddd, J = 13.0, 9.0, 3.5, 1H), 2.08 (ddd, 

J = 9.5, 9.0, 2.5, 1H), 2.03 (dddd, J = 14.0, 9.0, 8.5, 6.0, 1H), 1.76 (dddd, J = 14.0, 6.0, 

5.0, 2.5, 1H), 1.65 (ddddd, J = 14.0, 9.0, 8.5, 5.0, 4.0, 1H), 1.48 (ddtd, J = 14.0, 7.0, 6.0, 

3.5, 1H). 13C NMR (CDCl3, 100.6 MHz): δ 173.2, 147.8, 146.6, 127.7, 122.5, 109.8, 

108.3, 101.1, 63.3, 41.0, 40.6, 39.3, 28.8, 20.6, 17.2. HRMS: m/z: calcd for 

C15H15
35Cl2NO3: 328.0502 [M+H]+; found: 328.0501, calcd for C15H15

35Cl37ClNO3: 

330.0473 [M+H]+; found: 330.0473.  

 

 

1-(7,7-Dichloro-2-azabicyclo[4.1.0]heptan-2-yl)-2-(3,4-dimethoxyphenyl)ethan-1-

one IV-35F 

Pale yellow oil. Yield: 59 % (229 mg). 1H NMR (CDCl3, 400 MHz), 91 : 9 mixture of 

two rotamers. Major rotamer: δ 6.93 (d, J = 2.0, 1H), 6.87 (AB part of an ABX system, 

δA 6.84, δB 6.90, JAB = 8.0, JAX = 0.0, JBX = 2.0, 2H), 3.88 (s, 3H), 3.87 (s, 3H), 3.87 (ddd, 

J = 13.0, 7.0, 4.0, 1H), 3.79 (AB system, δA 3.77, δB 3.80, JAB = 15.0, 2H), 3.33 (d, J = 

9.5, 1H), 2.75 (ddd, J = 13.0, 9.0, 3.5, 1H), 2.09 (ddd, J = 9.5, 9.0, 2.5, 1H), 2.04 (dddd, 

J = 14.0, 9.0, 8.5, 6.0, 1H), 1.77 (dddd, J = 14.0, 6.0, 5.0, 2.5, 1H), 1.65 (ddddd, J = 14.0, 

9.0, 8.5, 5.0, 4.0, 1H), 1.49 (ddtd, J = 14.0, 7.0, 6.0, 3.5, 1H). Minor rotamer, characteristic 

signals: δ 3.53 (d, J = 9.5, 1H), 3.09 (ddd, J = 12.0, 8.5, 3.5, 1H). 13C NMR (CDCl3, 100.6 

MHz), 91 : 9 mixture of two rotamers. Major rotamer: δ 173.4, 149.1, 148.1, 126.5, 121.5, 

112.5, 111.3, 63.4, 55.92, 55.88, 41.1, 40.6, 39.3, 28.8, 20.7, 17.2. Minor rotamer, 

characteristic signals: δ 172.8, 147.9, 126.7, 121.0, 111.9, 111.2, 62.6, 43.0, 40.8, 39.3, 

28.0, 21.5, 16.9. HRMS: m/z: calcd for C16H19
35Cl2NO3: 344.0815 [M+H]+; found: 

344.0806, calcd for C16H19
35Cl37ClNO3: 346.0785 [M+H]+; found: 346.0780, calcd for 

C16H19
37Cl2NO3: 348.0755 [M+H]+; found: 348.0750. 

 

 

(E)-N-(4-Chloro-5-oxohex-3-en-1-yl)-2-(3,4-dimethoxyphenyl)acetamide IV-39G 
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Orange oil. Yield: 29 % (69 mg). 1H NMR (CDCl3, 400 MHz): δ 6.79 (AB part of an 

ABX system, δA 6.76, δB 6.82, JAB = 8.0, JAX = 2.0, JBX = 0.0, 2H), 6.73 (d, J = 2.0, 1H), 

6.12 (t, J = 8.5, 1H), 5.92 (br s, 1H), 3.87 (br s, 6H), 3.48 (s, 2H), 3.35 (td, J = 6.5, 5.5, 

2H), 2.56 (dt, J = 8.5, 6.5, 2H), 2.33 (s, 3H). 13C NMR (CDCl3, 100.6 MHz): δ 195.9, 

171.8, 149.2, 148.2, 138.0, 130.9, 127.2, 121.7, 112.5, 111.5, 55.85, 55.83, 43.4, 38.5, 

29.0, 28.9. HRMS: m/z: calcd for C16H20
35ClNO4: 326.1153 [M+H]+; found: 326.1154, 

calcd for C16H20
37ClNO4: 328.1124 [M+H]+; found: 328.1122. 

 

General acylation procedure B 

TEA (2.2 eq) was added dropwise, at −78 °C, to a solution of acyl chloride IV-29 (1.1 

eq) and aminocyclopropane salt IV-32 (1.0 eq) in dry CH2Cl2 (0.3 M). The mixture was 

allowed to warm to 0 °C while stirring for 1 h. The resulting mixture was diluted with 

CH2Cl2 (20 mL) and H2O (30 mL). The organic layer was separated, and the aqueous 

phase was extracted with CH2Cl2 (2 × 20 mL). The combined organic layers were dried 

over MgSO4 and concentrated in vacuum. The residue was purified by column 

chromatography (PET/EtOAc, gradient). 

 

 

1-(6,6-Dichloro-1-methyl-2-azabicyclo[3.1.0]hexan-2-yl)-2-(3,4-

dimethoxyphenyl)ethan-1-one IV-35G 

Yellow oil. Yield: 34 % (66 mg). 1H NMR (CDCl3, 400 MHz), 56 : 44 mixture of two 

rotamers: Major rotamer: δ 6.80−6.85 (m, 1H), 6.77 (AB part of an ABX system, δA 6.75, 

δB 6.79, JAB = 8.0, JAX = 1.5, JBX = 0.0, 2H), 3.86 (s, 3H), 3.85 (s, 3H), 3.62−3.74 (m, 

1H), 3.55 (AB system, δA 3.54, δB 3.56, JAB = 15.0, 2H), 3.44 (ddd, J = 10.0, 9.5, 4.5, 

1H), 2.29−2.39 (m, 1H), 2.06−2.20 (m, 1H), 1.90 (br d, J = 7.5, 1H), 1.85 (s, 3H). Minor 

rotamer: δ 6.89 (br s, 1H), 6.80−6.85 (m, 2H), 3.97 (ddd, J = 12.0, 9.5, 3.0, 1H), 3.87 (s, 

3H), 3.86 (s, 3H), 3.67 (AB system, δA 3.61, δB 3.73, JAB = 15.5, 2H), 3.62−3.74 (m, 1H), 

2.29−2.39 (m, 1H), 2.15 (br d, J = 7.5, 1H), 2.06−2.20 (m, 1H), 1.86 (s, 3H). 13C NMR 

(CDCl3, 100.6 MHz), 56 : 44 mixture of two rotamers. Major rotamer: δ 171.0, 149.0, 

148.0, 126.6, 121.2, 112.0, 111.2, 69.8, 55.9, 54.2, 51.1, 42.8, 40.1, 25.0, 15.9. Minor 

rotamer: δ 172.1, 148.8, 148.0, 127.2, 121.6, 112.9, 111.2, 71.4, 55.9, 58.8, 52.3, 51.6, 

43.5, 40.8, 24.5, 18.7. HRMS: m/z: calcd for C16H19
35Cl2NO3: 344.0815 [M+H]+; found: 
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344.0815, calcd for C16H19
35Cl37ClNO3: 346.0785 [M+H]+; found: 346.0783, calcd for 

C16H19
37Cl2NO3: 348.0756 [M+H]+; found: 348.0749. 

 

 

(6,6-Dichloro-2-azabicyclo[3.1.0]hexan-2-yl)(3,4-dimethoxyphenyl)methanone IV-

35H 

Colourless oil. Yield: 61 % (382 mg). 1H NMR (CDCl3, 400 MHz), δ 7.32 (dd, J = 8.5, 

1.5, 1H), 7.25 (d, J = 1.5, 1H), 6.94 (d, J = 8.5, 1H), 4.08 (ddd, J = 12.0, 11.0, 6.0, 1H), 

3.96 (s, 3H), 3.93 (s, 3H), 3.71 (d, J = 7.5, 1H), 3.60 (ddd, J = 12.0, 10.0, 5.5, 1H), 2.53 

(td, J = 7.5, 1.0, 1H), 2.40 (dddd, J = 14.0, 11.0, 7.5, 5.5, 1H), 2.26 (dddd, J = 14.0, 10.0, 

6.0, 1.0, 1H). 13C NMR (CDCl3, 100.6 MHz), δ 169.2, 151.1, 148.6, 127.8, 121.4, 110.9, 

110.6, 65.4, 55.99, 55.97, 51.7, 50.3, 37.3, 23.8. HRMS: m/z: calcd for C14H15
35Cl2NO3: 

316.0502 [M+H]+; found: 316.0502, calcd for C14H15
35Cl37ClNO3: 318.0472 [M+H]+; 

found: 318.0472, calcd for C14H15
37Cl2NO3: 320.0443 [M+H]+; found: 320.0438. 

 

 

1-(6,6-Dichloro-2-azabicyclo[3.1.0]hexan-2-yl)-3-(3,4-dimethoxyphenyl)propan-1-

one IV-35I 

Colourless oil. Yield: 46 % (315 mg). 1H NMR (CDCl3, 400 MHz), 78 : 22 mixture of 

two rotamers. Major rotamer: δ 6.72−6.82 (m, 3H), 3.88 (s, 3H), 3.86 (3 H, s, 3H), 3.70 

(ddd, J = 12.0, 10.5, 6.0, 1H), 3.61 (ddd, J = 12.0, 9.5, 5.5, 1H), 3.57 (d, J = 8.0, 1H), 

2.90−3.01 (m, 2H), 2.69−2.75 (m, 2H), 2.48 (ddd, J = 8.0, 7.5, 1.0, 1H), 2.32 (dddd, J = 

14.0, 10.5, 7.5, 5.5, 1H), 2.16 (dddd, J = 14.0, 9.5, 6.0, 1.0, 1H). Minor rotamer, 

characteristic signals: δ 4.15 (d, J = 7.0, 1H), 3.86 (s, 3H), 3.85 (s, 3H), 3.33 (ddd, J = 

10.0, 9.5, 6.0, 1H), 3.04 – 2.90 (m, 4H), 2.54 (ddd, J = 8.0, 7.5, 5.5, 1H), 2.40 (dddd, J = 

13.5, 7.5, 6.0, 4.0, 1H), 2.26 (dddd, J = 13.5, 9.5, 5.5, 0.5, 1H). 13C NMR (CDCl3, 100.6 

MHz), 78 : 22 mixture of two rotamers. Major rotamer: δ 172.5, 149.0, 147.5, 133.7, 

120.2, 111.9, 111.4, 65.1, 55.94, 55.85, 49.7, 49.0, 37.23, 37.18, 30.6, 24.0. Minor 
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rotamer: δ 172.0, 148.9, 147.5, 133.7, 120.2, 111.9, 111.4, 64.4, 55.94, 55.85, 49.1, 48.7, 

36.8, 34.2, 30.4, 25.7. HRMS: m/z: calcd for C16H19
35Cl2NO3: 344.0815 [M+H]+; found: 

344.0815, calcd for C16H19
35Cl37ClNO3: 346.0785 [M+H]+; found: 346.0783, calcd for 

C16H19
37Cl2NO3: 348.0756 [M+H]+; found: 348.0750. 

 

 

1-(7,7-Dichloro-1-methyl-2-azabicyclo[4.1.0]heptan-2-yl)-2-(3,4-

dimethoxyphenyl)ethan-1-one IV-35J 

Yellow oil. Yield: 85 % (371 mg). 1H NMR (CDCl3, 400 MHz), 71 : 29 mixture of two 

rotamers. Major rotamer: δ 7.00 (d, J = 2.0, 1H), 6.86 (AB part of an ABX system, δA 

6.82, δB 6.90, JAB 8.0, JAX = 0.0, JBX = 2.0, 2H), 4.29 (ddd, J = 13.0, 4.5, 4.0, 1H), 3.89 

(s, 3H), 3.86 (s, 3H), 3.76 (AB system, δA 3.70, δB 3.82, JAB = 15.5, 2H), 2.48 (ddd, J = 

13.0, 9.5, 4.5, 1H), 2.07 (dddd, J = 15.0, 9.5, 8.5, 8.0, 1H), 1.90 (dddd, J = 15.0, 5.5, 4.0, 

2.0, 1H), 1.75 (s, 3H), 1.68 (dd, J = 8.5, 2.0, 1H), 1.49−1.59 (m, 2H). Minor rotamer, 

characteristic signals: δ 6.84 (d, J = 2.0, 1H), 6.77 (AB part of an ABX system, δA 6.76, 

δB 6.79, JAB = 8.0, JAX = 2.0, JBX = 0.0, 2H), 3.66 (AB system, δA 3.65, δB 3.66, JAB = 

15.0, 2H), 3.52 (ddd, J = 13.0, 5.0, 4.0, 1H), 2.86 (ddd, J = 13.0, 10.0, 4.5, 1H), 1.69 (s, 

3H). 13C NMR (CDCl3, 100.6 MHz), 71 : 29 mixture of two rotamers. Major rotamer: δ 

172.9, 148.9, 148.1, 127.9, 121.8, 113.2, 111.3, 69.4, 56.1, 56.0, 43.9, 39.9, 38.9, 34.8, 

23.0, 20.1, 17.5. Minor rotamer, characteristic signals: δ 170.8, 149.2, 148.1, 127.1, 121.1, 

112.1, 111.3, 68.3, 56.03, 56.02, 44.0, 42.9, 41.5, 33.7, 21.1, 19.4, 17.1. HRMS: m/z: 

calcd for C17H21
35Cl2NO3: 358.0971 [M+H]+; found: 358.0970, calcd for 

C17H21
35Cl37ClNO3: 360.0942 [M+H]+; found: 360.0939, calcd for C17H21

37Cl2NO3: 

362.0912 [M+H]+; found: 362.0920. 

 

 

1-(7,7-Dibromo-2-azabicyclo[4.1.0]heptan-2-yl)-2-(3,4-dimethoxyphenyl)ethan-1-

one IV-35K 
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Yellow oil. Yield: 49 % (198 mg). 1H NMR (CDCl3, 400 MHz), 91 : 9 mixture of two 

rotamers. Major rotamer: δ: 6.96 (d, J = 1.5, 2H), 6.89 (AB part of an ABX system, δA 

6.84, δB 6.94, JAB = 8.0, JAX = 0.0, JBX = 1.5, 2H), 3.88 (s, 3H), 3.87 (s, 3H), 3.81 (AB 

system, δA 3.80, δB 3.82, JAB = 15.0, 2H), 3.73 (ddd, J = 13.0, 8.0, 4.0, 1H), 3.37 (d, J = 

9.5, 1H), 2.87 (ddd, J = 13.0, 8.5, 4.0, 1H), 2.18 (ddd, J = 9.5, 8.5, 3.0, 1H), 2.12 (dddd, 

J = 13.5, 9.0, 8.5, 6.0, 1H), 1.73 (m, 1H), 1.64 (m, 1H), 1.45 (m, 1H). Minor rotamer, 

characteristic signals: δ 3.58 (d, J = 9.5, 1H), 3.16 (ddd, J = 12.0, 7.5, 4.0, 1H). 13C NMR 

(CDCl3, 100.6 MHz), 91 : 9 mixture of two rotamers. Major rotamer: δ 173.6, 149.3, 

148.3, 126.7, 121.6, 112.7, 111.5, 56.1, 41.4, 41.0, 39.8, 36.5, 30.1, 20.7, 19.4. Minor 

rotamer, characteristic signals: δ 121.4, 112.3, 111.3, 43.4, 40.6, 29.2, 21.7, 19.1. HRMS: 

m/z: calcd for C16H19
79Br2NO3: 431.9804 [M+H]+; found: 431.9808, calcd for 

C16H19
79Br81BrNO3: 433.9784 [M+H]+; found: 433.9786, calcd for C16H19

81Br2NO3: 

435.9764 [M+H]+; found: 435.9762. 

 

 

1-(6,6-Dichloro-2-azabicyclo[3.1.0]hexan-2-yl)-2-(3-methoxyphenyl)ethan-1-one 

IV-35L 

Yellow oil. Yield: 69 % (410 mg). 1H NMR (CDCl3, 400 MHz), 77 : 23 mixture of two 

rotamers. Major rotamer: δ 7.26 (dd, J = 8.5, 7.5, 1H), 6.80−6.93 (m, 3H), 3.81 (s, 3H), 

3.77 (AB system, δA 3.74, δB 3.79, JAB = 15.0, 2H), 3.73 (ddd, J = 12.0, 10.5, 6.0, 1H), 

3.67 (d, J = 8.0, 1H), 3.61 (ddd, J = 12.0, 9.5, 5.0, 1H), 2.46 (ddd, J = 8.0, 7.5, 1.0, 1H), 

2.30 (dddd, J = 14.0, 10.5, 7.5, 5.0, 1H), 2.14 (dddd, J = 14.0, 9.5, 6.0, 1.0, 1H). Minor 

rotamer, characteristic signals: δ 4.18 (d, J = 7.0, 1H), 3.80 (s, 3H), 3.37 (ddd, J = 10.5, 

9.5, 6.0, 1H), 2.38 (dddd, J = 14.0, 7.0, 6.0, 4.0, 1H), 2.24 (dddd, J = 14.0, 9.5, 4.5, 0.5, 

1H). 13C NMR (CDCl3, 100.6 MHz), 77 : 23 mixture of two rotamers. Major rotamer: δ 

171.2, 159.9, 135.4, 129.7, 121.5, 114.5, 112.8, 65.0, 55.2, 55.0, 49.0, 42.7, 37.3, 23.9. 

Minor rotamer: δ 170.7, 159.8, 135.3, 129.6, 121.3, 114.3, 112.7, 64.4, 55.16, 49.3, 48.9, 

42.3, 34.2, 25.8. HRMS: m/z: calcd for C14H15
35Cl2NO2: 300.0553 [M+H]+; found: 

300.00554, calcd for C14H15
35Cl37ClNO2: 302.0523 [M+H]+; found: 302.0521, calcd for 

C14151
37Cl2NO2: 304.0494 [M+H]+; found: 304.0490. 

 

Deprotection of gem-dihalocyclopropane amide IV-35E 
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Boron tribromide (1.0 M in hexanes, 1.5 eq, 343 µmol) was added dropwise, at 0 °C, to 

a solution of 2-(benzo[d][1,3]dioxol-5-yl)-1-(7,7-dichloro-2-azabicyclo[4.1.0]heptan-2-

yl)ethan-1-one IV-35E (1.0 eq, 229 µmol) in dry CH2Cl2 (0.5 mL). After 2 h of stirring 

at rt, 1 M aq. HCl (15 mL) was added and the mixture was extracted with CH2Cl2 (3 × 10 

mL). The combined organic layers were dried over MgSO4 and concentrated in vacuum. 

The residue was purified by column chromatography (PET/EtOAc, gradient from 40 to 

100 %) to afford pure 1-(7,7-dichloro-2-azabicyclo[4.1.0]heptan-2-yl)-2-(3,4-

dihydroxyphenyl)ethan-1-one IV-40 (9.0 mg, 28.5 µmol, 12%) and recover 2-

(benzo[d][1,3]dioxol-5-yl)-1-(7,7-dichloro-2-azabicyclo[4.1.0]heptan-2-yl)ethan-1-one 

IV-35E (24 mg, 73.1 µmol, 32%). 

 

 

1-(7,7-Dichloro-2-azabicyclo[4.1.0]heptan-2-yl)-2-(3,4-dihydroxyphenyl)ethan-1-

one IV-40 

White crystals. Yield: 12 % (9.0 mg). 1H NMR (CDCl3, 400 MHz): δ 8.27 (br s, 1H), 6.95 

(d, J = 1.5, 1H), 6.73 (AB part of an ABX system, δA 6.69, δB 6.77, JAB = 8.0, JAX = 1.5, 

JBX = 0.0, 2H), 6.19 (br s, 1H), 3.78 (ddd, J = 13.0, 7.5, 4.0, 1H), 3.74 (br s, 2H), 3.37 (d, 

J = 9.5, 1H), 2.84 (ddd, J = 13.0, 8.5, 4.0, 1H), 2.12 (ddd, J = 9.5, 9.0, 2.5, 1H), 2.07 (m, 

1H), 1.72 (dddd, J = 14.0, 6.0, 5.0, 2.5, 1H), 1.66 (dtdd, J = 14.0, 8.5, 5.0, 4.0, 1H), 1.50 

(m, 1H). 13C NMR (CDCl3, 100.6 MHz): δ 175.4, 144.6, 144.0, 125.3, 121.9, 115.7, 

115.1, 63.3, 41.0, 40.5, 40.0, 29.3, 20.7, 17.2. HRMS: m/z: calcd for C14H15
35Cl2NO3: 

316.0502 [M+H]+; found: 316.0491.  

6.5 Synthesis of dihydroazepines 

Acid-mediated ring expansion of gem-dihalocyclopropane amide IV-35E 

Tert-butanol (1 drop) was added, at 20 °C, to a solution of 2-(benzo[d][1,3]dioxol-5-yl)-

1-(7,7-dichloro-2-azabicyclo[4.1.0]heptan-2-yl)ethan-1-one IV-35E (1.0 eq, 64.6 µmol) 

in o-dichlorobenzene (1.0 mL). The mixture was heated at 180 °C for 30 min with a µ-

wave reactor. After cooling, H2O (10 mL) was added and the mixture was extracted with 

EtOAc (3 × 10 mL). The combined organic phases were dried over MgSO4, filtered and 
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concentrated in vacuum. The residue was purified by column chromatography 

(PET/EtOAc, gradient from 5 to 50 %) to afford pure 2-(benzo[d][1,3]dioxol-5-yl)-1-(6-

chloro-2,3-dihydro-1H-azepin-1-yl)ethan-1-one IV-41E (7.0 mg, 24.0 µmol, 37%) and 

recover 2-(benzo[d][1,3]dioxol-5-yl)-1-(7,7-dichloro-2-azabicyclo[4.1.0]heptan-2-

yl)ethan-1-one IV-35E (4.0 mg, 12.2 µmol, 19%). 

 

 

2-(Benzo[d][1,3]dioxol-5-yl)-1-(6-chloro-2,3-dihydro-1H-azepin-1-yl)ethan-1-one 

IV-41E 

Pale yellow oil. Yield: 37 % (7.0 mg). 1H NMR (CDCl3, 400 MHz): δ 6.87 (s, 1H), 6.76 

(d, J = 8.0, 1H), 6.77 (d, J = 1.5, 1H), 6.67 (dd, J = 8.0, 1.5, 1H), 5.94 (s, 2H), 5.92−5.98 

(m, 2H), 3.71 (t, J = 5.0, 2H), 3.68 (s, 2H), 2.52 (td, J = 5.0, 2.5, 2H). 13C NMR (CDCl3, 

100.6 MHz): δ 169.0, 147.0, 146.6, 134.2, 127.3, 127.2, 126.5, 122.1, 119.4, 109.3, 108,4, 

101.0, 42.7, 41.3, 32.4. HRMS: m/z: calcd for C15H14
35ClNO3: 292.0735 [M+H]+; found: 

292.0737, calcd for C15H14
37ClNO3: 294.0705 [M+H]+; found: 294.0710.  

 

Base-mediated ring expansion of gem-dihalocyclopropane amide IV-40 

2,4,6-Collidine (1.0 eq, 22.8 µmol) was added dropwise, at 20 °C, to a solution of 1-(7,7-

dichloro-2-azabicyclo[4.1.0]heptan-2-yl)-2-(3,4-dihydroxyphenyl)ethan-1-one IV-40 

(1.0 eq, 22.8 µmol) in o-dichlorobenzene (1.0 mL). The mixture was heated at 180 °C for 

15 min with a µ-wave reactor. After cooling, 1 M aq. HCl (10 mL) was added and the 

mixture was extracted with EtOAc (3 × 10 mL). The combined organic phases were dried 

over Na2SO4, filtered and concentrated in vacuum. The residue was filtered through a pad 

of silica gel, washed with EtOAc (3 × 6.0 mL) and concentrated in vacuum to afford fairly 

pure 1-(6-chloro-2,3-dihydro-1H-azepin-1-yl)-2-(3,4-dihydroxyphenyl)ethan-1-one IV-

42. 
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1-(6-Chloro-2,3-dihydro-1H-azepin-1-yl)-2-(3,4-dihydroxyphenyl)ethan-1-one IV-

42 

Orange oil. Yield: 22 % (14 mg). 1H NMR (CDCl3, 400 MHz): δ 6.87 (s, 1H), 6.79 (d, J 

= 8.0, 1H), 6.77 (d, J = 2.0, 1H), 6.62 (dd, J = 8.0, 2.0, 1H), 5.91−6.01 (m, 2H), 3.72 (t, 

J = 5.0, 2H), 3.66 (s, 2H), 2.53 (td, J = 5.0, 3.0, 2H). 

 

Ring expansion of 6-membered gem-dihalocyclopropane amide IV-35G 

A solution of 1-(7,7-dichloro-2-azabicyclo[4.1.0]heptan-2-yl)-2-(3,4-

dimethoxyphenyl)ethan-1-one IV-35G (1.0 eq, 505 µmol) in o-dichlorobenzene (4.0 mL) 

was heated at reflux for 1 h under a flow of nitrogen. The mixture was subsequently 

concentrated in vacuum to afford fairly pure 1-(6-chloro-2,3-dihydro-1H-azepin-1-yl)-2-

(3,4-dimethoxyphenyl)ethan-1-one IV-41G. 

 

 

1-(6-Chloro-2,3-dihydro-1H-azepin-1-yl)-2-(3,4-dimethoxyphenyl)ethan-1-one IV-

41G 

Brown oil. Yield:89 % (138 mg). 1H NMR (CDCl3, 400 MHz): δ 6.90 (br s, 1H), 6.83 (d, 

J = 8.5, 1H), 6.76−6.79 (m, 2H), 5.91−5.99 (m, 2H), 3.87 (br s, 6H), 3.68−3.74 (m, 4H), 

2.52 (td, J = 5.0, 3.0, 2H).  

 

Ring expansion of 6-membered gem-dihalocyclopropane amide IV-35J 

A solution of 1-(7,7-dibromo-2-azabicyclo[4.1.0]heptan-2-yl)-2-(3,4-

dimethoxyphenyl)ethan-1-one IV-35J (1.00 eq, 543 µmol) in PhCl (4.0 mL) was heated 

at reflux for 3 h under a flow of nitrogen. After cooling, the solution was concentrated 

under reduced pressure to afford a mixture of at least two compounds, including 1-(6-

bromo-2,3-dihydro-1H-azepin-1-yl)-2-(3,4-dimethoxyphenyl)ethan-1-one IV-41JA as a 

brown oil (122 mg, i.e. 346 µmol, 64%, if one assumes the other product(s) is (are) (an) 

isomer(s) of IV-41JA). 
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1-(6-Bromo-2,3-dihydro-1H-azepin-1-yl)-2-(3,4-dimethoxyphenyl)ethan-1-one IV-

41JA 

Brown oil. Yield: 64 % (122 mg). 1H NMR (CDCl3, 400 MHz): δ 7.05 (br s, 1H), 

6.73−6.85 (m, 3H), 6.08 (dtd, J = 12.0, 2.0, 1.0, 1H), 5.85 (dt, J = 12.0, 5.0, 1H), 3.87 (br 

s, 6H), 3.68−3.77 (m, 4H), 2.51 (qd, J = 5.0, 2.0, 2H). Note: This sample contained several 

contaminants, the major one having signals described for the compound below. 

 

 

1-(4-Bromo-2,3-dihydro-1H-azepin-1-yl)-2-(3,4-dimethoxyphenyl)ethan-1-one IV-

41JB 

1H NMR (CDCl3, 400 MHz), 74 : 26 mixture of two rotamers. Major rotamer, 

characteristic signals: δ 6.65 (br d, J = 9.0, 1H), 6.30 (br d, J = 8.0, 1H), 5.09 (dd, J = 9.0, 

8.0, 1H), 2.94 (t, J = 5.0, 2H). Minor rotamer, characteristic signals: δ 6.62 (br d, J = 9.0, 

1H), 5.27 (dd, J = 9.0, 8.0, 1H). 

 

Ring expansion of 6-membered gem-dihalocyclopropane amide IV-35K 

AgBF4 (2.0 eq, 1.36 mmol) was added to a solution of 1-(7,7-dichloro-1-methyl-2-

azabicyclo[4.1.0]heptan-2-yl)-2-(3,4-dimethoxyphenyl)ethan-1-one IV-35K (1.0 eq, 681 

µmol) in o-dichlorobenzene (6.0 mL) and the resulting mixture was heated at reflux for 

4 h under a flow of nitrogen. After cooling, the solution was filtered through a pad of 

celite, which was rinsed with CHCl3 (3 × 6 mL) and concentrated in vacuum. Analysis by 

1H NMR spectroscopy showed that this crude product contained a 50:50 mixture of 1-(6-

chloro-7-methyl-2,3-dihydro-1H-azepin-1-yl)-2-(3,4-dimethoxyphenyl)ethan-1-one IV-

41K and 1-chloro-10,11-dimethoxy-12b-methyl-4,5,8,12b-tetrahydroazepino[2,1-

a]isoquinolin-7(3H)-one IV-43K as a brown oil (239 mg). 
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6.6 Synthesis of dihydropyridines 

General procedure for ring expansion of 5-membered gem-dihalocyclopropane 

amides 

A solution of 5-membered gem-dihalocyclopropane amide IV-35 in dry MeCN (0.2 M) 

was heated at reflux (monitored by TLC, ½-2 h) under a flow of nitrogen and concentrated 

in vacuum to afford fairly pure corresponding dihydropyridine IV-41. 

 

 

1-(5-Chloropyridin-1(2H)-yl)-2-(3,4-dimethoxyphenyl)ethan-1-one IV-41A 

Orange oil. Yield: 80% (100 mg). 1H NMR (CDCl3, 400 MHz), 80 : 20 mixture of two 

rotamers. Major rotamer: δ 6.72–6.86 (m, 3H), 6.74 (dd, J = 1.5, 1.0, 1H), 5.87 (dtd, J = 

10.0, 2.0, 1.5, 1H), 5.73 (dtd, J = 10.0, 4.0, 1.0, 1H), 4.42 (dd, J = 4.0, 2.0, 2H), 3.87 (br 

s, 6H), 3.70 (s, 2H). Minor rotamer, characteristic signals: δ 5.89 (dtd, J = 10.0, 2.0, 1.5, 

1H), 5.57 (br dt, J = 10.0, 4.0, 1H), 4.31 (dd, J = 4.0, 2.0, 2H). 

 

 

1-(5-Chloropyridin-1(2H)-yl)-2-(4-methoxyphenyl)ethan-1-one IV-41B 

Orange oil. Yield: 85 % (121 mg). 1H NMR (CDCl3, 400 MHz), 80 : 20 mixture of two 

rotamers. Major rotamer: δ 7.13 (br d, J = 8.0, 2H), 6.86 (br d, J = 8.0, 2H), 6.71 (s, 1H), 

5.86 (dt, J = 10.0, 1.5, 1H), 5.70 (dt, J = 10.0, 4.0, 1H), 4.41 (dd, J = 4.0, 1.5, 2H), 3.78 

(s, 3H), 3.68 (br s, 2H). Minor rotamer, characteristic signals: δ 5.54 (dt, J = 10.0, 4.0, 

1H), 4.28 (dd, J = 4.0, 1.5, 2H). 
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1-(5-Chloropyridin-1(2H)-yl)-2-(3,4,5-trimethoxyphenyl)ethan-1-one IV-41C 

Orange oil. Yield: 86 % (139 mg). 1H NMR (CDCl3, 400 MHz), 80 : 20 mixture of two 

rotamers. Major rotamer: δ 6.44 (s, 2H), 6.74 (dd, J = 1.5, 0.5, 1H), 5.88 (dtd, J = 10.0, 

2.0, 1.5, 1H), 5.73 (dtd, J = 10.0, 4.0, 0.5, 1H), 4.42 (dd, J = 4.0, 2.0, 2H), 3.83 (s, 6H), 

3.82 (s, 3H), 3.68 (s, 2H). Minor rotamer, characteristic signals: δ 5.58 (br dt, J = 10.0, 

4.0, 1H), 4.31 (dd, J = 4.0, 2.0, 2H). 

 

 

1-(5-Chloro-6-methylpyridin-1(2H)-yl)-2-(3,4-dimethoxyphenyl)ethan-1-one IV-

41G 

Purified by column chromatography (PET/EtOAc, gradient from 40 to 60 %). Coloureless 

oil. Yield: 9 % (18 mg). 1H NMR (CDCl3, 400 MHz): δ 6.78 (AB part of an ABX system, 

δA 6.75, δB 6.81, JAB = 8.0, JAX = 2.0, JBX = 0.0, 2H), 6.77 (d, J = 2.0, 1H), 5.95 (br d, J 

= 9.5, 1H), 5.76 (br s, 1H), 4.16 (br s, 2H), 3.859 (s, 3H), 3.856 (s, 3H), 3.69 (s, 2H), 2.27 

(s, 3H), 

 

 

(5-Chloropyridin-1(2H)-yl)(3,4-dimethoxyphenyl)methanone IV-41H 

Orange oil. Yield: 94 % (20 mg). 1H NMR (CDCl3, 400 MHz): δ 7.10 (br dd, J = 8.0, 2.0, 

1H), 7.08 (d, J = 2.0, 1H), 6.88 (br d, J = 8.0, 1H), 6.67 (br s, 1H), 5.95 (dtd, J = 10.0, 

2.0, 1.5, 1H), 5.75 (dtd, J = 10.0, 4.0, 1.0, 1H), 4.47 (dd, J = 4.0, 2.0, 2H), 3.92 (s, 3H), 

3.89 (s, 3H). 
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1-(5-chloropyridin-1(2H)-yl)-3-(3,4-dimethoxyphenyl)propan-1-one IV-41I 

Orange oil. Yield: 96 % (206 mg). 1H NMR (CDCl3, 400 MHz), 81 : 19 mixture of two 

rotamers. Major rotamer: δ 6.71–6.86 (m, 3H), 6.58 (dd, J = 1.5, 1.0, 1H), 5.86 (dtd, J = 

10.0, 2.0, 1.5, 1H), 5.70 (dtd, J = 10.0, 4.0, 1.0, 1H), 4.40 (dd, J = 4.0, 2.0, 2H), 3.87 (br 

s, 3H), 3.85 (s, 3H), 2.93 (t, J = 7.5, 2H), 2.66 (t, J = 7.5, 2H). Minor rotamer, 

characteristic signals: δ 5.89 (dtd, J = 10.0, 2.0, 1.5, 1H), 5.55 (dtd, J = 10.0, 4.0, 1.0, 

1H), 4.25 (dd, J = 4.0, 2.0, 2H). 

 

 

1-(5-Chloropyridin-1(2H)-yl)-2-(3-methoxyphenyl)ethan-1-one IV-41L 

Orange oil. Yield: 95 % (172 mg). 1H NMR (CDCl3, 400 MHz), 80 : 20 mixture of two 

rotamers. Major rotamer: δ 7.25 (dd, J = 8.5, 7.5, 1H), 6.76-6.84 (m, 3H), 6.70 (dd, J = 

1.5, 0.5, 1H), 5.87 (dtd, J = 10.0, 2.0, 1.5, 1H), 5.72 (dtd, J = 10.0, 4.0, 1.0, 1H), 4.43 (dd, 

J = 4.0, 2.0, 2H), 3.79 (br s, 3H), 3.73 (br s, 2H). Minor rotamer, characteristic signals: δ 

5.88 (dtd, J = 10.0, 2.0, 1.5, 1H), 5.55 (dtd, J = 10.0, 4.0, 0.5, 1H), 4.2 (dd, J = 4.0, 2.0, 

2H), 3.79 (br s, 3H), 3.70 (s, 2H). 

 

6.7 Cyclization to N-fused polycycles 

Lewis acid-mediated cyclization to catechol polycycle IV-45 

Boron trifluoride diethyl etherate (1.0 eq, 200 µmol) and 2,4,6-collidine (1.0 eq, 200 

µmol) were added, at 20 °C, to a solution of 1-(7,7-dichloro-2-azabicyclo[4.1.0]heptan-

2-yl)-2-(2,2-dimethylbenzo[d][1,3]dioxol-5-yl)ethan-1-one IV-35E (1.0 eq, 200 µmol) in 

o-dichlorobenzene (1.6 mL). The mixture was heated at 180 °C for 15 min with a µ-wave 

reactor. After cooling, H2O (5.0 mL) was added and the mixture was extracted with 

CH2Cl2 (3 × 5.0 mL). The combined organic phases were dried over Na2SO4 and 
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concentrated in vacuum. The residue was purified by column chromatography 

(CH2Cl2/MeOH, acidified with AcOH (1 drop/50 mL), gradient from 0 to 10 %) and gave 

pure 1-chloro-10,11-dihydroxy-4,5,8,12b-tetrahydroazepino[2,1-a]isoquinolin-7(3H)-

one IV-45. 

 

 

1-Chloro-10,11-dihydroxy-4,5,8,12b-tetrahydroazepino[2,1-a]isoquinolin-7(3H)-

one IV-45 

Brown crystalline solid. Yield: 30 % (17 mg). 1H NMR (DMSO-d6, 400 MHz): δ 8.94 (s, 

1H), 1.68 (m, 1H), 8.88 (s, 1H), 6.69 (s, 1H), 6.57 (s, 1H), 6.13 (td, J = 6.5, 2.0, 1H), 5.51 

(br s, 1H), 4.42 (dt, J = 13.5, 6.0, 1H), 3.29 (AB system, δA 3.26, δB 3.33, JAB = 18.5, 2H), 

3.00 (ddd, J = 13.5, 7.0, 5.0, 1H), 2.33 (dddd, J = 15.5, 9.0, 7.5, 2.0, 1H), 2.11 (dddq, J = 

15.5, 8.0, 6.5, 2.0, 1H), 1.83 (m, 1H). 13C NMR (DMSO-d6, 100.6 MHz): δ 169.1, 145.0, 

143.3, 134.2, 130.6, 124.3, 123.3, 114.9, 113.8, 62.1, 45.1, 36.7, 25.0, 24.9. HRMS: m/z: 

calcd for C14H14
35ClNO3: 280.0735 [M+H]+; found: 280.0733, calcd for C14H14

37ClNO3: 

282.0705 [M+H]+; found: 282.0703.  

 

General procedure for TfOH-mediated cyclization 

The crude dihydroazepine/dihydropyridine intermediate IV-41 (1.0 eq) was dissolved in 

dry toluene (0.15 M). Trifluoromethanesulfonic acid (0.5 eq) was added and the mixture 

was heated at 90 °C (monitored by TLC, ½-2 h). After cooling, saturated aq. NaHCO3 

(20 mL) was added and the mixture was extracted with EtOAc (3 × 10 mL). The combined 

organic phases were dried over MgSO4 and concentrated in vacuum. The residue was 

purified by column chromatography (PET/EtOAc, gradient). In case of residual 

impurities/inseparable isomers, column chromatography was followed by 

semipreparative HPLC (C18 reverse-phase column, gradient formed from 40 to 70 % or 

30 to 60 % of 10 mM aq. AcNH4 and MeCN). 
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1-Chloro-9,10-dimethoxy-3,4,7,11b-tetrahydro-6H-pyrido[2,1-a]isoquinolin-6-one 

IV-43A 

Yellow oil. Yield: 49 % over two steps (61 mg). 1H NMR (CDCl3, 400 MHz): δ 6.94 (s, 

1H), 6.64 (s, 1H), 6.16 (dt, J = 6.5, 2.0, 1H), 5.18 (br s, 1H), 4.64 (br dd, J = 13.0, 6.0, 

1H), 3.89 (s, 3H), 3.88 (s, 3H), 3.57 (AB system, δA 3.55, δB 3.60, JAB = 19.5, 2H), 2.96 

(ddd, J = 13.0, 12.0, 4.5, 1H), 2.51 (ddddd, J = 17.5, 12.0, 6.0, 3.0, 2.0, 1H), 2.19 (ddddd, 

J = 17.5, 6.5, 4.5, 2.0, 1.5, 1H). 13C NMR (CDCl3, 100.6 MHz): δ 170.2, 149.1, 147.2, 

130.1, 126.7, 124.8, 123.1, 111.3, 109.9, 61.1, 56.2, 56.0, 40.7, 37.0, 25.2. HRMS: m/z: 

calcd for C15H16
35ClNO3: 294.0891 [M+H]+; found: 294.0893, calcd for C15H16

37ClNO3: 

296.0862 [M+H]+; found: 296.0865. 

 

 

1-Chloro-9,10,11-trimethoxy-3,4,7,11b-tetrahydro-6H-pyrido[2,1-a]isoquinolin-6-

one IV-43C 

Yellow oil. Yield: 52 % over two steps (84 mg). 1H NMR (CDCl3, 400 MHz): δ 6.39 (s, 

1H), 5.93 (ddd, J = 5.0, 3.0, 2.5, 1H), 5.93 (ddd, J = 5.0, 3.0, 2.5, 1H), 5.59 (ddd, J = 3.5, 

3.0, 2.5, 1H), 4.69 (br dd, J = 13.0, 7.0, 1H), 4.03 (s, 3H), 3.86 (s, 3H), 3.84 (s, 3H), 3.55 

(AB part of an ABXY system, δA 3.51, δB 3.58, JAB = 20.0, JAX = 0.0, JAY = 0.0, JBX = 

1.5, JBY = 1.0, 2H), 3.08 (ddd, J = 13.0, 11.5, 5.5, 1H), 2.72 (ddddd, J = 18.0, 11.5, 7.0, 

3.5, 3.0, 1H), 2.14 (ddddd, J = 18.0, 5.5, 5.0, 3.0, 0.5, 1H). 13C NMR (CDCl3, 100.6 

MHz): δ 170.8, 154.2, 151.1, 139.8, 131.6, 127.6, 125.1, 115.9, 105.0, 60.9, 60.7, 57.3, 

56.0, 42.6, 36.7, 25.3. HRMS: m/z: calcd for C16H18
35ClNO4: 324.0997 [M+H]+; found: 

324.0997, calcd for C16H18
35ClNO4: 346.0817 [M+Na]+; found: 346.0815. 
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1-Chloro-10,11-dimethoxy-4,5,8,12b-tetrahydroazepino [2,1-a]isoquinolin-7(3H)-

one IV-43F 

Orange oil. Yield: 44 % over two steps (68 mg). 1H NMR (CDCl3, 400 MHz): δ 6.76 (s, 

1H), 1.82−1.99 (m, 2H), 6.64 (s, 1H), 6.14 (td, J = 6.5, 2.0, 1H), 5.26 (br s, 1H), 4.72 (dt, 

J = 13.5, 6.5, 1H), 3.873 (s, 3H), 3.869 (s, 3H), 3.54 (AB system, δA 3.47, δB 3.60, JAB = 

18.5, 2H), 2.98 (dt, J = 13.5, 6.5, 1H), 2.24−2.31 (m, 2H). 13C NMR (CDCl3, 100.6 MHz): 

δ 169.7, 149.0, 147.4, 133.8, 130.9, 125.1, 110.9, 109.9, 64.0, 56.1, 56.0, 46.2, 37.2, 25.5, 

25.4. HRMS: m/z: calcd for C16H18
35ClNO3: 308.1048 [M+H]+; found: 308.1048, calcd 

for C16H18
37ClNO3: 310.1018 [M+H]+; found: 310.1022. 

 

 

1-Chloro-8,9-dimethoxy-3,10b-dihydropyrido[2,1-a]isoindol-6(4H)-one IV-43H 

Colourless oil. Yield: 38 % over two steps (8.0 mg). Residual impurities contained. 1H 

NMR (CDCl3, 400 MHz): δ 7.39 (s, 1H), 7.32 (s, 1H), 2.19 (ddddd, J = 17.5, 6.5, 4.5, 

2.0, 1.0, 1H), 5.98 (dt, J = 6.5, 2.0, 1H), 5.05 (dt, J = 4.0, 2.0, 1H), 4.51 (ddd, J = 13.5, 

6.0, 1.0, 1H), 3.98 (s, 3H), 3.94 (s, 3H), 3.16 (ddd, J = 13.5, 11.5, 4.5, 1H), 2.44 (ddddd, 

J = 17.5, 11.5, 6.0, 4.0, 2.0, 1H), 2.19 (ddddd, J 17.5, 6.5, 4.5, 2.0, 1.0, 1H). 13C NMR 

(CDCl3, 100.6 MHz): δ 168.8, 152.7, 150.6, 135.8, 129.2, 125.1, 124.8, 107.2, 105.4, 

60.5, 56.5, 56.4, 37.0, 27.1. HRMS: m/z: calcd for C14H14
35ClNO3: 280.0735 [M+H]+; 

found: 280.0733, calcd for C14H15
37ClNO3: 282.0705 [M+H]+; found: 282.0703. 
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1-Chloro-10,11-dimethoxy-3,7,8,12b-tetrahydrobenzo[c]pyrido[1,2-a]azepin-6(4H)-

one IV-43IA 

Colourless oil. Yield: 18 % over two steps (38 mg). 1H NMR (CDCl3, 400 MHz): δ 6.74 

(s, 1H), 6.65 (s, 1H), 6.37 (dt, J = 5.5, 1.5, 1H), 5.62 (br s, 1H), 4.36 (br dd, J = 13.0, 6.0, 

1H), 3.86 (s, 3H), 3.84 (s, 3H), 3.25−3.37 (m, 2H), 3.02 (m, 1H), 2.73 (m, 1H), 2.53 (ddd, 

J = 13.0, 11.5, 4.0, 1H), 2.39 (dddt, J = 17.5, 11.5, 5.5, 2.5, 1H), 2.26 (dddt, J = 17.5, 6.0, 

4.0, 1.5, 1H).13C NMR (CDCl3, 100.6 MHz): δ 171.3, 148.9, 146.8, 129.7, 128.4, 127.9, 

127.1, 114.2, 110.7, 58.6, 56.4, 56.1, 34.1, 33.7, 27.7, 25.9. HRMS: m/z: calcd for 

C16H18
35ClNO3: 308.1048 [M+H]+; found: 308.1041, calcd for C16H18

37ClNO3: 310.1018 

[M+H]+; found: 310.1009. 

 

 

3-Hydroxy-10,11-dimethoxy-3,7,8,12b-tetrahydrobenzo[c]pyrido[1,2-a]azepin-

6(4H)-one IV-43IC 

80 : 20 mixture of two diastereoisomers. 

White amorphous solid. Yield: 15 % over two steps (29 mg).  HRMS: m/z: calcd for 

C16H19NO4: 290.1387 [M+H]+; found: 290.1386, calcd for C16H19NO4: 312.1207 

[M+Na]+; found: 312.1203. 

 

Major diastereoisomer: 

 

1H NMR (DMSO-d6, 400 MHz): δ 6.79 (s, 1H), 6.60 (s, 1H), 6.22 (dddd, J = 10.0, 5.0, 

2.0, 1.0, 1H), 6.08 (dd, J = 10.0, 4.0, 1H), 5.75 (dd, J = 4.0, 2.0, 1H), 4.13 (ddd, J = 13.5, 

2.0, 1.0, 1H), 4.05 (ddd, J = 5.0, 3.0, 2.0, 1H), 3.71 (s, 3H), 3.68 (s, 3H), 3.43 (ddd, J = 

14.0, 10.5, 9.0, 1H), 3.20 (ddd, J = 17.0, 9.0, 3.5, 1H), 2.90 (ddd, J = 17.0, 10.5, 8.0, 1H), 

2.46 (dd, J = 13.5, 3.0, 1H), 2.43 (ddd, J = 14.0, 8.0, 3.5, 1H). 
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13C NMR (DMSO-d6, 100.6 MHz): δ 171.6, 148.1, 146.0, 129.8, 129.6, 126.9, 114.5, 

110.7, 60.7, 55.7, 55.5, 52.1, 42.1, 33.4, 27.1. 

 

Minor diastereoisomer: 

 

1H NMR (DMSO-d6, 400 MHz), characteristic signals: δ 6.79 (s, 1H), 6.69 (s, 1H), 6.10 

(m, 1H), 5.99 (dd, J = 10.5, 3.5, 2.0, 1H), 5.67 (dt, J = 3.0, 2.5, 1H), 4.32 (ddd, J = 12.0, 

6.0, 1.0, 1H), 4.04 (m, 1H), 3.72 (s, 3H), 2.02 (dd, J = 12.0, 10.0, 1H). 

13C NMR (DMSO-d6, 100.6 MHz), characteristic signals: δ 171.0, 148.2, 146.0, 130.0, 

124.7, 114.4, 111.0, 62.7, 55.8, 55.5, 52.1, 40.9, 32.8, 27.0. 

 

 

1-Bromo-10,11-dimethoxy-4,5,8,12b-tetrahydroazepino[1,2-a]isoquinoline-7(3H)-

one IV-43JA 

Yellow oil. Yield: 8 % over two steps (16 mg). 1H NMR (CDCl3, 400 MHz): δ 6.76 (s, 

1H), 6.65 (s, 1H), 6.44 (td, J = 6.5, 2.0, 1H), 5.28 (dt, J = 2.0, 1.5, 1H), 4.75 (dt, J = 13.5, 

6.0, 1H), 3.892 (s, 3H), 3.886 (s, 3H), 3.56 (AB system, δA 3.48, δB 3.63, JAB = 18.5, 2H), 

2.99 (dt, J = 13.5, 6.5, 1H), 2.26−2.33 (m, 2H), 1.87−1.95 (m, 2H). 13C NMR (CDCl3, 

100.6 MHz): δ 169.8, 149.1, 147.4, 135.6, 126.6, 125.2, 125.1, 111.0, 109.8, 64.5, 56.2, 

56.0, 46.4, 37.6, 27.4, 25.2. HRMS: m/z: calcd for C16H18
79BrNO3: 352.0543 [M+H]+; 

found: 352.0544, calcd for C16H18
81BrNO3: 354.0522 [M+H]+; found: 354.0522. 
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3-Bromo-10,11-dimethoxy-4,5,8,12b-tetrahydroazepino[1,2-a]isoquinoline-7(1H)-

one IV-43JB 

Orange oil. Yield: 12 % over two steps (23 mg). 1H NMR (CDCl3, 400 MHz): δ 6.63 (s, 

1H), 6.61 (s, 1H), 6.26 (ddd, J = 8.0, 3.5, 3.0, 1H), 4.55 (dt, J = 13.5, 4.0, 1H), 4.51 (dd, 

J = 10.5, 3.0, 1H), 3.869 (s, 3H), 3.868 (s, 3H), 3.58 (AB system, δA 3.54, δB 3.61, JAB = 

20.0, 2H), 3.18 (dddddd, J = 17.5, 11.5, 4.0, 3.0, 2.5, 1.0, 1H), 2.95 (ddd, J = 13.5, 11.5, 

2.5, 1H), 2.80 (ddd, J = 17.5, 4.0, 2.5, 1H), 2.44 (dddd, J = 17.0, 8.0, 3.0, 1.0, 1H), 2.37 

(dddd, J = 17.0, 10.5, 3.5, 2.5, 1H). 13C NMR (CDCl3, 100.6 MHz): δ 168.1, 148.8, 148.1, 

129.5, 127.0, 125.2, 123.2, 110.3, 108.5, 62.6, 56.2, 56.0, 45.7, 40.9, 39.6, 36.2. HRMS: 

m/z: calcd for C16H18
79BrNO3: 352.0543 [M+H]+; found: 352.0543, calcd for 

C16H18
81BrNO3: 354.0522 [M+H]+; found: 354.0522. 

 

 

1-Chloro-9-methoxy-1,4,7,11b-tetrahydro-6H-pyrido[2,1-a]isoquinolin-6-one IV-

43LC 

Orange oil. Yield: 6 % over two steps (10 mg). 1H NMR (CDCl3, 400 MHz): δ 7.44 (d, J 

= 8.5 Hz, 1H), 6.83 (dd, J = 8.5, 2.5 Hz, 1H), 6.68 (d, J = 2.5 Hz, 1H), 5.94 (ddt, J = 10.1, 

4.0, 1.5 Hz, 1H), 5.89 (ddt, J = 10.0, 2.5, 1.5 Hz, 1H), 5.12 (dddd, J = 18.0, 4.0, 2.0, 1.5, 

1H), 4.54 (d, J = 10.0 Hz, 1H), 4.41 (dddt, J = 10.0, 3.5, 2.0, 1.5, 1H), 3.82 (s, 3H), 3.65 

(AB system, δA 3.64, δB 3.66, JAB = 20.0 Hz, 2H), 3.52 (dddd, J = 18.0, 3.5, 2.5, 1.5, 1H). 

13C NMR (CDCl3, 100.6 MHz): δ 167.5, 159.8, 132.8, 130.3, 129.0, 128.0, 122.1, 112.32, 

112.25, 63.2, 58.0, 55.3, 42.3, 36.5. HRMS: m/z: calcd for C14H15
35ClNO2: 264.0786 

[M+H]+; found: 264.0787, calcd for C14H15
35ClNO2: 286.0605 [M+Na]+; found: 

286.0606.  
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TfOH-mediated cyclization of 50:50 crude mixture of dihydroazepine IV-41K and 

N-fused polycycle IV-43K 

Resulting from the preceding ring expansion, part of 50:50 crude mixture of 

dihydroazepine IV-41K and N-fused polycycle IV-43K (1.0 eq, assumed 482 µmol of 

IV-41K/IV-43K, 169 mg) was dissolved in dry toluene (4.0 mL). 

Trifluoromethanesulfonic acid (0.5 eq, 263 µmol, 23.3 µL) was added and the mixture 

was heated at 90 °C for 1 h. After cooling, saturated aq. NaHCO3 (20 mL) was added and 

the mixture was extracted with EtOAc (3 × 15 mL). The combined organic phases were 

dried over MgSO4 and concentrated in vacuum. The crude product was purified by 

column chromatography (PET/EtOAc, gradient from 40 to 75 %). 

 

 

1-Chloro-10,11-dimethoxy-12b-methyl-4,5,8,12b-tetrahydroazepino[2,1-

a]isoquinolin-7(3H)-one IV-43K 

Orange oil. Yield: 34 % over two steps (52 mg). 1H NMR (CDCl3, 400 MHz): δ 7.12 (s, 

1H), 6.59 (s, 1H), 6.11 (dd, J = 9.5, 6.0, 1H), 4.56 (ddd, J = 14.0, 7.0, 4.5, 1H), 3.88 (s, 

3H), 3.87 (s, 3H), 3.62 (br s, 2H), 3.18 (ddd, J = 14.0, 7.5, 7.0, 1H), 1.91−2.13 (m, 2H), 

1.81 (s, 3H), 1.66 (m, 1H). 13C NMR (CDCl3, 100.6 MHz): δ 169.8, 149.1, 147.8, 135.8, 

130.4, 129.3, 110.0, 109.1, 68.2, 56.3, 56.1, 40.0, 37.3, 26.4, 24.3, 23.1. HRMS: m/z: 

calcd for C17H20
35ClNO3: 322.1204 [M+H]+; found: 322.1201, calcd for C17H20

37ClNO3: 

324.1175 [M+H]+; found: 324.1169. 

6.8 NCTS-mediated cyclization to 2-aminobenzoxazoles 

Cyclization of o-aminophenol IV-50A with LiHMDS 

O-Aminophenol IV-53A (1.0 eq, 1.61 mmol) and NCTS were dissolved in THF dry (2.5 

mL). The mixture was cooled down to 5 °C and LiHMDS (1.0 M in hexanes) (1.0 eq, 

1.61 mmol) was added dropwise. It was stirred at 5 °C to rt for 1 h. Then the reaction 

mixture was poured into ice water (50 mL) and stirred for 15 min. It was followed by an 

extraction with EtOAc (3 × 50 mL), the organic layers were washed with brine (50 mL), 
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dried over anhydrous Na2SO4 and concentrated in vacuum. The residue was purified by 

column chromatography (Hex/EtOAc, gradient from 40 to 80 %). 

 

 

2-Aminophenyl-4-methylbenzenesulfonate IV-57 

Brown solid. Yield: 35 % (148 mg). 1H NMR (500 MHz, DMSO-d6): δ 9.28 (s, 2H), 7.63 

(d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.2 Hz, 2H), 7.13 (dd, J = 8.0, 1.6 Hz, 1H), 6.91 (td, J = 

7.9, 1.6 Hz, 1H), 6.72 (dd, J = 8.0, 1.1 Hz, 1H), 6.68 (td, J = 7.9, 1.4 Hz, 1H), 2.33 (s, 

3H). 13C NMR (101 MHz, DMSO-d6): δ 150.2, 142.9, 137.8, 129.4, 126.9, 126.2, 124.4, 

119.0, 115.6, 21.1. HRMS: m/z: calcd for C13H13NO3S: 264.0689 [M+H]+; found: 

264.0689. 

 

General procedure for cyclization of aminophenols with NCTS 

O-Aminophenol IV-53 (1.0 eq, 0.90 mmol) and NCTS (1.5 eq, 1.35 mmol) were 

dissolved in 1,4-dioxane (4.0 mL). BF3.Et2O (2.0 eq, 1.80 mmol) was added dropwise. 

The mixture was refluxed overnight (monitored by TLC, 24-30 h). After that, the cooled 

(rt) mixture was quenched with saturated aq. NaHCO3 (pH ≈ 7), diluted with H2O (30 

mL) and extracted with EtOAc (3 × 30 mL). Combined organic layers were dried over 

Na2SO4 and concentrated in vacuum. The residue was purified by column 

chromatography (Hex/EtOAc, gradient from 40 to 80 %). 

 

 

Benzo[d]oxazol-2-amine IV-52A 

Brown solid. Yield: 60 % (72 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.35 (s, 2H), 7.30 

(d, J = 7.8 Hz, 1H), 7.19 (d, J = 7.3 Hz, 1H), 7.08 (t, J = 7.2 Hz, 1H), 6.95 (t, J = 7.2 Hz, 

1H). 13C NMR (101 MHz, DMSO-d6): δ 162.7, 147.9, 143.6, 123.5, 119.9, 115.3, 108.4. 

HRMS: m/z: calcd for C7H6N2O: 135.0553 [M+H]+; found: 135.0554. 
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5-Methylbenzo[d]oxazol-2-amine IV-52B 

Brown solid. Yield: 53 % (71 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.29 (s, 2H), 7.16 

(d, J = 8.0 Hz, 1H), 7.00 (s, 1H), 6.75 (d, J = 7.9 Hz, 1H), 2.30 (s, 3H). 13C NMR (101 

MHz, DMSO-d6): δ 162.9, 146.1, 143.8, 132.5, 120.5, 115.69, 107.8, 21.1. HRMS: m/z: 

calcd for C8H8N2O: 149.0709 [M+H]+; found: 149.0709. 

 

 

6-Methylbenzo[d]oxazol-2-amine IV-52C 

Brown solid. Yield: 54 % (72 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.29 (s, 2H), 7.14 

(s, 1H), 7.06 (d, J = 7.9 Hz, 1H), 6.90 (d, J = 7.6 Hz, 1H), 2.32 (s, 3H). 13C NMR (101 

MHz, DMSO-d6): δ 162.3, 148.1, 140.9, 129.4, 124.1, 114.7, 108.9, 21.0. HRMS: m/z: 

calcd for C8H8N2O: 149.0709 [M+H]+; found: 149.0710. 

 

 

6-Chlorobenzo[d]oxazol-2-amine IV-52D 

Red solid. Yield: 50 % (75 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.52 (s, 2H), 7.48 (d, 

J = 1.8 Hz, 1H), 7.17 (d, J = 8.3 Hz, 1H), 7.12 (dd, J = 8.3, 2.0 Hz, 1H). 13C NMR (101 

MHz, DMSO-d6): δ 163.3, 148.3, 142.8, 123.7, 123.5, 115.9, 109.1. HRMS: m/z: calcd 

for C7H5ClN2O: 169.0163 [M+H]+; found: 169.0164. 

 

 

5-Nitrobenzo[d]oxazol-2-amine IV-52E 

Yellow solid. Yield: 48 % (77 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.97 (d, J = 2.3 

Hz, 1H), 7.96 – 7.87 (m, 3H), 7.56 (d, J = 8.7 Hz, 1H). 13C NMR (101 MHz, DMSO-d6): 

δ 164.8, 152.3, 144.7, 144.4, 116.7, 110.0, 108.6. HRMS: m/z: calcd for C7H5N3O3: 

178.0258 [M-H]+; found: 178.0242. 

 

 

6-Nitrobenzo[d]oxazol-2-amine IV-52F 
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Yellow solid. Yield: 47 % (75 mg). 1H NMR (400 MHz, DMSO-d6): δ 8.29 – 8.17 (m, 

3H), 8.10 (dd, J = 8.7, 2.3 Hz, 1H), 7.32 (d, J = 8.7 Hz, 1H). 13C NMR (101 MHz, DMSO-

d6): δ 166.4, 151.0, 147.2, 140.3, 121.1, 114.1, 104.7. HRMS: m/z: calcd for C7H5N3O3: 

178.0258 [M-H]+; found: 178.0241. 

 

 

5-Chlorobenzo[d]oxazol-2-amine IV-52G 

Brown solid. Yield: 50 % (76 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.61 (s, 2H), 7.33 

(d, J = 8.4 Hz, 1H), 7.22 (d, J = 2.1 Hz, 1H), 6.97 (dd, J = 8.4, 2.1 Hz, 1H). 13C NMR 

(101 MHz, DMSO-d6): δ 163.9, 146.8, 145.3, 127.6, 119.5, 114.9, 109.56. HRMS: m/z: 

calcd for C7H5ClN2O: 169.0163 [M+H]+; found: 169.0165. 

 

 

Methyl 2-aminobenzo[d]oxazol-5-carboxylate IV-52H 

Yellow solid. Yield: 45 % (49 mg). 1H NMR (500 MHz, DMSO-d6): δ 7.72 (d, J = 1.7 

Hz, 1H), 7.65 (dd, J = 8.3, 1.7 Hz, 1H), 7.63 (s, 2H), 7.43 (d, J = 8.3 Hz, 1H), 3.84 (s, 

3H). 13C NMR (101 MHz, DMSO-d6): δ 166.4, 163.7, 151.3, 144.0, 125.3, 122.2, 115.8, 

108.5, 52.1. HRMS: m/z: calcd for C9H8N2O3: 193.0608 [M+H]+; found: 193.0607. 

6.9 The Smiles rearrangement approach to N-substituted 2-

aminobenzoxazoles 

The Smiles rearrangement with 3-bromopropylamine.HBr  

Benzoxazole-2-thiol IV-54 (1.0 eq, 1.6 mmol), K2CO3 (2.0 eq, 3.2 mmol/3.0 eq, 4.8 

mmol) and 3-bromopropylamine.HBr IV-63 (2.0 eq, 3.2 mmol/1.0 eq, 1.6 mmol) were 

suspended in DMF (10 mL). The reaction mixture was stirred at 70 °C for 2 h. It was 

followed by dilution with H2O (50 mL) and extraction with EtOAc (3 × 50 mL). Organic 

layers were washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuum. 

The residue was purified by column chromatography (Hex/EtOAc, gradient from 10 to 

40 %). 
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3-(Benzo[d]oxazol-2-ylamino)propane-1-thiol IV-65 

White solid. Yield: 67 % (222 mg). 1H NMR (500 MHz, DMSO-d6): δ 7.90 (t, J = 5.6 

Hz, 1H), 7.32 (d, J = 7.8 Hz, 1H), 7.23 (d, J = 7.1 Hz, 1H), 7.10 (td, J = 7.6, 1.0 Hz, 1H), 

6.96 (td, J = 7.7, 1.2 Hz, 1H), 3.39 (dd, J = 12.6, 6.7 Hz, 2H), 2.56 (dd, J = 13.8, 6.8 Hz, 

2H), 2.40 (t, J = 7.3 Hz, 1H), 1.86 (p, J = 6.9 Hz, 2H). 13C NMR (126 MHz, DMSO-d6): 

δ 162.3, 148.0, 143.2, 123.5, 120.0, 115.4, 108.4, 40.7, 33.0, 21.1. HRMS: m/z: calcd for 

C10H12N2OS: 209.0743 [M+H]+; found: 209.0743. 

 

 

N,N´-(Disulfanediylbis(propane-3,1-diyl)bis(benzo[d]-oxazol-2-amine) IV-67 

Yellow solid. Yield: 66 % (219 mg). 1H NMR (500 MHz, DMSO-d6): δ 7.94 (t, J = 5.6 

Hz, 2H), 7.31 (d, J = 7.8 Hz, 2H), 7.23 (d, J = 7.4 Hz, 2H), 7.09 (td, J = 7.7, 0.9 Hz, 2H), 

6.96 (td, J = 7.8, 1.1 Hz, 2H), 3.39 (dd, J = 12.7, 6.6 Hz, 4H), 2.81 (t, J = 7.1 Hz, 4H), 

2.03 – 1.90 (m, 4H). 13C NMR (126 MHz, DMSO-d6): δ 162.3, 148.0, 143.2, 123.51, 

120.0, 115.4, 108.4, 40.9, 35.0, 28.4. HRMS: m/z: calcd for C20H22N4O2S2: 415.1257 

[M+H]+; found: 415.1258 

 

The Smiles rearrangement with 2-bromoethylamine.HBr 

Benzoxazole-2-thiol IV-54 (1.0 eq, 1.6 mmol), K2CO3 (3.0 eq, 4.8 mmol) and 2-

bromoethylamine.HBr IV-64 (2.0 eq, 3.2 mmol) were suspended in DMF (10 mL). The 

reaction mixture was stirred at 120 °C for 2 h. It was followed by dilution with H2O (50 

mL) and extraction with EtOAc (3 × 50 mL). Organic layers were washed with brine (50 

mL), dried over Na2SO4 and concentrated in vacuum. The residue was purified by column 

chromatography (Hex/EtOAc, gradient from 10 to 40 %). 
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N,N´-(Disulfanediylbis(ethane-2,1-diyl)bis(benzo[d]-oxazol-2-amine) IV-68 

White solid. Yield: 71 % (220 mg). 1H NMR (400 MHz, DMSO-d6): δ 8.14 (t, J = 5.7 Hz, 

2H), 7.33 (d, J = 7.8 Hz, 2H), 7.25 (d, J = 7.6 Hz, 2H), 7.10 (td, J = 7.5, 0.9 Hz, 2H), 6.97 

(td, J = 7.7, 1.1 Hz, 2H), 3.61 (dd, J = 12.9, 6.4 Hz, 4H), 3.01 (t, J = 6.7 Hz, 4H). 13C 

NMR (101 MHz, DMSO-d6): δ 162.0, 148.0, 143.1, 123.6, 120.2, 115.6, 108.6, 41.5, 

36.9. HRMS: m/z: calcd for C18H18N4O2S2: 387.0944 [M+H]+; found: 387.0944. 

 

The Smiles rearrangement with 4-bromobutylamine.HBr  

Benzoxazole-2-thiol IV-54 (1.0 eq, 0.6 mmol) and Et3N (2.0 eq, 1.2 mmol) were 

dissolved in toluene (5.0 mL) and premixed at rt for 10 min. Subsequently, 4-

bromobutylamine.HBr IV-69 (2.0 eq, 1.2 mmol) was added. The reaction mixture was 

refluxed for 4 h. It was cooled to rt, diluted with H2O (20 mL) and extracted with EtOAc 

(3 × 20 mL). Organic layers were dried over Na2SO4 and concentrated in vacuum. The 

residue was purified by column chromatography (Hex/EtOAc, isocratic 20 %). 

 

 

2-(Pyrrolidin-1-yl)benzo[d]oxazole IV-72 

White solid. Yield: 54 % (60 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.37 (dd, J = 7.9, 

0.5 Hz, 1H), 7.25 (dd, J = 7.8, 0.8 Hz, 1H), 7.12 (td, J = 7.7, 1.1 Hz, 1H), 6.97 (td, J = 

7.7, 1.3 Hz, 1H), 3.54 (ddd, J = 6.7, 4.3, 2.6 Hz, 4H), 2.00 – 1.93 (m, 4H). 13C NMR (101 

MHz, DMSO-d6): δ 160.5, 148.5, 143.6, 123.7, 119.8, 115.4, 108.6, 47.2, 25.0. HRMS: 

m/z: calcd for C11H12N2O: 189.1022 [M+H]+; found: 189.1022. 

 

The Smiles rearrangement with 5-bromopentylamine.HBr 

Benzoxazole-2-thiol IV-54 (1.0 eq, 0.6 mmol) and Et3N (2.0 eq, 1.2 mmol) were 

dissolved in toluene (5.0 mL) and premixed at rt for 10 min. Subsequently, 5-

bromopentylamine.HBr IV-73 (2.0 eq, 1.2 mmol) was added. The reaction mixture was 

refluxed for 4 h. It was cooled to rt, diluted with H2O (20 mL) and extracted with EtOAc 

(3 × 20 mL). Organic layers were dried over Na2SO4 and concentrated in vacuum. 
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5-(Benzo[d]oxazol-2-ylthio)pentan-1-amine.HBr IV-74 

White solid. Yield: 95 % (134 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.68 – 7.59 (m, 

2H), 7.37 – 7.28 (m, 2H), 3.54 (br s, 3H), 3.37 – 3.28 (m, 2H), 2.60 (t, J = 6.5 Hz, 2H), 

1.85 – 1.71 (m, 2H), 1.53 – 1.35 (m, 4H). 13C NMR (101 MHz, DMSO-d6): δ 164.5, 

151.2, 141.3, 124.5, 124.1, 118.2, 110.1, 41.0, 31.8, 31.7, 28.8, 25.3. HRMS: m/z: calcd 

for C12H16N2OS: 237.1056 [M+H]+; found: 237.1056. 

 

The Smiles rearrangement with IV-74 

5-(Benzo[d]oxazol-2-ylthio)pentan-1-amine.HBr IV-74 (1.0 eq, 0.42 mmol) and Et3N 

(2.0 eq, 0.84 mmol) were dissolved in DMF (4.0 mL). The reaction mixture was stirred 

under microwave irradiation at 120 °C for 2 h. After that, it was cooled to rt, diluted with 

H2O (20 mL) and extracted with EtOAc (3 × 20 mL). Organic layers were dried over 

Na2SO4 and concentrated in vacuum. The residue was purified by column 

chromatography (CHCl3/MeOH, isocratic 10 %). 

 

 

N-(5-(Benzo[d]oxazol-2-ylthio)pentyl)formamide IV-76 

Brown oil. Yield: 58 % (64 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.99 (s, 1H), 7.97 (br 

s, 1H), 7.68 – 7.59 (m, 2H), 7.36 – 7.28 (m, 3H), 3.35 – 3.28 (m, 2H overlap with H2O), 

3.09 (q, J = 6.3 Hz, 2H), 1.84 – 1.73 (m, 2H), 1.50 – 1.38 (m, 4H). 13C NMR (101 MHz, 

DMSO-d6): δ 164.4, 160.9, 151.2, 141.3, 124.5, 124.1, 118.2, 110.1, 36.8, 31.6, 28.5, 

28.4, 25.3. HRMS: m/z: calcd for C13H16N2O2S: 265.1005 [M+H]+; found: 265.1006. 

 

The Smiles rearrangement with 2-chloroacetamide 

Benzoxazole-2-thiol IV-54 (1.0 eq, 1.6 mmol), K2CO3 (3 eq, 4.8 mmol) and 2-

chloroacetamide IV-77 (2.0 eq, 3.2 mmol) were suspended in DMF (10 mL). The reaction 

mixture was stirred at 70 °C for 4 h. It was cooled to rt, diluted with H2O (50 mL) and 
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extracted with EtOAc (3 × 50 mL). Organic layers were washed with brine (50 mL), dried 

over Na2SO4 and concentrated in vacuum. The residue was purified by column 

chromatography (Hex/EtOAc, gradient from 10 to 80 %). 

 

 

2-(Benzo[d]oxazol-2-ylthio)acetamide IV-80 

Yellow solid. Yield: 46 % (152 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.75 (s, 1H), 7.63 

(ddd, J = 7.0, 3.1, 1.2 Hz, 2H), 7.38 – 7.26 (m, 3H), 4.12 (s, 2H). 13C NMR (101 MHz, 

DMSO-d6): δ 168.0, 164.1, 151.3, 141.3, 124.6, 124.3, 118.2, 110.2, 35.8. HRMS: m/z: 

calcd for C9H8N2O2S: 209.0379 [M+H]+; found: 209.0378.  

 

The Smiles rearrangement with 3-(bromomethyl)aniline 

Benzoxazole-2-thiol IV-54 (1.0 eq, 0.6 mmol), 3-(bromomethyl)aniline IV-78 (2.0 eq, 

1.2 mmol) and K2CO3 (2.0 eq, 1.2 mmol) were suspended in DMF (5.0 mL). The reaction 

mixture was stirred at 70 °C for 2 h. It was cooled to rt, diluted with H2O (20 mL) and 

extracted with EtOAc (3 × 20 mL). Organic layers were dried over Na2SO4 and 

concentrated in vacuum. The residue was purified by column chromatography 

(Hex/EtOAc, gradient from 30 to 60 %). 

 

 

3-((Benzo[d]oxazol-2-ylthio)methyl)aniline IV-81 

White solid. Yield: 80 % (123 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.65 (m, 2H), 7.37 

– 7.29 (m, 2H), 6.97 (t, J = 7.7 Hz, 1H), 6.66 (t, J = 1.9 Hz, 1H), 6.59 (d, J = 7.5 Hz, 1H), 

6.47 (m, 1H), 5.13 (br s, 2H), 4.47 (s, 2H). 13C NMR (101 MHz, DMSO-d6): δ 164.0, 

151.2, 148.9, 141.3, 136.5, 129.1, 124.6, 124.3, 118.3, 116.2, 114.0, 113.4, 110.2, 36.0. 

HRMS: m/z: calcd for C14H12N2OS: 257.0743 [M+H]+; found: 257.0742. 

 

The Smiles rearrangement with 4-bromobenzylamine 

Benzoxazole-2-thiol IV-54 (1.0 eq, 0.6 mmol) and Et3N (2.0 eq, 1.2 mmol) were 

dissolved in toluene (5.0 mL) and premixed at rt for 10 min. Subsequently, 4-
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bromobenzylamine IV-79 (2.0 eq, 1.2 mmol) was added. The reaction mixture was 

refluxed on (monitored by TLC, 18 h). It was cooled to rt, diluted with H2O (20 mL) and 

extracted with EtOAc (3 × 20 mL). Organic layers were dried over Na2SO4 and 

concentrated in vacuum. The residue was purified by column chromatography 

(Hex/EtOAc, isocratic 20 %). 

 

 

N-(4-Bromobenzyl)benzo[d]oxazol-2-amine IV-82 

Brown solid. Yield: 69 % (125 mg). 1H NMR (400 MHz, DMSO-d6): δ 8.48 (t, J = 6.1 

Hz, 1H), 7.56 – 7.49 (m, 2H), 7.34 (d, J = 8.6 Hz, 3H), 7.24 (dd, J = 7.8, 0.6 Hz, 1H), 

7.10 (td, J = 7.6, 1.0 Hz, 1H), 6.98 (td, J = 7.7, 1.2 Hz, 1H), 4.50 (d, J = 6.0 Hz, 2H). 13C 

NMR (101 MHz, DMSO-d6): δ 162.3, 148.1, 143.0, 138.5, 131.2, 129.4, 123.6, 120.3, 

120.0, 115.6, 108.6, 45.0. HRMS: m/z: calcd for C14H11BrN2O: 303.0128 [M+H]+; found: 

303.0126. 

 

The substitution with cyclohexylamine 

To a stirred solution of cyclohexylamine IV-83A (1.0 eq, 0.48 mmol) and DBU (3.2 eq, 

1.54 mmol) in MeCN (3.0 mL) cooled to -5 °C, were added chloroacetyl chloride (1.2 eq, 

0.58 mmol) and benzoxazole-2-thiol IV-54 (1.0 eq, 0.48 mmol). The reaction mixture 

was refluxed (monitored by TLC, 3 h). After that, cooled (rt) mixture was diluted by H2O 

(20 mL), extracted with CH2Cl2 (3 × 30 mL) and washed with brine (50 mL). Combined 

organic layers were dried over Na2SO4 and concentrated in vacuum. The residue was 

purified by column chromatography (Hex/EtOAc, gradient from 40 to 60 %). 

 

 

2-(Benzo[d]oxazol-2-ylthio)-N-cyclohexylacetamide IV-55A 

White solid. Yield: 62 % (86 mg). 1H NMR (400 MHz, DMSO-d6): δ 8.20 (d, J = 7.6 Hz, 

1H), 7.68 – 7.57 (m, 2H), 7.37 – 7.28 (m, 2H), 4.11 (s, 2H), 3.55 (dt, J = 14.0, 8.4 Hz, 

1H), 1.69 (m, 4H), 1.53 (m, 1H), 1.21 (m, 5H). 13C NMR (101 MHz, DMSO-d6): δ 165.0, 
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163.9, 151.2, 141.2, 124.6, 124.2, 118.1, 110.1, 48.0, 35.8, 32.1, 25.1, 24.3. HRMS: m/z: 

calcd for C15H18N2O2S: 291.1162 [M+H]+; found: 291.1161. 

 

General procedure for the Smiles rearrangement with amines 

To a stirred solution of amine IV-83 (1.0 eq, 0.48 mmol) and Cs2CO3 (3.2 eq, 1.54 mmol) 

in DMF (3.0 mL) cooled to -5 °C, were added chloroacetyl chloride (1.2 eq, 0.58 mmol) 

and benzoxazole-2-thiol IV-54 (1.0 eq, 0.48 mmol). The reaction mixture was refluxed 

(monitored by TLC, 4-7 h). After that, cooled (rt) mixture was diluted by H2O (20 mL), 

extracted with CH2Cl2 (3 × 30 mL) and washed with brine (50 mL). Combined organic 

layers were dried over Na2SO4 and concentrated in vacuum. The residue was purified by 

column chromatography (Hex/EtOAc, gradient from 20 to 60 % or Tol/MeCN, isocratic 

20 %). 

 

 

N-Cyclohexylbenzo[d]oxazol-2-amine IV-56A 

Orange solid. Yield: 33 % (34 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.84 (d, J = 7.7 

Hz, 1H), 7.31 (d, J = 7.8 Hz, 1H), 7.22 (d, J = 7.7 Hz, 1H), 7.08 (t, J = 7.6 Hz, 1H), 6.95 

(t, J = 7.7 Hz, 1H), 3.54 (br s, 1H), 1.96 (m, 2H), 1.73 (m, 2H), 1.59 (m, 1H), 1.36 – 1.23 

(m, 4H), 1.21 – 1.10 (m, 1H). 13C NMR (101 MHz, DMSO-d6): δ 161.7, 147.9, 143.4, 

123.5, 119.9, 115.3, 108.4, 51.6, 32.4, 25.2, 24.6. HRMS: m/z: calcd for C13H16N2O: 

217.1335 [M+H]+; found: 217.1337. 

 

 

N-Hexylbenzo[d]oxazol-2-amine IV-56B 

Orange solid. Yield: 58 % (60 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.89 (t, J = 5.6 

Hz, 1H), 7.31 (d, J = 7.8 Hz, 1H), 7.22 (d, J = 7.6 Hz, 1H), 7.09 (t, J = 7.6 Hz, 1H), 6.95 

(td, J = 7.8, 0.9 Hz, 1H), 3.28 (dd, J = 13.0, 6.8 Hz, 2H), 1.62 – 1.51 (m, 2H), 1.35 – 1.25 

(m, 6H), 0.86 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, DMSO-d6): δ 162.4, 148.0, 143.4, 
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123.5, 119.9, 115.3, 108.4, 42.3, 31.0, 28.9, 26.0, 22.1, 13.9. HRMS: m/z: calcd for 

C13H18N2O: 219.1492 [M+H]+; found: 219.1491 

 

 

N-Phenylbenzo[d]oxazol-2-amine IV-56C 

Yellow solid. Yield: 76 % (76 mg). 1H NMR (400 MHz, DMSO-d6): δ 10.61 (s, 1H), 7.76 

(d, J = 7.8 Hz, 2H), 7.47 (dd, J = 13.3, 7.7 Hz, 2H), 7.37 (t, J = 7.9 Hz, 2H), 7.22 (td, J = 

7.7, 0.9 Hz, 1H), 7.13 (td, J = 7.8, 1.2 Hz, 1H), 7.03 (t, J = 7.4 Hz, 1H). 13C NMR (101 

MHz, DMSO-d6): δ 158.0, 147.0, 142.4, 138.7, 129.0, 124.0, 122.1, 121.7, 117.6, 116.6, 

109.0. HRMS: m/z: calcd for C13H10N2O: 211.0866 [M+H]+; found: 211.0864 

 

 

N-(2-Bromophenyl)benzo[d]oxazol-2-amine IV-56D 

White solid. Yield: 81 % (112 mg). 1H NMR (400 MHz, DMSO-d6): δ 9.90 (s, 1H), 7.93 

(d, J = 6.6 Hz, 1H), 7.70 (dd, J = 7.9, 1.2 Hz, 1H), 7.45 (t, J = 7.8 Hz, 2H), 7.37 (d, J = 

7.6 Hz, 1H), 7.24 – 7.06 (m, 3H). 13C NMR (101 MHz, DMSO-d6): δ 133.0, 128.5, 126.5, 

125.5, 124.1, 121.6, 117.2, 109.1. HRMS: m/z: calcd for C13H9BrN2O: 288.9971 [M+H]+; 

found: 288.9969. 

 

 

N-(4-Nitrophenyl)benzo[d]oxazol-2-amine IV-56E 

Yellow solid. Yield: 74 % (90 mg). 1H NMR (400 MHz, DMSO-d6): δ 11.45 (s, 1H), 8.30 

(d, J = 9.1 Hz, 2H), 7.98 (d, J = 8.8 Hz, 2H), 7.60 – 7.54 (m, 2H), 7.29 (t, J = 7.6 Hz, 1H), 

7.22 (t, J = 7.7 Hz, 1H). 13C NMR (101 MHz, DMSO-d6): δ 156.9, 147.0, 144.9, 141.7, 

141.3, 125.4, 124.4, 122.7, 117.3, 117.2, 109.4. HRMS: m/z: calcd for C13H9N3O3: 

256.0717 [M+H]+; found: 256.0719. 
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N-(4-Methoxyphenyl)benzo[d]oxazol-2-amine IV-56F 

Orange solid. Yield: 78 % (90 mg). 1H NMR (500 MHz, DMSO-d6): δ 10.36 (s, 1H), 7.65 

(d, J = 9.1 Hz, 2H), 7.45 (d, J = 7.8 Hz, 1H), 7.41 (d, J = 7.1 Hz, 1H), 7.19 (td, J = 7.6, 

1.1 Hz, 1H), 7.09 (td, J = 7.7, 1.2 Hz, 1H), 6.96 (d, J = 9.1 Hz, 2H), 3.74 (s, 3H). 13C 

NMR (101 MHz, DMSO-d6): δ 158.4, 154.7, 147.1, 142.6, 131.9, 123.9, 121.3, 119.2, 

116.3, 114.2, 108.8, 55.3. HRMS: m/z: calcd for C14H12N2O2: 241.0972 [M+H]+; found: 

241.0970. 

 

 

N-(4-Bromophenyl)benzo[d]oxazol-2-amine IV-56G 

Yellow solid. Yield: 82 % (113 mg). 1H NMR (500 MHz, DMSO-d6): δ 10.77 (s, 1H), 

7.74 (d, J = 8.9 Hz, 2H), 7.55 (d, J = 8.9 Hz, 2H), 7.48 (dd, J = 14.3, 7.7 Hz, 2H), 7.23 

(td, J = 7.7, 1.0 Hz, 1H), 7.15 (td, J = 7.8, 1.2 Hz, 1H). 13C NMR (101 MHz, DMSO-d6): 

δ 157.6, 147.0, 142.2, 138.1, 131.8, 124.1, 121.9, 119.5, 116.8, 113.6, 109.1. HRMS: m/z: 

calcd for C13H9BrN2O: 288.9971 [M+H]+; found: 288.9969. 

 

 

N-Benzylbenzo[d]oxazol-2-amine IV-56H 

Yellow solid. Yield: 83 % (89 mg). 1H NMR (500 MHz, DMSO-d6): δ 8.45 (t, J = 6.1 Hz, 

1H), 7.41 – 7.30 (m, 5H), 7.25 (dd, J = 15.1, 7.8 Hz, 2H), 7.10 (td, J = 7.7, 1.0 Hz, 1H), 

6.98 (td, J = 7.8, 1.2 Hz, 1H), 4.52 (d, J = 6.2 Hz, 2H). 13C NMR (101 MHz, DMSO-d6): 

δ 162.5, 148.1, 143.2, 139.1, 128.4, 127.2, 127.1, 123.6, 120.2, 115.5, 108.6, 45.7. 

HRMS: m/z: calcd for C9H12N2O4S: 225.1022 [M+H]+; found: 225.1023. 
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N-(3-Bromophenyl)benzo[d]oxazol-2-amine IV-56I 

Yellow solid. Yield: 78 % (108 mg). 1H NMR (400 MHz, DMSO-d6): δ 10.82 (s, 1H), 

8.11 (t, J = 1.9 Hz, 1H), 7.67 (dd, J = 8.2, 1.2 Hz, 1H), 7.51 (d, J = 8.9 Hz, 2H), 7.33 (t, 

J = 8.1 Hz, 1H), 7.23 (m, 2H), 7.16 (td, J = 7.6, 1.1 Hz, 1H). 13C NMR (101 MHz, DMSO-

d6): δ 157.4, 146.9, 142.1, 140.3, 131.0, 124.7, 124.2, 122.1, 121.9, 119.6, 116.9, 116.5, 

109.1. HRMS: m/z: calcd for C13H9BrN2O: 288.9971 [M+H]+; found: 288.9971. 

 

 

2-(Benzo[d]oxazol-2-ylamino)ethan-1-ol IV-56J 

White solid. Yield: 55 % (47 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.92 (t, J = 5.7 Hz, 

1H), 7.32 (d, J = 7.8 Hz, 1H), 7.22 (d, J = 7.4 Hz, 1H), 7.09 (td, J = 7.7, 0.8 Hz, 1H), 6.96 

(td, J = 7.7, 1.1 Hz, 1H), 4.80 (t, J = 5.5 Hz, 1H), 3.56 (q, J = 5.9 Hz, 2H), 3.35 (q, J = 

5.8 Hz, 2H overlap with H2O). 13C NMR (101 MHz, DMSO-d6): δ 162.5, 148.0, 143.3, 

123.6, 120.0, 115.3, 108.5, 59.4, 50.0. HRMS: m/z: calcd for C9H10N2O2: 179.0815 

[M+H]+; found: 179.0814. 

 

 

2-Morpholinobenzo[d]oxazole IV-56K 

White solid. Yield: 31 % (30 mg). 1H NMR (400 MHz, DMSO-d6): δ 7.41 (d, J = 7.8 Hz, 

1H), 7.31 (d, J = 7.7 Hz, 1H), 7.16 (td, J = 7.7, 1.0 Hz, 1H), 7.03 (td, J = 7.8, 1.2 Hz, 1H), 

3.76 – 3.69 (m, 4H), 3.63 – 3.56 (m, 4H). 13C NMR (101 MHz, DMSO-d6): δ 161.9, 

148.3, 142.8, 124.0, 120.7, 116.0, 109.0, 65.4, 45.4. HRMS: m/z: calcd for C11H12N2O2: 

205.0972 [M+H]+; found: 205.0972. 

6.10 Synthesis of TZD-pyrimidines 

Gerenal procedure of synthesis of resins IV-91 
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Wang resin (loading 1.0 mmol/g, 1 g) was washed three times with DCM. A solution 

consisting of Fmoc-amino acid (2.0 mmol), HOBt (2.0 mmol), DMAP (0.5 mmol) and 

DIC (2.0 mmol) in DMF/DCM (1:1, v/v, 10 mL) was added to the resin. The resin slurry 

was shaken at rt for 16 h. The resin was washed three times with DMF and three times 

with DCM.  

 

General procedure for reaction with 4,6-dichloro-5-nitropyrimidines (resins IV-92) 

Firstly, Fmoc protecting group of resins IV-91 (1 g) was removed by exposure to 50% 

piperidine in DMF (v/v 10 mL) for 15 min, and then, the resin was washed three times 

with DMF and three times with DCM. Further, resins were washed three times with dry 

DMF and reacted with a solution consisting of 4,6-dichloro-5-nitropyrimidine (5.0 mmol) 

and DIPEA (5.0 mmol) in dry DMF (10 mL) at rt for 2 h. The resin was washed five times 

with DMF and three times with DCM. 

 

General procedure for reaction with amino alcohols (resins IV-93) 

Resins IV-92 (500 mg) were each washed three times with dry DMF and reacted with a 

solution consisting of amino alcohol (2.5 mmol) and DIPEA (2.5 mmol) in dry DMF (5.0 

mL) at rt for 2 h. The resin was washed three times with DMF and three times with DCM. 

 

General procedure for Fukuyama-Mitsunobu reaction with thiazolidinedione 

(resins IV-94) 

Resins IV-93 (500 mg) were each washed three times with dry THF. A solution 

consisting of thiazolidine-2,4-dione (1.25 mmol) and PPh3 (1.25 mmol) in dry THF (5.0 

mL) was added. The resin was stored in a freezer for 30 min followed by reaction with 

DIAD (1.25 mmol) at rt for 1 h. The resin was washed three times with THF and five 

times with DCM. 

 

General procedure for Knoevenagel condensation with aldehydes (resins IV-95) 

Resins IV-94 (250 mg) were each washed three times with DMF and reacted with a 

solution consisting of aldehyde (0.62 mmol) and piperidine (0.25 mmol) in DMF (2.5 

mL) at 70 °C for 20 h. The resin was washed three times with DMF and three times with 

DCM. 

 



142 

General procedure for cleavage from resin with TFA (compounds IV-96 and IV-97) 

Resins IV-94 and IV-95 (250 mg) were each treated with 2.0 mL of a solution consisting 

of TFA/DCM (1:1, v/v) for 1 h. The cleavage cocktail was collected, and the resin was 

washed three times with 50% TFA in DCM. The combined extracts were evaporated by 

a stream of nitrogen, and the crude products were purified by reversed-phase HPLC.  

 

 

(6-((2-(2,4-Dioxothiazolidin-3-yl)ethyl)amino)-5-nitropyrimidin-4-yl)-L-

phenylalanine IV-96A 

Orange solid. Yield: 51%. 1H NMR (500 MHz, DMSO-d6): δ 9.59 (d, J = 6.7 Hz, 1H), 

9.47 (t, J = 5.1 Hz, 1H), 8.07 (s, 1H), 7.21 (t, J = 7.2 Hz, 2H), 7.15 (t, J = 7.2 Hz, 1H), 

7.10 (d, J = 6.9 Hz, 2H), 4.75 (dd, J = 11.9, 5.5 Hz, 1H), 4.07 (s, 2H), 3.75 (s, 4H), 3.28 

(dd, J = 13.5, 5.4 Hz, 1H), 3.18 (dd, J = 13.5, 5.4 Hz, 1H). 13C NMR (126 MHz, DMSO-

d6): δ 172.4, 172.1, 171.9, 159.2, 157.2, 155.4, 137.5, 129.4, 128.0, 126.2, 111.9, 56.3, 

40.8, 38.7, 36.9, 33.8. HRMS: m/z: calcd for C18H18N6O6S: 447.1081 [M+H]+; found: 

447.1085. 

 

 

(6-((3-(2,4-Dioxothiazolidin-3-yl)propyl)amino)-5-nitropyrimidin-4-yl)-L-

phenylalanine IV-96B 

Brown solid. Yield: 74%. 1H NMR (500 MHz, DMSO-d6): δ 9.48 (dd, J = 14.1, 6.6 Hz, 

2H), 8.08 (s, 1H), 7.24 (t, J = 7.2 Hz, 2H), 7.17 (dd, J = 17.5, 7.1 Hz, 3H), 4.91 (dd, J = 

12.3, 6.0 Hz, 1H), 4.17 (s, 2H), 3.53 (dt, J = 11.1, 6.7 Hz, 4H), 3.27 (dd, J = 13.7, 5.2 Hz, 

1H), 3.19 (dd, J = 13.7, 6.2 Hz, 1H), 1.81 (p, J = 6.8 Hz, 2H). 13C NMR (126 MHz, 

DMSO-d6): δ 172.6, 172.2, 171.9, 159.3, 156.6, 155.8, 137.0, 129.3, 128.1, 126.5, 112.1, 

55.7, 38.8, 38.3, 36.7, 34.0, 26.8. HRMS: m/z: calcd for C19H20N6O6S: 461.1238 [M+H]+; 

found: 461.1239. 
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(6-((2-(2,4-Dioxothiazolidin-3-yl)ethyl)amino)-5-nitropyrimidin-4-yl)-L-valine IV-

96C 

Orange solid. Yield: 27%. 1H NMR (500 MHz, DMSO-d6): δ 9.64 (d, J = 7.7 Hz, 1H), 

9.52 (t, J = 4.9 Hz, 1H), 8.06 (s, 1H), 4.63 (dd, J = 7.8, 4.3 Hz, 1H), 4.08 (s, 2H), 3.75 (s, 

4H), 2.28 – 2.22 (m, 1H), 0.97 (d, J = 6.9 Hz, 3H), 0.90 (d, J = 6.9 Hz, 3H). 13C NMR 

(126 MHz, DMSO-d6): δ 172.4, 172.0, 159.2, 157.1, 156.1, 112.1, 59.5, 40.7, 38.8, 33.8, 

30.5, 18.8, 18.2. HRMS: m/z: calcd for C14H18N6O6S: 399.1081 [M+H]+; found: 

399.1085. 

 

 

(6-((3-(2,4-Dioxothiazolidin-3-yl)propyl)amino)-5-nitropyrimidin-4-yl)-L-valine IV-

96D 

Orange solid. Yield: 58%. 1H NMR (500 MHz, DMSO-d6): δ 9.97 (d, J = 7.6 Hz, 1H), 

9.51 (t, J = 6.0 Hz, 1H), 8.01 (s, 1H), 4.40 (dd, J = 7.6, 3.8 Hz, 1H), 4.17 (s, 2H), 3.57 – 

3.50 (m, 4H), 2.19 (qd, J = 10.8, 6.8 Hz, 1H), 1.81 (p, J = 6.8 Hz, 2H), 0.95 (d, J = 6.9 

Hz, 3H), 0.83 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 172.6, 172.2, 159.4, 

156.6, 156.4, 112.3, 59.0, 38.3, 30.3, 26.8, 18.7, 18.0. HRMS: m/z: calcd for 

C15H20N6O6S: 413.1238 [M+H]+; found: 413.1241. 

 

 

(6-((2-(2,4-Dioxothiazolidin-3-yl)ethyl)amino)-5-nitropyrimidin-4-yl)-L-proline IV-

96E 

Yellow solid. Yield: 50%. 1H NMR (500 MHz, DMSO-d6): δ 8.38 (t, J = 5.6 Hz, 1H), 

7.98 (s, 1H), 4.56 (s, 1H), 4.06 (s, 2H), 3.71 (s, 4H), 3.07 (d, J = 59.0 Hz, 2H), 2.26 – 

2.18 (m, 1H), 2.01 – 1.93 (m, 1H), 1.88 – 1.79 (m, 2H). 13C NMR (126 MHz, DMSO-
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d6): δ 173.0, 172.4, 172.1, 156.6, 156.0, 154.4, 113.8, 62.9, 50.0, 41.0, 38.63, 33.75, 

24.46, 21.25. HRMS: m/z: calcd for C14H16N6O6S: 397.0925 [M+H]+; found: 397.0928. 

 

 

(6-((3-(2,4-Dioxothiazolidin-3-yl)propyl)amino)-5-nitropyrimidin-4-yl)-L-proline 

IV-96F 

Yellow solid. Yield: 84%. 1H NMR (500 MHz, DMSO-d6): δ 8.40 (t, J = 6.0 Hz, 1H), 

7.98 (s, 1H), 4.57 (s, 1H), 4.18 (s, 2H), 3.53 (t, J = 6.8 Hz, 2H), 3.46 (dt, J = 9.3, 6.8 Hz, 

2H), 3.15 (s, 1H), 3.03 (s, 1H), 2.28 – 2.18 (m, 1H), 2.02 – 1.92 (m, 1H), 1.91 – 1.83 (m, 

2H), 1.82 – 1.75 (m, 2H). 13C NMR (126 MHz, DMSO-d6): δ 172.9, 172.6, 172.2, 156.8, 

155.8, 154.7, 113.6, 63.0, 50.17, 38.9, 38.2, 34.0, 27.1. HRMS: m/z: calcd for 

C15H18N6O6S: 411.1081 [M+H]+; found: 411.1084. 

 

 

(Z)-(6-((2-(5-Benzylidene-2,4-dioxothiazolidin-3-yl)ethyl)amino)-5-nitropyrimidin-

4-yl)-L-valine IV-97A 

White solid. Yield: 49%. 1H NMR (500 MHz, DMSO-d6): δ 9.60 (t, J = 7.5 Hz, 2H), 7.99 

(s, 1H), 7.87 (s, 1H), 7.60 (d, J = 7.2 Hz, 2H), 7.53 (t, J = 7.4 Hz, 2H), 7.49 (t, J = 7.2 Hz, 

1H), 4.63 (dd, J = 7.8, 4.3 Hz, 1H), 3.95 – 3.90 (m, 1H), 3.83 (ddd, J = 15.9, 8.3, 4.7 Hz, 

2H), 2.24 – 2.17 (m, 1H), 0.93 (d, J = 6.9 Hz, 3H), 0.86 (d, J = 6.9 Hz, 3H). 13C NMR 

(126 MHz, DMSO-d6): δ 171.9, 167.5, 165.8, 159.1, 157.1, 156.2, 133.0, 132.4, 130.5, 

130.0, 129.3, 121.5, 112.1, 59.2, 41.1, 30.5, 18.7, 18.0. HRMS: m/z: calcd for 

C21H22N6O6S: 487.1394 [M+H]+; found: 487.1399. 
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(Z)-(6-((3-(5-Benzylidene-2,4-dioxothiazolidin-3-yl)propyl)amino)-5-

nitropyrimidin-4-yl)-L-valine IV-97B 

White solid. Yield: 40%. 1H NMR (500 MHz, DMSO-d6): δ 9.67 (d, J = 7.8 Hz, 1H), 

9.54 (t, J = 6.0 Hz, 1H), 8.04 (s, 1H), 7.92 (s, 1H), 7.62 (d, J = 7.2 Hz, 2H), 7.54 (t, J = 

7.4 Hz, 2H), 7.49 (t, J = 7.2 Hz, 1H), 4.63 (dd, J = 7.8, 4.3 Hz, 1H), 3.72 (t, J = 6.7 Hz, 

2H), 3.58 (dt, J = 13.0, 6.7 Hz, 2H), 2.28 – 2.21 (m, 1H), 1.96 – 1.89 (m, 2H), 0.95 (d, J 

= 6.9 Hz, 3H), 0.89 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 172.0, 167.6, 

165.9, 159.4, 156.7, 156.2, 133.0, 132.8, 130.6, 130.1, 129.4, 121.4, 112.2, 59.4, 38.3, 

30.5, 26.8, 18.7, 18.1. HRMS: m/z: calcd for C22H24N6O6S: 501.1551 [M+H]+; found: 

501.1553. 

 

 

(Z)-6-((2-(5-(4-Fluorobenzylidene)-2,4-dioxothiazolidin-3-yl)ethyl)amino)-5-

nitropyrimidin-4-yl)-L-valine IV-97C 

Brown solid. Yield: 42%. 1H NMR (500 MHz, DMSO-d6): δ 9.60 (t, J = 7.7 Hz, 2H), 

7.99 (s, 1H), 7.88 (s, 1H), 7.67 (dd, J = 8.8, 5.4 Hz, 2H), 7.38 (t, J = 8.8 Hz, 2H), 4.62 

(dd, J = 7.8, 4.3 Hz, 1H), 3.92 (ddd, J = 13.3, 6.4, 3.2 Hz, 2H), 3.83 (ddd, J = 16.4, 8.4, 

4.7 Hz, 2H), 2.23 – 2.16 (m, 1H), 0.92 (d, J = 6.9 Hz, 3H), 0.85 (d, J = 6.9 Hz, 3H). 13C 

NMR (126 MHz, DMSO-d6): δ 171.98, 166.6 (d, J = 202.5 Hz), 163.9, 161.9, 159.1, 

157.1, 156.2, 132.5 (d, J = 9.5 Hz), 131.4, 129.7, 121.2, 116.5 (d, J = 21.5 Hz), 112.1, 

59.3, 41.1, 30.5, 18.7, 18.0. HRMS: m/z: calcd for C21H21FN6O6S: 505.1300 [M+H]+; 

found: 505.1302. 
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(Z)-(6-((3-(5-(4-Fluorobenzylidene)-2,4-dioxothiazolidin-3-yl)propyl)amino)-5-

nitropyrimidin-4-yl)-L-valine IV-97D 

Yellow solid. Yield: 55%. 1H NMR (500 MHz, DMSO-d6): δ 9.90 (d, J = 7.7 Hz, 1H), 

9.54 (t, J = 6.0 Hz, 1H), 8.00 (s, 1H), 7.93 (s, 1H), 7.69 (dd, J = 8.8, 5.4 Hz, 2H), 7.38 (t, 

J = 8.8 Hz, 2H), 4.44 (dd, J = 7.7, 3.9 Hz, 1H), 3.71 (t, J = 6.6 Hz, 2H), 3.56 (ddt, J = 

19.7, 13.3, 6.5 Hz, 2H), 2.24 – 2.15 (m, 1H), 1.95 – 1.89 (m, 2H), 0.94 (d, J = 6.9 Hz, 

3H), 0.84 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 172.0, 166.6 (d, J = 

203.5 Hz), 163.9, 162.0, 159.3, 156.9, 155.6, 132.6 (d, J = 9.5 Hz), 131.7, 129.7, 121.1, 

116.5 (d, J = 22.5 Hz), 112.0, 60.7, 38.2, 30.88, 26.9, 18.8, 18.6. HRMS: m/z: calcd for 

C22H23FN6O6S: 519.1457 [M+H]+; found: 519.1457. 

 

 

(Z)-(6-((2-(2,4-Dioxo-5-(4-(trifluoromethyl)benzylidene)thiazolidin-3-

yl)ethyl)amino)-5-nitropyrimidin-4-yl)-L-valine IV-97E 

Brown solid. Yield: 36%. 1H NMR (500 MHz, DMSO-d6): δ 9.66 (d, J = 7.8 Hz, 1H), 

9.60 (t, J = 6.1 Hz, 1H), 7.98 (s, 1H), 7.95 (s, 1H), 7.88 (d, J = 8.4 Hz, 2H), 7.81 (d, J = 

8.3 Hz, 2H), 4.57 (dd, J = 7.8, 4.2 Hz, 1H), 3.94 (ddd, J = 13.7, 6.4, 3.3 Hz, 2H), 3.87 – 

3.78 (m, 2H), 2.22 – 2.15 (m, 1H), 0.91 (d, J = 6.9 Hz, 3H), 0.84 (d, J = 6.9 Hz, 3H). 13C 

NMR (126 MHz, DMSO-d6): δ 172.0, 167.2, 165.6, 159.1, 157.2, 156.0, 137.0, 130.5, 

130.48, 129.9 (q, J = 28.75 Hz), 126.1, 126.1, 124.6, 123.8 (q, J = 271.25 Hz), 112.1, 

59.5, 41.3, 30.6, 18.7, 18.1. HRMS: m/z: calcd for C22H21F3N6O6S: 555.1268 [M+H]+; 

found: 555.1272. 
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(Z)-(6-((3-(2,4-Dioxo-5-(4-(trifluoromethyl)benzylidene)thiazolidin-3-

yl)propyl)amino)-5-nitropyrimidin-4-yl)-L-valine IV-97F 

Yellow solid. Yield: 55%. 1H NMR (500 MHz, DMSO-d6): δ 9.85 (d, J = 7.7 Hz, 1H), 

9.54 (t, J = 6.0 Hz, 1H), 8.00 (d, J = 9.7 Hz, 2H), 7.89 (d, J = 8.4 Hz, 2H), 7.83 (d, J = 

8.4 Hz, 2H), 4.49 (dd, J = 7.7, 4.0 Hz, 1H), 3.72 (t, J = 6.7 Hz, 2H), 3.58 (dt, J = 16.2, 

6.8 Hz, 2H), 2.23 – 2.17 (m, 1H), 1.93 (t, J = 6.8 Hz, 2H), 0.94 (d, J = 6.9 Hz, 3H), 0.84 

(d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 172.1, 167.2, 165.6, 159.4, 156.9, 

155.8, 137.0, 130.9, 130.5, 129.8 (q, J = 32.50 Hz), 126.1, 126.1, 124.5, 123.8 (q, J = 

271.25 Hz), 112.0, 60.4, 38.3, 30.8, 26.8, 18.8, 18.508. HRMS: m/z: calcd for 

C23H23F3N6O6S: 569.1425 [M+H]+; found: 569.1440. 

 

 

(Z)-(6-((2-(5-(4-Methoxybenzylidene)-2,4-dioxothiazolidin-3-yl)ethyl)amino)-5-

nitropyrimidin-4-yl)-L-valine IV-97G 

White solid. Yield: 39%. 1H NMR (500 MHz, DMSO-d6): δ 9.59 (dd, J = 10.7, 5.0 Hz, 

2H), 7.99 (s, 1H), 7.82 (s, 1H), 7.56 (d, J = 8.8 Hz, 2H), 7.10 (d, J = 8.9 Hz, 2H), 4.64 

(dd, J = 7.8, 4.3 Hz, 1H), 3.94 – 3.88 (m, 2H), 3.88 – 3.79 (m, 5H), 2.24 – 2.18 (m, 1H), 

0.93 (d, J = 6.9 Hz, 3H), 0.87 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 

172.0, 167.6, 166.0, 161.07, 159.11, 157.10, 156.23, 132.46, 132.13, 125.48, 118.24, 

114.94, 112.15, 59.11, 55.48, 41.0, 30.5, 18.7, 18.0. HRMS: m/z: calcd for C22H24N6O7S: 

517.1500 [M+H]+; found: 517.1500. 

 

 



148 

(Z)-(6-((3-(5-(4-Methoxybenzylidene)-2,4-dioxothiazolidin-3-yl)propyl)amino)-5-

nitropyrimidin-4-yl)-L-valine IV-97H 

Yellow solid. Yield: 63%. 1H NMR (500 MHz, DMSO-d6): δ 9.63 (d, J = 7.8 Hz, 1H), 

9.54 (t, J = 6.0 Hz, 1H), 8.04 (s, 1H), 7.87 (s, 1H), 7.58 (d, J = 8.9 Hz, 2H), 7.10 (d, J = 

8.9 Hz, 2H), 4.65 (dd, J = 7.8, 4.3 Hz, 1H), 3.83 (s, 3H), 3.70 (t, J = 6.6 Hz, 2H), 3.61 – 

3.53 (m, 2H), 2.27 – 2.21 (m, 1H), 1.91 (p, J = 6.8 Hz, 2H), 0.96 (d, J = 6.9 Hz, 3H), 0.90 

(d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 172.0, 167.6, 166.0, 161.1, 159.4, 

156.7, 156.3, 132.9, 132.2, 125.4, 118.0, 115.0, 112.2, 59.29, 55.5, 38.3, 30.5, 26.9, 18.7, 

18.1. HRMS: m/z: calcd for C23H26N6O7S: 531.1656 [M+H]+; found: 531.1656. 

 

 

(Z)-(6-((2-(2,4-Dioxo-5-(3-phenylallylidene)thiazolidin-3-yl)ethyl)amino)-5-

nitropyrimidin-4-yl)-L-valine IV-97I 

Yellow solid. Yield: 31%. 1H NMR (500 MHz, DMSO-d6): δ 9.59 (t, J = 7.0 Hz, 2H), 

8.01 (s, 1H), 7.66 (d, J = 7.0 Hz, 2H), 7.56 (d, J = 11.2 Hz, 1H), 7.45 – 7.36 (m, 3H), 7.30 

(d, J = 15.2 Hz, 1H), 6.96 (dd, J = 15.2, 11.4 Hz, 1H), 4.66 (dd, J = 7.8, 4.3 Hz, 1H), 3.91 

– 3.86 (m, 2H), 3.85 – 3.76 (m, 2H), 2.26 – 2.20 (m, 1H), 0.94 (d, J = 6.8 Hz, 3H), 0.89 

(d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 172.0, 167.3, 165.3, 159.1, 157.1, 

156.3, 143.8, 135.5, 132.8, 129.8, 128.9, 127.8, 123.2, 122.7, 112.2, 59.1, 40.9, 30.5, 

18.7, 18.0. HRMS: m/z: calcd for C23H24N6O6S: 513.1551 [M+H]+; found: 513.1555. 

 

 

(Z)-(6-((3-(2,4-Dioxo-5-(3-phenylallylidene)thiazolidin-3-yl)propyl)amino)-5-

nitropyrimidin-4-yl)-L-valine IV-97J 

Yellow solid. Yield: 41%. 1H NMR (500 MHz, DMSO-d6): δ 9.54 (d, J = 7.2 Hz, 2H), 

8.06 (s, 1H), 7.67 (d, J = 7.1 Hz, 2H), 7.61 (d, J = 11.4 Hz, 1H), 7.46 – 7.36 (m, 3H), 7.33 
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(d, J = 15.2 Hz, 1H), 6.99 (dd, J = 15.2, 11.4 Hz, 1H), 4.72 (dd, J = 7.7, 4.5 Hz, 1H), 3.68 

(t, J = 6.5 Hz, 2H), 3.57 (dt, J = 9.9, 6.8 Hz, 2H, overlapped with H2O), 2.26 (dd, J = 

11.4, 6.8 Hz, 1H), 1.90 (t, J = 6.6 Hz, 2H), 0.96 (d, J = 6.9 Hz, 3H), 0.93 (d, J = 6.8 Hz, 

3H). 13C NMR (126 MHz, DMSO-d6): δ 172.0, 167.4, 165.3, 159.4, 156.6, 156.6, 144.0, 

135.5, 133.2, 129.8, 128.9, 127.9, 123.2, 122.5, 112.4, 58.8, 38.4, 30.3, 26.9, 18.7, 17.9. 

HRMS: m/z: calcd for C24H26N6O6S: 527.1707 [M+H]+; found: 527.1706. 

 

 

(Z)-(6-((2-(2,4-Dioxo-5-pentylidenethiazolidin-3-yl)ethyl)amino)-5-nitropyrimidin-

4-yl)-L-valine IV-97K 

White solid. Yield: 29%. 1H NMR (500 MHz, DMSO-d6): δ 9.57 (t, J = 5.9 Hz, 1H), 9.51 

(d, J = 7.8 Hz, 1H), 7.99 (s, 1H), 6.96 (t, J = 7.7 Hz, 1H), 4.72 (dd, J = 7.8, 4.4 Hz, 1H), 

3.85 (d, J = 5.0 Hz, 2H), 3.82 – 3.76 (m, 2H), 2.29 – 2.24 (m, 1H), 2.17 (q, J = 7.4 Hz, 

2H), 1.49 – 1.42 (m, 2H), 1.30 (dt, J = 14.7, 7.3 Hz, 2H), 0.97 (d, J = 6.9 Hz, 3H), 0.93 

(d, J = 6.8 Hz, 3H), 0.87 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 172.0, 

167.4, 164.5, 159.1, 157.0, 156.4, 138.0, 124.8, 112.2, 58.8, 40.9, 30.8, 30.4, 29.3, 21.7, 

18.7, 17.9, 13.6. HRMS: m/z: calcd for C19H26N6O6S: 467.1707 [M+H]+; found: 

467.1706. 

 

 

(Z)-(6-((3-(2,4-Dioxo-5-pentylidenethiazolidin-3-yl)propyl)amino)-5-

nitropyrimidin-4-yl)-L-valine IV-97L 

Yellow solid. Yield: 47%. 1H NMR (500 MHz, DMSO-d6): δ 9.62 (d, J = 7.8 Hz, 1H), 

9.51 (t, J = 6.0 Hz, 1H), 8.04 (s, 1H), 7.02 (t, J = 7.7 Hz, 1H), 4.68 (dd, J = 7.8, 4.3 Hz, 

1H), 3.64 (t, J = 6.7 Hz, 2H), 3.54 (dt, J = 10.5, 6.7 Hz, 2H), 2.29 – 2.23 (m, 1H), 2.21 

(dd, J = 14.8, 7.4 Hz, 2H), 1.87 (p, J = 6.7 Hz, 2H), 1.48 (dt, J = 14.9, 7.4 Hz, 2H), 1.31 

(dq, J = 14.4, 7.3 Hz, 2H), 0.97 (d, J = 6.9 Hz, 3H), 0.92 (d, J = 6.9 Hz, 3H), 0.88 (t, J = 

7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 172.0, 167.3, 164.6, 159.4, 156.6, 156.4, 
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138.5, 124.6, 112.3, 59.2, 38.4, 30.9, 30.4, 29.3, 26.8, 21.7, 18.7, 18.0, 13.6. HRMS: m/z: 

calcd for C20H28N6O6S: 481.1864 [M+H]+; found: 481.1867. 

 

 

(Z)-(6-((2-(2,4-Dioxo-5-(pyridin-4-ylmethylene)thiazolidin-3-yl)ethyl)amino)-5-

nitropyrimidin-4-yl)-L-valine IV-97M 

Orange solid. Yield: 39%. 1H NMR (500 MHz, DMSO-d6): δ 9.60 (dd, J = 12.3, 6.9 Hz, 

2H), 8.72 (d, J = 6.1 Hz, 2H), 7.99 (s, 1H), 7.84 (s, 1H), 7.53 (d, J = 6.1 Hz, 2H), 4.61 

(dd, J = 7.8, 4.3 Hz, 1H), 3.99 – 3.90 (m, 2H), 3.87 – 3.77 (m, 2H), 2.25 – 2.17 (m, 1H), 

0.92 (d, J = 6.9 Hz, 3H), 0.85 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 

172.1, 166.9, 165.5, 159.2, 157.1, 156.2, 150.6, 140.0, 129.4, 126.6, 123.3, 112.1, 59.3, 

41.3, 30.5, 18.7, 18.1. HRMS: m/z: calcd for C20H21N7O6S: 488.1347 [M+H]+; found: 

488.1350. 

 

 

(Z)-(6-((3-(2,4-Dioxo-5-(pyridin-4-ylmethylene)thiazolidin-3-yl)propyl)amino)-5-

nitropyrimidin-4-yl)-L-valine IV-97N 

Brown solid. Yield: 50%. 1H NMR (500 MHz, DMSO-d6): δ 9.54 (dd, J = 14.1, 7.0 Hz, 

2H), 8.73 (d, J = 6.1 Hz, 2H), 8.06 (s, 1H), 7.87 (s, 1H), 7.55 (d, J = 6.1 Hz, 2H), 4.69 

(dd, J = 7.8, 4.4 Hz, 1H), 3.72 (t, J = 6.6 Hz, 2H), 3.59 (dd, J = 13.6, 6.8 Hz, 2H), 2.30 – 

2.22 (m, 1H), 1.93 (dt, J = 12.0, 5.9 Hz, 2H), 0.96 (d, J = 6.9 Hz, 3H), 0.91 (d, J = 6.9 

Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 172.0, 167.0, 165.5, 159.4, 156.6, 156.50, 

150.6, 140.0, 129.8, 126.5, 123.3, 112.3, 59.0, 38.4, 30.3, 26.7, 18.7, 18.0. HRMS: m/z: 

calcd for C21H23N7O6S: 502.1503 [M+H]+; found: 502.1503. 
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6.11 Synthesis of TZD-triazoles 

General procedure for Knoevenagel condensation 

A mixture of thiazolidinedione IV-3, aldehyde (1.0 eq), piperidine (0.8 eq) and EtOH (0.1 

M) were refluxed on (16-20 h) and worked up according to method A or B. 

Method A: The reaction mixture was poured into H2O, acidified with AcOH (pH ≈ 1) and 

filtered. 

Method B: The product was concentrated in vacuum and purified by column 

chromatography (Hex/EtOAc, isocratic 25 %). 

 

General procedure for N-alkylation 

A mixture of thiazolidinedione IV-3 or IV-6 (1.0 eq, 7.73 mmol), propargyl bromide 

(80% w/w in toluene, 2.0 eq, 15.5 mmol) and anhydrous K2CO3 (3.0 eq, 23.2 mmol) was 

refluxed in acetone (70 mL) for 16 h. After cooling to rt, the resulting mixture was filtered 

and concentrated in vacuum. 

 

General procedure for Husigen cycloaddition 

In a typical procedure, alkyne IV-99 or IV-101 (1.0 eq) was dissolved in DMF (0.09 M). 

After formation of a clear solution, CuSO4.5H2O (10 mol %) was added. After formation 

of a blue solution, sodium ascorbate (0.5 eq) followed by the corresponding azide (1.0 

eq) was added. The reaction mixture was stirred at rt (monitored by TLC, 4-6 h). The 

reaction mixture was poured into H2O (40 mL) and worked up according to method A or 

B. 

Method A: The resulting suspension was filtered and washed with H2O (10 mL). The filter 

cake was lyophilized overnight.  

Method B: The product was extracted with EtOAc (3 × 40 mL), washed with brine (40 

mL), dried over Na2SO4, concentrated in vacuum and purified by column chromatography 

(DCM/MeOH, gradient from 0 to 4 %). 
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3-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)thiazolidine-2,4-dione IV-100A 

Method B. White solid. Yield: 58 % (195 mg). 1H NMR (500 MHz, DMSO-d6): δ 8.72 

(s, 1H), 7.90 – 7.84 (m, 2H), 7.62 – 7.56 (m, 2H), 7.51 – 7.47 (m, 1H), 4.83 (s, 2H), 4.26 

(s, 2H). 13C NMR (126 MHz, DMSO-d6): δ 171.9, 171.5, 142.5, 136.5, 129.9, 128.7, 

121.7, 120.1, 36.3, 34.0. HRMS: m/z: calcd for C12H10N4O2S: 275.0597 [M+H]+; found: 

275.0596. HRMS: m/z: calcd for C12H10N4O2S: 297.0417 [M+Na]+; found: 297.0414. 

 

 

2-(4-((2,4-dioxothiazolidin-3-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide IV-100B 

Method B. Brown solid. Yield: 13 % (39 mg). 1H NMR (500 MHz, DMSO-d6): δ 7.96 (s, 

1H), 7.69 (br s, 1H), 7.35 (br s, 1H), 5.02 (s, 2H), 4.74 (s, 2H), 4.25 (s, 2H). 13C NMR 

(126 MHz, DMSO-d6): δ 171.9, 171.5, 167.2, 140.8, 125.1, 51.4, 36.3, 34.0. HRMS: m/z: 

calcd for C8H9N5O3S: 256.0500 [M+H]+; found: 256.0499, calcd for C8H9N5O3S: 

278.0318 [M+Na]+; found: 278.0318. 

 

 

(Z)-N-(benzyloxy)-2-(4-((2,4-dioxothiazolidin-3-yl)methyl)-1H-1,2,3-triazol-1-

yl)acetamide IV-100C 

Method B. Beige solid. Yield 40 % (174 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.34 

(br s, 1H), 7.95 (s, 1H), 7.44 – 7.31 (m, 5H), 5.00 (br s, 2H), 4.85 (s, 2H), 4.77 (s, 2H), 

4.24 (s, 2H). 13C NMR (126 MHz, DMSO-d6): δ 171.9, 171.4, 162.5, 141.0, 135.6, 128.9, 

128.4, 128.4, 125.0, 77.1, 49.5, 36.2, 34.0. HRMS: m/z: calcd for C15H15N5O4S: 362.0918 

[M+H]+; found: 362.0916, calcd for C15H15N5O4S: 384.0737 [M+Na]+; found: 384.0734. 
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(Z)-5-benzylidene-3-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)thiazolidine-2,4-dione 

IV-98A 

Method A. Yellow solid. Yield 54 % (215 mg). 1H NMR (500 MHz, DMSO-d6): δ 8.81 

(s, 1H), 7.98 (s, 1H), 7.94 – 7.84 (m, 2H), 7.68 – 7.63 (m, 2H), 7.61 – 7.54 (m, 4H), 7.53 

– 7.46 (m, 2H), 5.01 (s, 2H). 13C NMR (126 MHz, DMSO-d6): δ 167.0, 165.2, 142.3, 

136.5, 133.3, 132.90, 130.7, 130.1, 129.8, 129.4, 128.7, 121.7, 121.2, 120.0, 36.7. HRMS: 

m/z: calcd for C19H14N4O2S: 363.0910 [M+H]+; found: 363.0910. 

 

 

(Z)-5-(4-fluorobenzylidene)-3-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)thiazolidine-

2,4-dione IV-98B 

Method A. Beige solid. Yield: 83 % (350 mg). 1H NMR (500 MHz, DMSO-d6): δ 8.81 (s, 

1H), 8.00 (s, 1H), 7.88 (d, J = 7.4, 2H), 7.73 (dd, J = 9.0, 5.3 Hz, 2H), 7.63 – 7.55 (m, 

2H), 7.53 – 7.46 (m, 1H), 7.45 – 7.37 (m, 2H), 5.00 (s, 2H). 13C NMR (101 MHz, DMSO-

d6): δ 166.0 (d, J = 176.5 Hz), 164.3, 161.8, 142.3, 136.5, 132.6 (d, J = 8.8 Hz), 132.2, 

129.9, 129.6 (d, J = 3.0 Hz), 128.7, 121.7, 120.9, 120.0, 116.6 (d, J = 22.1 Hz), 36.6. 

HRMS: m/z: calcd for C19H13FN4O2S: 381.0816 [M+H]+; found: 381.0815. 

 



154 

 

(Z)-5-(4-methoxybenzylidene)-3-((1-phenyl-1H-1,2,3-triazol-4-

yl)methyl)thiazolidine-2,4-dione IV-98C 

Method A. Yellow solid. Yield: 80 % (348 mg). 1H NMR (500 MHz, DMSO-d6): δ 8.80 

(s, 1H), 7.94 (s, 1H), 7.88 (d, J = 8.3 Hz, 2H), 7.65 – 7.61 (m, 2H), 7.61 – 7.56 (m, 2H), 

7.52 – 7.45 (m, 1H), 7.16 – 7.08 (m, 2H), 4.99 (s, 2H), 3.84 (s, 3H). 13C NMR (126 MHz, 

DMSO-d6): δ 167.0, 165.3, 161.2, 142.4, 136.5, 133.3, 132.3, 129.8, 128.7, 125.4, 121.7, 

120.0, 117.9, 115.0, 55.5, 36.6. HRMS: m/z: calcd fo6C20H16N4O3S: 393.1016 [M+H]+; 

found: 393.1015. 

 

 

(Z)-5-pentylidene-3-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)thiazolidine-2,4-dione 

IV-98D 

Method B. Yellow solid. Yield: 53 % (171 mg). 1H NMR (500 MHz, DMSO-d6): δ 8.77 

(s, 1H), 7.90 – 7.85 (m, 2H), 7.62 – 7.56 (m, 2H), 7.52 – 7.46 (m, 1H), 7.09 (t, J = 7.5 

Hz, 1H), 4.93 (s, 2H), 2.24 (q, J = 7.2 Hz, 2H), 1.49 (p, J = 7.2 Hz, 2H), 1.32 (h, J = 7.2 

Hz, 2H), 0.88 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 166.8, 163.9, 142.3, 

139.1, 136.5, 129.8, 128.7, 124.5, 121.7, 120.1, 36.4, 31.0, 29.3, 21.7, 13.6. HRMS: m/z: 

calcd for C17H18N4O2S: 343.1223 [M+H]+; found: 343.1224. 
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(Z)-2-(4-((5-benzylidene-2,4-dioxothiazolidin-3-yl)methyl)-1H-1,2,3-triazol-1-

yl)acetamide IV-98E 

Method A. Beige solid. Yield: 82 % (309 mg). 1H NMR (500 MHz, DMSO-d6): δ 8.05 (s, 

1H), 7.97 (s, 1H), 7.68 (br s, 1H), 7.66 – 7.63 (m, 2H), 7.57 – 7.53 (m, 2H), 7.53 – 7.49 

(m, 1H), 7.36 (br s, 1H), 5.04 (s, 2H), 4.92 (s, 2H). 13C NMR (126 MHz, DMSO-d6): δ 

167.2, 166.9, 165.1, 140.7, 133.4, 132.9, 130.7, 130.1, 129.4, 125.1, 121.1, 51.4, 36.6. 

HRMS: m/z: calcd for C15H13N5O3S: 344.0812 [M+H]+; found: 344.0812. 

 

 

(Z)-2-(4-((5-(4-fluorobenzylidene)-2,4-dioxothiazolidin-3-yl)methyl)-1H-1,2,3-

triazol-1-yl)acetamide IV-98F 

Method A. Yellow solid. Yield: 75 % (299 mg). 1H NMR (500 MHz, DMSO-d6): δ 8.05 

(s, 1H), 7.99 (s, 1H), 7.74 – 7.70 (m, 2H), 7.68 (br s, 1H), 7.42 – 7.38 (m, 2H), 7.36 (br 

s, 1H), 5.04 (s, 2H), 4.92 (s, 2H). 13C NMR (126 MHz, DMSO-d6): δ 167.1, 165.9 (d, J 

= 213.7 Hz), 164.0, 162.0, 140.7, 132.6 (d, J = 8.9 Hz), 132.3, 129.5 (d, J = 2.8 Hz), 

125.2, 120.8, 116.5 (d, J = 22.1 Hz), 51.4, 36.6. HRMS: m/z: calcd for C15H12FN5O3S: 

362.0718 [M+H]+; found: 362.0717. 
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(Z)-2-(4-((5-(4-methoxybenzylidene)-2,4-dioxothiazolidin-3-yl)methyl)-1H-1,2,3-

triazol-1-yl)acetamide IV-98G 

Method A. Brown solid. Yield: 90 % (370 mg). 1H NMR (500 MHz, DMSO-d6): δ 8.03 

(s, 1H), 7.92 (s, 1H), 7.68 (br s, 1H), 7.61 (d, J = 8.9 Hz, 2H), 7.35 (br s, 1H), 7.12 (d, J 

= 8.9 Hz, 2H), 5.03 (s, 2H), 4.90 (s, 2H), 3.83 (s, 3H). 13C NMR (126 MHz, DMSO-d6): 

δ 167.1, 166.9, 165.22, 161.2, 133.4, 132.3, 125.4, 125.1, 117.8, 115.0, 55.5, 51.4, 36.5. 

HRMS: m/z: calcd for C16H15N5O4S: 374.0918 [M+H]+; found: 374.0913. 

 

 

(Z)-2-(4-((5-butylidene-2,4-dioxothiazolidin-3-yl)methyl)-1H-1,2,3-triazol-1-

yl)acetamide IV-98H 

Method B. White solid. Yield: 35 % (104 mg). 1H NMR (500 MHz, DMSO-d6): δ 8.00 

(s, 1H), 7.68 (br s, 1H), 7.35 (br s, 1H), 7.08 (t, J = 7.5 Hz, 1H), 5.03 (s, 2H), 4.84 (s, 

2H), 2.23 (q, J = 7.5 Hz, 2H), 1.49 (p, J = 7.5 Hz, 2H), 1.31 (h, J = 7.5 Hz, 2H), 0.88 (t, 

J = 7.5 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 167.2, 166.7, 163.8, 140.7, 139.2, 

125.1, 124.4, 51.4, 36.3, 30.9, 29.3, 21.7, 13.6. HRMS: m/z: calcd for C13H17N5O3S: 

324.1125 [M+H]+; found: 324.1122. 

 

 

(Z)-2-(4-((5-benzylidene-2,4-dioxothiazolidin-3-yl)methyl)-1H-1,2,3-triazol-1-yl)-N-

(benzyloxy)acetamide IV-98I 

Method A. Beige solid. Yield: 62 % (307 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.57 

(br s, 1H), 8.09 (s, 1H), 7.98 (s, 1H), 7.66 – 7.63 (m, 2H), 7.58 – 7.53 (m, 2H), 7.53 – 

7.50 (m, 1H), 7.43 – 7.35 (m, 5H), 4.99 (s, 2H), 4.93 (s, 2H), 4.82 (s, 2H). 13C NMR (126 

MHz, DMSO-d6): δ 166.9, 165.1, 162.5, 140.9, 135.6, 133.4, 132.9, 130.7, 130.1, 129.4, 



157 

128.8, 128.3, 125.1, 121.1, 77.1, 49.5, 36.6. HRMS: m/z: calcd for C22H19N5O4S: 

450.1231 [M+H]+; found: 450.1233. 

 

 

(Z)-N-(benzyloxy)-2-(4-((5-(4-fluorobenzylidene)-2,4-dioxothiazolidin-3-yl)methyl)-

1H-1,2,3-triazol-1-yl)acetamide IV-98J 

Method A. Yellow solid. Yield: 74 % (379 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.58 

(br s, 1H), 8.09 (s, 1H), 7.99 (s, 1H), 7.75 – 7.69 (m, 2H), 7.43 – 7.36 (m, 7H), 4.99 (s, 

2H), 4.93 (s, 2H), 4.82 (s, 2H). 13C NMR (126 MHz, DMSO-d6): δ 166.8 (d, J = 215.0 

Hz), 165.1, 163.0, 162.6, 140.9, 135.6, 132.6 (d, J = 8.0 Hz), 132.3, 129.6 (d, J = 3.2 Hz), 

128.9, 128.3, 125.1, 120.8, 116.6 (d, J = 21.8 Hz), 77.1, 49.5, 36.6. HRMS: m/z: calcd 

for C22H18FN5O4S: 468.1136 [M+H]+; found: 468.1136. 

 

 

(Z)-N-(benzyloxy)-2-(4-((5-(4-methoxybenzylidene)-2,4-dioxothiazolidin-3-

yl)methyl)-1H-1,2,3-triazol-1-yl)acetamide IV-98K 

Method A. Brown solid. Yield: 80 % (423 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.57 

(br s, 1H), 8.08 (s, 1H), 7.93 (s, 1H), 7.61 (d, J = 8.9 Hz, 2H), 7.50 – 7.30 (m, 5H), 7.12 

(d, J = 8.9 Hz, 2H), 4.99 (s, 2H), 4.92 (s, 2H), 4.82 (s, 2H), 3.84 (s, 3H). 13C NMR (126 

MHz, DMSO-d6): δ 167.0, 165.2, 162.6, 161.3, 141.0, 135.6, 133.4, 132.3, 128.9, 128.3, 

125.4, 125.1, 117.8, 115.0, 77.1, 55.5, 49.5, 36.5. HRMS: m/z: calcd for C23H21N5O5S: 

480.1336 [M+H]+; found: 480.1336. 
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(Z)-N-(benzyloxy)-2-(4-((2,4-dioxo-5-pentylidenethiazolidin-3-yl)methyl)-1H-1,2,3-

triazol-1-yl)acetamide IV-98L 

Method B. White solid. Yield: 49 % (196 mg). 1H NMR (500 MHz, DMSO-d6): δ 11.57 

(br s, 1H), 8.04 (s, 1H), 7.45 – 7.32 (m, 5H), 7.08 (t, J = 7.3 Hz, 1H), 4.98 (s, 2H), 4.85 

(s, 2H), 4.82 (s, 2H), 2.23 (q, J = 7.3 Hz, 2H), 1.49 (p, J = 7.3 Hz, 2H), 1.31 (h, J = 7.3 

Hz, 2H), 0.88 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 166.7, 163.8, 162.6, 

140.9, 139.2, 135.6, 128.9, 128.3, 125.0, 124.4, 77.1, 49.5, 36.3, 31.0, 29.3, 21.7, 13.6. 

HRMS: m/z: calcd for C20H23N5O4S: 430.1544 [M+H]+; found: 430.1543. 
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