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Resumo 

CUNHA, M. R. Targeting the hTRPV6 with capsaicinoid inhibitors. 2019. 197p. Tese 

de Doutorado – Faculdade de Ciências Farmacêuticas. Universidade de São Paulo, São 

Paulo, 2019. 

 

Capsaicina é uma substância produzida por pimentas do gênero Capsicum com extensa 

atividade biológica relatada na literatura. Entre esses estudos, sugeriu-se que a atividade 

antitumoral esteja relacionada à modulação dos canais TRPV (do inglês, Transient 

Potential Receptor Vanilloid). Sabe-se que a capsaicina se liga com altíssima afinidade ao 

TRPV1 (IC50 ≈ 7 nM), desencadeando a sensação de queimação seguida de analgesia. No 

entanto, estudos recentes sugeriram que os efeitos pró-apoptóticos da capsaicina são 

mediados pelo TRPV6. Visando o exposto, este trabalho relata o desenvolvimento de um 

novo inibidor do TRPV6 usando duas estratégias diferentes para o planejamento dos 

compostos. Geramos séries de capsaicinoides diretos e quiméricos com base nos compostos 

da literatura, capsaicina e cis-22a. Esses análogos foram analisados contra HEK-hTRPV6 

e os análogos mais promissores foram otimizados. Com base na REA e em otimizações 

químicas anteriores, encontramos 56h, chamado MRC-130, um derivado que inibiu 

notavelmente o TRPV6 na faixa nanomolar (IC50 = 83 ± 4 nM), possui alta seletividade e 

estabilidade in vitro e menor inibição de hERG em comparação com o composto de 

referência, cis-22a. Espera-se que essas novas moléculas contribuam significativamente 

para o estudo da função do TRPV6 e seu papel na fisiopatologia tumoral. 

Palavras-chave: Capsaicina, Bioisosterismo, Receptor TRPV, Citotoxicidade. 
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Abstract 

CUNHA, M. R. Targeting the hTRPV6 with capsaicinoid inhibitors. 2019. 197p. 

Doctoral Theses – Faculty of Pharmaceutical Sciences. University of São Paulo, São 

Paulo, 2019. 

 

Capsaicin is a substance produced by Capsicum peppers with extensive biological 

activity reported in the literature. Among these studies, it was suggested that the anti-tumor 

activity is related to modulation of the Transient Potential Receptor Vanilloid (TRPV) 

channels. Capsaicin is known to bind with very high affinity to TRPV1 (IC50 ≈ 7 nM), 

triggering the burning sensation followed by analgesia. However, recent studies have 

suggested that the pro-apoptotic effects of capsaicin are TRPV6-mediated. Herein we 

report the development of a novel inhibitor of the TRPV6 using two different strategies for 

compounds design. We generated a series of direct and chimeric capsaicinoids based on 

the literature compounds, capsaicin, and cis-22a. These analogs were probed against HEK-

hTRPV6 and the hits were further optimized. Based on the previous SAR and chemical 

optimization, we found 56h, named MRC-130, a derivative that remarkably inhibited 

TRPV6 in the nanomolar range (IC50 = 83 ± 4 nM), possess high selectivity and stability 

in vitro, and lesser hERG inhibition compared to the reference compound, cis-22a. It is 

expected that these new molecules would contribute significantly to the study on the 

TRPV6 function and its role in tumor pathophysiology. 

Key-words: Capsaicin, Bioisosterism, TRPV Channel, Cytotoxicity. 

 



Abbreviations 

 

v 

Abbreviations 

2-APB  2-Aminoethoxydiphenyl borate 

ADMET  Absorption, Distribution, Metabolism, Excretion, Toxicity 

AEA  N-arachidonoyl ethanolamide 

Akt  Protein kinase B 

CADD  Computer-Aided Drug Design 

CaM  Calmodulin 

CB   Cannabinoid Receptor 

cDNA  Complementary Deoxyribonucleic acid 

COSY  Correlated Spectroscopy 

CPS  Capsaicin 

cryo-EM  Cryo-Electron Microscopy 

DCM  Dichloromethane 

DMAP  4-Dimethylaminopyridine 

DMSO  Dimethylsulfoxide 

EC50  Median Effective Concentration 

ECN  Econazole 

EDCl  1- -Ethyl-3-(3-dimethyl aminopropyl)carbodiimide hydrochloride 

ESI  Electron Spray Ionization 

Et2O  Diethyl Ether 

EtOAc  Ethyl Acetate 

FBS  Fetal Bovine Serum 

FLIPR  Fluorescent Imaging Plate Reader 

HA   Heavy Atom 

HEK  Human Embryotic Kidney 

hERG  Human Ether-a-go-go-related Gene 

HPLC  High-Performance Liquid Chromatography 

HRMS  High-Resolution Mass Spectrometry 

HTS  Highthrouput Screening 

IC50  Half Maximal Inhibitory Concentration 

IGF1R Insulin-Like Growth Factor 1 Receptor 

LBDD  Ligand-Based Drug Design 

LBS  Ligand-Binding Site 



Abbreviations 

 

vi 

LE   Ligand Efficiency 

LLE  Lipophilic Ligand Efficiency 

MCN  Miconazole 

MD  Molecular Dynamics 

mRNA  Messenger Ribonucleic Acid 

NCF  Nominal Calcium Free buffer 

NFAT  Nuclear Factor of Activated T-Cells 

NMR  Nuclear Magnetic Resonance 

PI3K Phosphoinositide 3-Kinase 

PIP2  Phosphatidylinositol 4,5-bisphosphate 

PKC  Protein Kinase C 

PMS  Phenazine Methosulfate 

PPTS  Pyridinium para-Toluenosulfonate 

ROS  Reactive Oxygen Species 

RP-HPLC  Reversed-Phase Ultra-High-Performance Liquid Chromatography 

RTx  resiniferatoxin 

SAR  Structure-Activity Relationship 

SBDD  Structure-Based Drug Discovery 

SBVS  Structure-Based Virtual Screening 

SCLC  Small Cell Lung Cancer 

SD  Standard Deviation 

SEM  Standard Error of Mean 

siRNA  small interfering Ribonucleic Acid 

TBAF  Tetrabutylammonium Fluoride 

TBDMS  tert-Butyldimethylsilyl 

TFA  Trifluoroacetic Acid 

THF  Tetrahydrofuran 

TLC  Thin Layer Chromatography 

TNH  Transient Neonatal Hyperparathyroidism 

TRP  Transient Receptor Potential 

TRPA  Transient Receptor Potential Ankyrin 

TRPC  Transient Receptor Potential Canonical  

TRPM  Transient Receptor Potential Melastatin 

TRPML  Transient Receptor Potential Mucolipin 



Abbreviations 

 

vii 

TRPN Transient Receptor Potential No mechanoreceptor potential C 

TRPP Transient Receptor Potential Polycystic 

TRPV Transient Receptor Potential Vanilloid 

TsOH  para-Toluenosulfonic Acid 

VR1 Vanilloid Receptor 1 

 



List of Figures 

 

viii 

List of Figures 

Figure 1. Phylogenetic tree oh human TRP channels and similarities with the mouse (TRPC2) and 

zebrafish (TRPN1).a ......................................................................................................................... 2 

Figure 2. Single-channel recordings of TRPV1 currents after activation by CPS/PIP2 (A) and by 

heat at different temperatures (B).18,19 .............................................................................................. 3 

Figure 3. Top view of the tetrameric assembly of TRPV channels achieved by Cryo-EM. Proteins 

are depicted as cartoon and were colored as cyan, green, yellow, and magenta. Below each structure 

is the PDB code used to generate the figure. ................................................................................... 3 

Figure 4. (A) Structure of hTRPV6 in the closed state bound to Ca2+-CaM. (B) Bottom view of the 

TRPV6 shown as a light-gray surface. Proteins are depicted as cartoon and were colored as cyan, 

green, yellow, and magenta. CaM is depicted in dark-blue and Ca2+ atoms as green spheres. ....... 4 

Figure 5. (A) Structure of apo-hTRPV6 in the open state. TRPV6 is depicted as a cartoon and was 

colored as cyan, green, yellow, and magenta. (B) Side view of to the highlighted region in (A) 

displaying the protein as light gray surface and the electron density maps of the putative lipids are 

shown as dark-blue mesh. ................................................................................................................ 5 

Figure 6. Chemical structure of TRPV6 modulators....................................................................... 6 

Figure 7. Antiproliferative activities of CPS and analogs developed in our group against tumor cell 

lines. ................................................................................................................................................. 7 

Figure 8. A computational model of CPS (light magenta sticks) bound to TRPV1.108................... 8 

Figure 9. The workflow of SBDD and LBDD in drug discovery. Adapted from Lu and colleagues, 

2018.126 ............................................................................................................................................. 9 

Figure 10. An example highlighting how the bioisosteric replacements of CPS led to the discovery 

of potent TRPV1 modulators. ........................................................................................................ 11 

Figure 11. Chemical structures of CPS and AEA highlighting the pharmacophore used on the 

design of arvanil. ............................................................................................................................ 12 

Figure 12. (A) Structure of the CPS and cis-22a used to design bioisosteric (B and C) and hybrid 

capsaicinoids (D). .......................................................................................................................... 13 

Figure 13. General routes for the synthesis of substituted hydrazones. Note that for sulfonyl 

hydrazones and sulfonylglycine hydrazones instead of an amide the compounds present a 

sulfonamide moiety. ....................................................................................................................... 15 

Figure 14. Crystal structure of a sulfonylhydrazone revealing its E-antiperiplanar 

stereochemistry.165 ......................................................................................................................... 16 

Figure 15. Possible conformers of E-12b. .................................................................................... 16 

Figure 16. 1H-NMR spectra of compound 12b at 20 °C (A), 75 °C (B) and cooled to 30 °C (C). 17 

Figure 17. 1H-NMR (A) and 13C-NMR (B) spectra of compound cis-24f (black line) and trans-24f 

(blue line). ...................................................................................................................................... 19 

Figure 18. Crystal structure of compound cis-24f......................................................................... 20 

Figure 19. Cd2+ (50.0 µM) influx into HEK293-hTRPV6 cells. Data were normalized to the 

maximum entry in the vehicle group (buffer/DMSO). BC = bioisosteric capsaicinoids; HC = hybrid 



List of Figures 

 

ix 

capsaicinoids. One-way ANOVA, Boferroni’s post-test. *P < 0.05; ***P < 0.001. Data shown are 

mean + SEM (n = 3 or 6). .............................................................................................................. 20 

Figure 20. Design of the 3-pyridones from compound 24f and literature compounds cis-12b76 and 

azo-9d.179 ........................................................................................................................................ 22 

Figure 21. HEK-hTRPV6 cells co-stained with Leadmiun Green and Alexa Fluor 298. Images were 

collected at time 0 min and 30 min after treatment with vehicle (A) or MRC-130 (10 µM, B) 

followed by the addition of Cd2+ (50 µM) using confocal microscopy (Nikon Eclipse TE2000-E, 

100X).  White bars denote 25 µm. ................................................................................................. 26 

Figure 22. Intrinsic clearance in human liver microsomes of cis-22a (blue bars) and MRC-130 (red 

bars). Data shown are mean ± SEM (n = 2). The experiments were conducted by Eurofins Cerep 

SA, France. ..................................................................................................................................... 27 

Figure 23. In vitro polypharmacology for selected human targets of cis-22a (blue bars) and MRC-

130 (red bars). Data shown are mean ± SEM (n = 2). The data for cis-22a was extracted from the 

ref.76 The experiments were conducted by Eurofins Cerep SA, France. ........................................ 27 

Figure 24. Photomicrographs show the morphological aspects of the control cultures of T47D cells 

(A), and treated with MRC-130 (100 µM, B); cis-22a (100 µM, C); doxorubicin (10 µM, D). Cells 

were imaged at 20X with an inverted microscope (Nikon Eclipse TiU). ....................................... 29 

 

 





List of Tables 

 

xi 

List of Tables 

Table 1. TRPV Activity of active capsaicinoids.a.......................................................................... 21 

Table 2. TRPV Activity Evaluation of Optimized Capsaicinoids.a ............................................... 25 

Table 3. Percentage of viable cells treated with MRC-130, cis-22a, and doxorubicin.a ................ 28 

 



List of Schemes 

 

xii 

List of Schemes 

Scheme 1. Synthetic route of sulfonylhydrazones 5a-b and 8a-b.a ............................................... 14 

Scheme 2. Synthetic route of N-acyl hydrazones 11a-b and 12a-b.a ............................................ 14 

Scheme 3. Synthetic route of sulfonylglycine hydrazones 17a-b and 18a-b.a .............................. 15 

Scheme 4. Synthetic route of compounds 24c-f.a .......................................................................... 18 

Scheme 5. Synthetic route of compounds 28c-f.a .......................................................................... 18 

Scheme 6. Synthetic route of 3-pyridones 32e-f and 36e-f. a......................................................... 22 

Scheme 7. Synthetic route of pyridine substituted analogues of 32f.a .......................................... 23 

Scheme 8. Synthetic route of optimized 3-pyridones 53g-i and 56h-i.a ........................................ 24 

 



Introduction 

 

1 

1. Introduction 

1.1 Aim of the Thesis 

The Laboratory for Design and Synthesis of Bioactive Substances (LAPESSB) aims to 

rationally develop drug-candidates and tools-compounds to assist in understanding the 

physiological role of biological targets and their participation in diseases. Among the 

strategies for the generation of chemical compounds, LAPESSB is based on the selection 

of privileged frameworks and proposition of analogs for chemical synthesis, through 

molecular modifications. 

The aim of this thesis was to develop innovative compounds with modulatory activity 

on the TRPV6 membrane receptor. Based on literary data, capsaicin was selected as a 

prototype for the design of bioisosteric and hybrid analogs. 

The introduction has been subdivided into three parts to facilitate the reader's 

contextualization. First, the TRPV receptor family will be addressed; followed by the 

literature review on the prototype; and methods for generating analogs. 

1.2 TRP channels 

The study of the phototransduction in flies is considered the starting point of TRP 

discovery. The bright-light blindness in mutated Drosophila melanogaster (common fruit 

flies) rendered a transient receptor potential (trp) in electroretinogram (ERG), losing 50 % 

of signal amplitude after several light flashes. Under the same conditions, the recorded 

potential for wild-type flies was sustained during the whole experiment.1 20-years later, the 

gene mutation that caused defective photoreception was linked to the production of a 

putative light-sensitive ion channel responsive to phosphatidylinositol 4,5-bisphosphate 

(PIP2).2 A few years later, the similarity observed in calcium (Ca2+) transduction in 

mammalian and Drosophila tissues was investigated in depth. The results revealed gene 

homologs widely expressed in human tissues.3,4 

The Transient Receptor Potential (TRP) superfamily plays a massive role in Ca2+ 

homeostasis.5 Currently, it is subdivided into seven subfamilies: TRPC (canonical), TRPV 

(vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin), TRPA (Ankyrin) 

and TRPN (NO-mechano-potential) (Figure 1), with 27 representatives in humans.6 Their 

function triggers different cellular responses ranging from epithelial Ca2+ reabsorption to 

neuronal sensory transduction.7,8 The ability of TRPs to unleash a plethora of cell signaling, 
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and the possibility of modulation by small molecules place this family as one of the most 

important targets for drug discovery.9,10 

 

Figure 1. Phylogenetic tree oh human TRP channels and similarities with the mouse (TRPC2) and zebrafish 

(TRPN1).a 

1.2.1 TRP Vanilloid (TRPV) subfamily  

The TRP Vanilloid subfamily comprises a total of six isoforms (TRPV1-6) found in 

almost every cell type in both excitable and non-excitable tissues and responds to a wide 

range of physical and chemical stimuli including binding of intracellular and extracellular 

messengers, changes in temperature, and osmotic pressure and mechanical stimulation.11  

The TRPV term was coined owing to the discovery of its first representative, TRPV1, 

by the time referred to as VR1 (Vanilloid Receptor 1). The pungent sensation caused by 

vanilloid compounds, such as capsaicin (CPS)12–14 and resiniferatoxin (RTx)15,16 had been 

linked to the depolarization of sensory neurons by increasing the permeability of the plasma 

membrane to cations. In 1997, Caterina and coworkers were able to generate HEK-

transfected cells from a library of cDNA from dorsal root ganglion-derived mRNA, which 

underwent the same features observed in CPS and RTx-treated neurons.17 Currently, it is 

established that TRPV1 also responds to noxious heat in a similar manner found by CPS-

activation (Figure 2),18,19 and the thermal hyperalgesia resulting from cutaneous 

inflammation.20 Subsequently, TRPV2 to 6 were identified mainly by expression-cloning 

in an attempt to identify mechanisms of thermo-sensitivity in TRPV1-knockout mice 

responsive to mild-heat, hypoosmolarity and mechanical nociception, and Ca2+ transport in 

kidney and intestines.21–31 
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Figure 2. Single-channel recordings of TRPV1 currents after activation by CPS/PIP2 (A) and by heat at 

different temperatures (B).18,19 

TRPV channels are membrane proteins that contain six transmembrane domains (S1-

S6) and a pore helix. TRPV subunits may form hetero- and homotetramers, each subunit 

swapped with the S5-S6 pore domain of the following subunit.32–36 The pore region confers 

to TRPV5 and TRPV6 their constitutive activity and high Ca2+-selectivity, unique among 

the whole TRP family.23,28 The N- and C-terminal regions are both intracellular and are 

involved in channel traffic to the plasma membrane, correct tetramerization and regulation 

of phosphorylation sites.37–39 Very recently, the structure of all the TRPV members was 

elucidated by X-ray crystallography and cryoelectron-microscopy (cryo-EM) methods 

(Figure 3).32,40–46 

 

Figure 3. Top view of the tetrameric assembly of TRPV channels achieved by Cryo-EM. Proteins are 

depicted as cartoon and were colored as cyan, green, yellow, and magenta. Below each structure is the PDB 

code used to generate the figure. 
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1.3 TRPV6 Channel 

TRPV6 is a Ca2+-selective (PCa/PNa ~ 130) member of the TRPV family, referred to as 

the gatekeeper of transepithelial Ca2+ transport.31,46,47 The channel does not require voltage-

dependent activation and is activated by PIP2. TRPV6 is primarily found in human and 

murine intestines, kidney, pancreas, prostate, testis, placenta and exocrine tissues.36,48 It has 

been found that its expression is upregulated by 1α,25(OH)2D3, the biologically active form 

of vitamin D.
49,50

  

The biochemical mechanisms for controlling intracellular levels of Ca2+ due to TRPV6 

constitutive activity is dependent on many factors. A fast-inactivation occurs by Ca+2 itself 

exerting a negative feedback mechanism on TRPV6 activity, mediated by the loop 

connecting S2 and S3 helices.51,52 Secondly, in high intracellular concentration of Ca2+ (7 - 

60 µM), a messenger protein named calmodulin (calcium-modulated protein, CaM) binds 

to it forming a complex (Ca2+-CaM) that directly blocks the pore region of TRPV6 (Figure 

4), inducing a closed conformation of the channel.53,54 The high-affinity binding site for 

CaM (Kd ~65 nM) is located in the C-terminal region, between residues 735-756. This 

region comprises the phosphorylation site of protein kinase C (PKC) at Thr742 that can 

prevent CaM-mediated inactivation.55 

 

Figure 4. (A) Structure of hTRPV6 in the closed state bound to Ca2+-CaM. (B) Bottom view of the TRPV6 

shown as a light-gray surface. Proteins are depicted as cartoon and were colored as cyan, green, yellow, and 

magenta. CaM is depicted in dark-blue and Ca2+ atoms as green spheres. 

A different mechanism of TRPV6 regulation involves the binding of PIP2 to their Lipid 

Binding Sites (Figure 5) conserved across the TRPV family. PIP2 activates TRPV6 

channel which, in turn, induces negative feedback for channel closure by activating Ca2+-

sensitive phospholipase C isoform (PLC) which is able to hydrolyze PIP2.56,57 Other TRP 

channels, such as TRPV1,58 presents high affinity for PIP2 at the S4-S5 loop (LBS-2), 
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which interacts with a positively charged arginine residue. By mutating TRPV6 in order to 

present the same residue (R488G), the channel became insensitive to PIP2 hydrolysis and 

to Ca2+ fast inactivation.59  

 

Figure 5. (A) Structure of apo-hTRPV6 in the open state. TRPV6 is depicted as a cartoon and was colored 

as cyan, green, yellow, and magenta. (B) Side view of to the highlighted region in (A) displaying the protein 

as light gray surface and the electron density maps of the putative lipids are shown as dark-blue mesh. 

1.3.1 The role of TRPV6 in diseases  

The current physiopathology establishes that TRPV6 might have an important 

contribution to multifactorial syndromes and tumors.55,60,61 Several authors have described 

that TRPV6-deficient mice have diminished fertility, osteopenia and reduced body 

weight,48,62 whilst human TRPV6 mutations, in which the channel was less functional, 

caused Transient Neonatal Hyperparathyroidism (TNH) and skeletal abnormalities.63,64 In 

Ca2+ stone formers with idiopathic hypercalciuria, the polymorphism of TRPV6 results in 

increased Ca2+ transport and slower Ca2+-inactivation.65 These pathological findings are 

related to tissues in which TRPV6-expression at normal levels is essential for Ca2+ 

homeostasis. 

On the other hand, TRPV6 expression was found abnormally upregulated in numerous 

human tumor tissues, especially in the prostate (mRNA and protein level).66 Curiously, in 

normal prostate tissue the expression of TRPV6 is undetectable.67,68 Also, when HEK cells 

were transfected with TRPV6, their proliferation rate was exacerbated compared to the 

wild-type.69 In breast and prostate models overexpressing TRPV6 (respectively, T47D and 

LNCaP cells) the TRPV6 siRNA knockout decreased cell proliferation by 20 and 15%, 

respectively.70,71 The involvement of TRPV6 on cell division appears to be organism-

dependent, for instance, in a zebrafish model, inhibition of TRPV6 activates the IGF1R-

PI3K-Akt signaling, increasing cell proliferation.72 On the other hand, the pharmacological 
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block of hTRPV6 reduced prostate tumor growth by diminished NFAT activity.70,73 These 

data suggest that the development of a tool compound able to strongly and selectively 

inhibit TRPV6 might facilitate the investigation of its cellular role. 

1.3.2 TRPV6 modulation by small molecules  

Since its discovery, several small molecules were found to be TRPV6 inhibitors (Figure 

6). Econazole (ECN) and miconazole (MCN) were studied due to their unspecific inhibition 

of ion channels in non-excitable cells, specially TRPV5.74,75 Due to high homology with 

TRPV6 (75% of protein identity), both compounds also showed activity on TRPV6.76 

Compound TH-1177 was found in a screening of Ca2+ current blockers77 and further 

optimization yielded a more potent compound, named #3.78 2-aminoethoxydiphenyl borate 

(2-APB) is a small molecule able to modulate without specificity many TRP channels. For 

instance, 2-APB inhibits TRPV6,79 TRPM2/7, and TRPC3/6/7,10,80,81 and activates TRPA1, 

TRPM6, and TRPV1/2/3.82–84  

 

Figure 6. Chemical structure of TRPV6 modulators. 

The first potent TRPV6 inhibitors were reported in 201576 using a ligand-based virtual 

screening workflow followed by chemical synthesis. The Structure-Activity Relationship 

(SAR) resulted in the discovery of the (cis-4-phenyl-cyclohexyl)piperazine as the 

pharmacophore for TRPV6 inhibition. This scaffold was subsequently optimized to 

improve potency resulting in compound cis-22a (Figure 6). Cis-22a demonstrated high 

potency in HEK-TRPV6 based assays (IC50 = 0.3 µM) and selectivity over the TRP family. 

However, cis-22a only decreased the cell viability of an overexpressing-TRPV6 tumor cell 

line at high concentrations. Also, the compound inhibited other ion channels, such as 

hERG, dopamine and muscarinic receptors, suggesting a major polypharmacology issue.85 

1.4 Capsaicin (CPS) 

Capsaicin is a natural secondary metabolite produced by plants of genus Capsicum 

widely known to induce a burning sensation after dietary consumption. The spiciest 



Introduction 

 

7 

peppers, such as jalapeño (Capsicum annuum), habanero (C. chinense), and tabasco (C. 

frutescens), possess high contents of CPS in its fruits.86–89 The isolated compound possesses 

a large number of biological activities, such as analgesic,90,91 anti-inflammatory,92 insulin-

secretion modulatory,93 cardioprotective,94 and anti-obesity.95,96 

CPS has also shown high pro-apoptotic activity in more than 40 types of tumors, 

attracting the attention of many researchers as a promising drug candidate for cancer 

treatment.5,92,97–99 Upon treatment with CPS, tumor cells reveal disrupted the mitochondrial 

membrane, increase in ROS generation, and caspase-3 and -9 activities.100 In vivo mice 

models revealed that CPS was able to significantly reduce (>50%) tumor growth in breast 

and leukemic cancers without toxic effects.101,102  

In our group, the replacement of the amide moiety for different chemical functions as 

well as the ring closure to the fused benzo[d][1,3]dioxole system, yielded weakly to 

moderate cytotoxic compounds (Figure 7).103–106 Amongst them, compound RPF101 and 

RPF151 were able to induce cell cycle arrest, mitochondrial  and microtubule disruption, 

and reduced tumor volume in vivo.105,106  

 

Figure 7. Antiproliferative activities of CPS and analogs developed in our group against tumor cell lines. 

1.4.1 Capsaicin and TRPV channels 

Despite the low structural resolution of CPS bound to TRPV1,107 subsequent studies of 

mutagenesis, molecular docking, and dynamics allowed to elucidate the mode of interaction 

at the atomic level.108,109 Due to its high lipophilicity, CPS is able to diffuse into the plasma 

membrane, reaching the vanilloid pocket of TRPV1 (analogous to the LBS-2) located at 

the interface of the protein-plasmatic membrane. The phosphatidylinositide cofactor is 

displaced by CPS which binds to TRPV1 through polar interactions of the vanillin ring and 

amidic linker with hydrophilic residues (Tyr511, Ser512, Thr550) located in S3 and S4 

helixes, at the bottom of the pocket. The hydrophobic chain of CPS is oriented towards the 
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top of the channel, interacting with a series of hydrophobic residues (Figure 8). Once 

bound to CPS, TRPV1 rearranges the S4-S5 linker, pulling the S6 helix away from the 

central axis of the channel (~2 Å), widening the selectivity filter, therefore increasing Ca+2 

influx.107 In sensory neurons the increase in Ca+2 transport results in propagation of the 

neuronal stimulus establishing the central perception of pain and burning.110 

 

Figure 8. A computational model of CPS (light magenta sticks) bound to TRPV1.108 

In addition to the high affinity for TRPV1, several studies have pinpointed that CPS 

might modulate TRPV6 activity in the prostate (LNCaP),111,112 gastric (AGS),113 and 

human small cell lung cancer (SCLC)114 cells. Importantly, the pro-apoptotic stimulus was 

selective to the tumor cells compared to the non-tumoral in both studies. According to the 

authors, TRPV6 knockdown drastically reduced CPS pro-apoptotic activity in AGS and 

SCLC cells (>70%), while TRPV1 knockdown did not alter its activity. In human SCLC 

cells, the activation of TRPV6 by CPS triggered high intracellular Ca+2 levels followed by 

activation of calpain-1 and -2. This activation was significantly lower (~50%) by TRPV6 

knockdown. Calpains are Ca2+-dependent cysteine proteases implicated in the cell cycle. 

Once activated, calpains are responsible for membrane degradation, leading to the collapse 

of cellular architecture and apoptosis.115 

Despite the apparent activity of CPS on the TRPV6 receptor, it is noteworthy that none 

of the cited literature had conducted studies that prove the potency on the target. 

Furthermore, the development of capsaicinoid analogs with selectivity over TRPV6 has not 

been reported. Thus, the optimization of small molecules driven by the CPS scaffold with 

modulatory activity on TRPV6 is of high interest for the study of its pathophysiological 

function. 
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1.5 Rationality behind Drug Design 

Drug discovery is a complex multidisciplinary area that pursues the development of 

effective and safe compounds, as drug candidates. The different modalities for compound 

generation can be categorized into main groups, such as serendipity;116 natural products;117 

chemical synthesis and High Throughput Screening (HTS);118 and more recently, 

computer-assisted drug discovery.119 Once biologically tested, medicinal chemists often 

seek for those active compounds that can be optimized.120,121 

There are two drug design strategies for compound optimization which have been widely 

used in academia and industry. Their rationality resides either in the structural data of the 

target protein (SBDD) or in bioactive compounds (LBDD).122 If this data is available for 

both strategies, it might be combined to increase the chance of obtaining compounds with 

optimized biological activity (Figure 9).123 It is worth noting that the use of computational 

techniques through the Computer-Assisted Drug Design (CADD) permeate the current 

drug discovery process and, has been exponentially used.124,125  

 

Figure 9. The workflow of SBDD and LBDD in drug discovery. Adapted from Lu and colleagues, 2018.126 
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The Structure-Based Drug Design (SBDD) uses the three-dimensional data of target 

proteins.127 The field has been dramatically changed due to technological advances in 

computer science and structural biology, especially with the advent of cryo-EM.128 If the 

target structure is not known, its conformation and spatial arrangement can be determined 

by methods existing in CADD.129–131 With the structural data of the target, it is possible to 

determine the mode of interaction of the bioactive compounds, as well as to characterize 

the interactions between them. The most frequently used SBDD methods for such study are 

Molecular Docking, Molecular Dynamics (MD) and Structure-Based Virtual Screening 

(SBVS).132 These methods allow the design and optimization of compounds with precise 

shape-complementarity with the target protein, leading to modulation of its activity and the 

desired pharmacological effects.133  

The Ligand-Based Drug Design (LBDD) strategy is used when there is no structural 

data of the target protein, but the biological activity of a set of compounds is known. Thus, 

the physicochemical, electronic, steric and topological properties of this set are computed 

and correlated for the proposition of pharmacodynamically optimized molecules.123,134 

Based on the pharmacophore of the prototype, molecular modifications are proposed in 

order to confer similar interactions with the target as those expected for the original 

compound.135  

Molecular modifications guide the development of new compounds and can be 

employed either in LBDD or SBDD, as the aim is to provide better compound 

complementarity with the target, therefore enhanced activity.136 Among the various 

molecular modifications that exist in medicinal chemistry, this work was based particularly 

on two of them, namely bioisosterism and molecular hybridization. 

Bioisosterism is one of the most important tools in medicinal chemistry to rationally 

modify an atom or functional groups by others that exhibit “near-equal molecular shapes 

and volumes, approximately the same distribution of electrons, and which exhibit similar 

physical properties...”137 to give the new compound beneficial changes in pharmacokinetic 

and dynamic parameters.136,138 Bioisosteres can be classified into two main categories: 

classical, and non-classical. The first category comprises atoms or functional groups that 

have the same valence, or equivalent rings; the second comprises isosteres that do not 

completely fulfill the steric and electronic definitions of the previous category.139 Currently, 

computer-based approaches are also employed in order to prioritize the best bioisosteric 

replacements for correct modulation of potency and lipophilicity.140–142  
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A massive synthetic effort has been made to produce capsaicin-related compounds as 

TRPV1-mediated analgesic drugs. The strategy for compound generation essentially 

involved hundreds of bioisosteric replacements of the vanilil ring (Region A),143 amide 

linker (region B),143 and the alkyl tail (Region C).144 With the SAR of each region of the 

molecule, the authors reached a conclusion that in terms of TRPV1 activation the vanilil 

moiety is crucial; the bioisosteric replacement of the linker by the urea or thiourea is largely 

beneficial; and the hydrophobicity in the side chain is clearly important.145 Noteworthy, the 

authors reached a very approximate conclusion of the mode of interaction of CPS with 

TRPV1 without previous crystallographic data or computer models of TRPV1. From their 

work, other widely important compounds for the TRPV1 study were developed and further 

optimized for in vivo profiling, such as the antagonist capsazepine (CPZ)146 and the non-

pungent agonist, SDZ 249-665147 (Figure 10). 

 

Figure 10. An example highlighting how the bioisosteric replacements of CPS led to the discovery of potent 

TRPV1 modulators. 

Molecular hybridization consists of the rationale strategy of merging two or more 

pharmacophores, aiming to obtain a new chemical entity, referred to as a hybrid compound, 

which would avoid molecular redundancy in drug discovery campaigns.148 Ideally, the 

hybrid would present either an optimized affinity towards the target of interest or the 

capability to modulate the original targets associated with the prototypes.149  

The study of Cannabis sativa neuroactive metabolites led to the discovery of the 

endocannabinoid system (cannabinoid receptors, CB1 and CB2).
150 Surprisingly, several 

endocannabinoid ligands, such as anandamide (N-arachidonoyl ethanolamide, AEA), were 

found to also activate TRPV1.151,152 The structures of CPS and AEA can be overlapped 

(Figure 11) to construct, through the molecular hybridization process, hybrids that target 

TRPV1/CB1, such as arvanil, with pronounced analgesic activity in vivo.153,154 Although 

CPS is inactive against CB receptors155 and AEA has comparable activities against TRPV1 

and CB1,
156 the molecular hybridization process was able to enhance in 52-fold and 1260-
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fold the activity towards TRPV1 (comparing to CPS and AEA, respectively) and decreased 

CB1 potency.157 

 

Figure 11. Chemical structures of CPS and AEA highlighting the pharmacophore used on the design of 

arvanil. 

Although CPS has a large spectrum of targets in vivo,158,159 the examples from the 

literature of bioisosterism and molecular hybridization illustrate that through different 

medicinal chemistry approaches its framework can be modified to achieve selective and 

optimized compounds.  

1.5.1 Design of bioisosteric and hybrid capsaicinoids  

Based on literature reports of CPS activity on TRPV6,113,114 we decided to have a proof 

of concept if CPS itself, as well as new capsaicinoids, could modulate TRPV6 ion transport 

(Figure 12A). Several bioisosteric groups, such as sulfonylhydrazone, N-acyl hydrazone, 

and sulfonylglycine hydrazones were used to replace the amide found in CPS.160,161 These 

substitutions should be able to balance the physicochemical properties of the compounds, 

especially by offering hydrogen bonding interactions with the target. The literature also 

reports that reducing the methylene units in the CPS hydrophobic tail decreased its affinity 

towards TRPV1.162 Therefore, we expected that smaller n-alkyl groups would mimic the 

lipophilic chain but reduce TRPV1 affinity (Figure 12B). We also generated 

benzo[d][1,3]dioxole versions of the bioisosteric capsaicinoids based on the ring 

cyclization of the vanilloid moiety, as described for related analogs in our group (Figure 

12C).103,105,106,163,164 

In our second approach, the overlapping pharmacophores of CPS and cis-22a were 

combined into a hybrid compound. The use of cis-22a was based on its similarity with CPS, 

an aromatic region (in blue) linked to a hydrophobic moiety (in green) by an amide 

bioisoster (in red). The essential cis-cyclohexyl-piperazine moiety was maintained due to 

its high activity on TRPV6. In order to confer a more CPS-like compound, a carbonyl was 

appended at the piperazine. Finally, we intended to analyze the influence of the size and 
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lipophilicity of this region by attaching different commercially available cyclohexanones 

(Figure 12D). 

 

Figure 12. (A) Structure of the CPS and cis-22a used to design bioisosteric (B and C) and hybrid 

capsaicinoids (D). 
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2. Results and Discussion 

2.1 Synthesis of bioisosteric capsaicinoids 

The synthesis of bioisosteric capsaicinoids was divided into three synthetic routes 

depicted in Scheme 1-3, according to the bioisosteric replacement of CPS amide. The 

reaction of sulfonyl chlorides (1a-b) with hydrazine hydrate (2) led to the sulfonyl 

hydrazide intermediates 3a-b, which were subsequently condensed with vanillin (4) to form 

the desired sulfonyl hydrazones 5a-b.165 For the benzo[d][1,3]dioxole derivatives, the 

piperonyl alcohol (6) was subjected to mild oxidation to the correspondent aldehyde 

(7),166,167 then was condensed with 3a-b to yield the derivatives 8a-b.  

Scheme 1. Synthetic route of sulfonylhydrazones 5a-b and 8a-b.a 

 
aReagents and conditions. (a) 2, THF, 0 °C to r.t., 2 h (60-82 %); (b) 4, MeOH, rf., 2 h (89-93 %); (c) MnO2, 

CH2Cl2, r.t., 4 h (73 %). 

The N-acyl hydrazones (Scheme 2) were similarly prepared by reacting the appropriate 

acyl chlorides 9a-b with 2. The intermediates 10a-b were directly used in the next step of 

condensation with 4 or 7 to yield 11a-b and 12a-b.168  

Scheme 2. Synthetic route of N-acyl hydrazones 11a-b and 12a-b.a 

 

aReagents and conditions. (a) 2, CH2Cl2, 0 °C to r.t., 2 h; (b) 4 or 7, EtOH, AcOH (cat.), r.t., 2 h (25-31 %, 

over 2-steps).  

The third series of bioisosteric capsaicinoids is referred to as sulfonylglycine hydrazones 

(Scheme 3). We envisaged using this group as a peptide-mimetic structure seeking to 

increase the water solubility of the analogs and to improve the binding to the protein via 
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hydrogen bonds. The synthesis started with the methyl esterification of glycine (13) to 

generate the intermediate 14, which reacted with 1a-b to generate the sulfonamide 

intermediates 15a-b. Then, hydrazinolysis of the methyl ester by 2 afforded 16a-b, which 

were further condensed with 4 or 7  to give the desired compounds 17a-b and 18a-b.169,170 

Scheme 3. Synthetic route of sulfonylglycine hydrazones 17a-b and 18a-b.a 

 
aReagents and conditions. (a) SOCl2, MeOH, rf., 12 h (63 %); (b) 1a-b, Et3N, CH2Cl2, 0 °C to r.t., 6 h (45-52 

%); (c) 2, MeOH, r.t., 3 h (75-99 %); (d) 4 or 7, EtOH, AcOH (cat.), r.t., 24 h (87-89 %).  

Once the main functional group in this thesis derived from an imine bond formation 

(N=CH), the mechanism can be generalized to all the bioisosteric capsaicinoids (Figure 

13). In Step I, a nucleophilic attack occurs between the primary amine present of 2 or 14 to 

either sulfonyl (1a-b) or acyl chlorides (9a-b), eliminating HCl. Then, in Step II, the 

activated aldehyde (4 or 7) is subjected to an addition to the carbonyl by the primary amine 

of hydrazide (3a-b; 10a-b; 16a-b), which after proton transferring, eliminates H3O
+ and 

forms the hydrazone.165 

 

Figure 13. General routes for the synthesis of substituted hydrazones. Note that for sulfonyl hydrazones and 

sulfonylglycine hydrazones instead of an amide the compounds present a sulfonamide moiety. 

The literature establishes N-acyl or sulfonyl hydrazones may exist as C=N double bond 

stereoisomers (E/Z), and as syn/anti-periplanar conformers of the amide CO-NH or 
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sulfonamide SO2-NH bonds.171,172 We observed that the E-isomer was preferably formed 

during synthesis, once this isomer is less hindered and thermodynamically more stable.173 

This was particularly clear for sulfonyl hydrazones which 1H-NMR revealed a single 

isomer, as reported in the literature.174,175 During the synthesis of other sulfonyl hydrazones, 

our group was able to demonstrate by X-ray crystallography, that these compounds adopt 

a stable E and antiperiplanar configuration (Figure 14).165 It is worth noting that the 

selective synthesis of Z-sulfonyl hydrazones was already described depending on the 

reaction conditions and proper aldehyde-substitutions.176–178 

 

Figure 14. Crystal structure of a sulfonylhydrazone revealing its E-antiperiplanar stereochemistry.165 

N-acyl hydrazones and sulfonylglycine hydrazones presented conformers that could be 

identified by 1D-1H-NMR and 2D-COSY in DMSO-d6 at various temperatures. As 

illustrated for compound 12b (Figure 15), the duplicated signals presented a total 

coalescence, with an exception for the N=CH proton at 8.38 ppm (partial coalescence). 

This effect was reverted by cooling the sample down to the room temperature (30 °C) 

(Figure 16). Upon heating, the gain in energy would overcome the rotational barrier 

favoring the fast conversion between amide conformers.171  

The current photochemical literature of N-acyl hydrazones establishes that the 

thermodynamically stable E-conformer can be switched to the Z- conformer under UV-

light irradiation, a behavior very characteristic of azobenzenes (N=N).179 Z-conformers 

should return to the stable E-conformation under heating or progressive back-isomerization 

at room temperature.180,181 Therefore, we assume that only the E- conformer was formed 

and the duplicated signal is due to the presence of a syn- and antiperiplanar mixture. 

Moreover, the HPLC spectra of N-acyl hydrazones and sulfonylglycine hydrazones attest 

the presence of a single conformer.173 

 

Figure 15. Possible conformers of E-12b.  
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Figure 16. 1H-NMR spectra of compound 12b at 20 °C (A), 75 °C (B) and cooled to 30 °C (C).  

2.2 Synthesis of hybrid capsaicinoids 

The synthetic routes for the hybrid capsaicinoids are illustrated in Schemes 4 and 5. 

Analogs 24c–f were prepared by first converting 4 into the corresponding TBDMS-vanillin 

intermediate 19, followed by reductive amination with Boc-piperazine (20) to generate 21, 

and Boc removal to the free piperazine 22, as described before.76,179 Then, a second 

reductive amination of the free nitrogen of the piperazine was performed with different 
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cyclohexanones (23c-f) followed by phenol-deprotection with tetrabutylammonium 

fluoride (TBAF) to give the desired compounds 24c-f.  

Scheme 4. Synthetic route of compounds 24c-f.a 

 

aReagents and conditions. (a) TBDMSCl, DMAP, Imidazole, DCM, r.t., 2 h (quant.); (b) 20, AcOH, 

NaBH(OAc)3, DCE, r.t., 48 h; (c) TFA, DCM, r.t., 1 h (45 %, over 2-steps); (d)  23c-f, NaBH(OAc)3, Et3N, 

DCE, r.t., 48 h; (e) TBAF, THF, r.t., 3 h (30-59 %, over 2-steps). 

Analogs 28c-f were obtained from the vanillic acid (25) by coupling it with 20 under 

standard Steglich esterification conditions182 to generate the acyl-piperazine-intermediate 

26, followed by the described procedures of Boc removal to afford 27 and reductive 

amination with 23c-f.  

Scheme 5. Synthetic route of compounds 28c-f.a 

 

aReagents and conditions. (a) 20, EDCl, DMAP, CH2Cl2, r.t., on; (b) TFA, DCM, r.t., 1 h, (60 %, over 2-

steps); (c) 23c-f, NaBH(OAc)3, Et3N, DCE, r.t., 48 h (21-31 %, over 2-steps). 

The pharmacophore of the TRPV6 inhibitors must have cis-orientation, therefore we did 

not isolate the trans-counterparts. In all cases, the cis-1,4-cyclohexyl diastereoisomer was 

isolated either by column chromatography or RP-HPLC, and the cis-isomer consistently 

eluting before the trans-counterpart. All compounds obtained as free-bases were 

precipitated as dihydrochloride salts. 

The synthesis of di-substituted cyclohexanones by reductive amination is known to 

afford two diastereoisomers.76,179 In general, by analysis of the crude (TLC and HPLC), the 

cis-isomer was majority formed. According to several authors, the bulky reagent 

NaBH(OAc)3 preferably attack the less hindered side of the intermediate iminium ion, 

favoring the cis-isomer.183 To unambiguously determine the stereoconfiguration of the 

isolated compounds we carried out 1H- and 13C-NMR analysis associated with X-ray 

crystallography.  
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Figure 17 below, illustrates that in C6D6, the ArCH and NCH of the cis-isomer (black 

line) commonly split into a triplet of triples of 1H around 2.52 ppm (J = 3.7, 11.1 Hz) and 

a broad multiplet of 1H that resembles a pentet around 2.11 ppm. On the other hand, the 

trans-counterpart presented two triplets of triplets superimposed as a multiplet of 2H 

around 2.22 ppm. The differences in 13C-NMR are pronounced due to the chemical shift 

that occurred of the CH carbon at 58.8 ppm (cis) to 63.3 ppm (trans).  

 

Figure 17. 1H-NMR (A) and 13C-NMR (B) spectra of compound cis-24f (black line) and trans-24f (blue line).  
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The structure of cis-24f was confirmed by X-ray crystallography which showed that the 

piperazine was equatorial and the phenyl substituents were axial relative to the cyclohexane 

ring (Figure 18). 

 

Figure 18. Crystal structure of compound cis-24f. 

2.3 TRPV6 Cd2+ assay for screening of compounds 

The obtained capsaicinoids from both approaches were subjected to a fluorescent assay76 

by means of cadmium (Cd2+) uptake into HEK293 cells stably overexpressing human 

TRPV6 (HEK-hTRPV6) (Figure 19).  

 

Figure 19. Cd2+ (50.0 µM) influx into HEK293-hTRPV6 cells. Data were normalized to the maximum entry 

in the vehicle group (buffer/DMSO). BC = bioisosteric capsaicinoids; HC = hybrid capsaicinoids. One-way 

ANOVA, Boferroni’s post-test. *P < 0.05; ***P < 0.001. Data shown are mean + SEM (n = 3 or 6). 

As illustrated in Table 1, compounds derived from the hybrid-capsaicinoids bearing a 

tert-butyl (23e and 28e) or phenyl (23f and 28f) at the cis-cyclohexyl ring revealed 

promising activity, whilst the remaining compounds were inactive. Intriguingly CPS was 

found to be ineffective to induce changes in TRPV6 activity, in accordance with a recent 

publication.164 Once the active compounds were found by merging the scaffolds of CPS 

and cis-22a, these compounds were also tested against HEK cell transiently transfected 

with TRPV1.164 By stimulating the channel with 100 nM of CPS, it was observed that at 

10 µM, compound 23e, 23f, and 28f inhibited TRPV1 Cd2+ influx between 27 to 81 %.  

Ligand metrics, such as Ligand Efficiency (LE) and Lipophilic Ligand Efficiency 

(LLE), are defined as a normalized way of comparing and selecting compounds with a 
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range of activities, molecular weight, and lipophilicity for lead-optimization.184  The 

optimal values for a drug candidate should be >0.4 and >4.0 for LE and LLE, 

respectively.185 In terms of ligand metrics, the active compounds found in this screening 

were still far from the optimal values, especially when compared to cis-22a. Taken all these 

results together, a series of hit-optimizations was conducted aiming to increase the potency 

towards TRPV6 and enhance the ligand metrics. 

Table 1. TRPV Activity of active capsaicinoids.a 

Cpd Structure 
TRPV6 

IC50 (nM)b 

TRPV1 

% Inhd 
LEe LLEf 

cis-22a 

 

50 ± 3c 16 0.40 2.7 

23e 

 

2383 81 0.30 -0.1 

23f 

 

1566 60 0.28 0.5 

28e 

 

2090 -5 0.29 0.6 

28f 

 

428 27 0.30 1.7 

aActive compounds were defined as able to inhibit at least 50% of TRPV6 activity Data shown are mean ± 

SEM (n = 6/concentration) of a singleb or at least twoc independent experiments. dCompounds were tested at 

10 µM against a stimulus of 100 nM of CPS. Data shown is mean (n = 2) of a single experiment. eLE: Ligand 

Efficiency = 1.37 X pIC50 / number of heavy atoms; fLLE: Lipophilic Ligand Efficiency = pIC50 – cLogPo/w. 

Based on mean oral drug values that provide the acceptable values for drug candidates, LE and LLE should 

ideally be above 0.4 and 4.0, respectively. 185 

2.4 Hit optimization 

Previously it was identified that the benzylic substitution of the second nitrogen of the 

piperazine for a meta-substituted pyridine is important for potent TRPV6 inhibition.76 A 

recent publication also demonstrated that substitution at para-position of the pyridine with 

an azobenzene afforded compounds with potency in the low µM range.179 The para-

position appears to be a hot-spot for polar substituents, hence, we envisaged to attach a 

para-phenol, present in the vanillyl ring of the active compounds 24c-f and 28c-f, to the 

meta-substituted pyridine aiming to improve the binding affinities of the compounds to the 

protein. It is important to note that this group is stably found as the 3-pyridone (Figure 20). 
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Analogues containing the 3-pyridone 32e-f and 36e-f were obtained using the same 

reactions described before, respectively using 6-hydroxynicotinaldehyde (29) and 6-

hydroxynicotinic acid (33, Scheme 6). 

 

Figure 20. Design of the 3-pyridones from compound 24f and literature compounds cis-12b76 and azo-9d.179 

Scheme 6. Synthetic route of 3-pyridones 32e-f and 36e-f. a 

 

aReagents and conditions. (a) 20, AcOH, NaBH(OAc)3, DCE, r.t., 48 h; (b) TFA, DCM, r.t., 1 h (70-78 %, 

over 2-steps); (c) 23e-f, NaBH(OAc)3, Et3N, DCE, r.t., 48 h (6-45 %); (d) 20, EDCl, DMAP, CH2Cl2, r.t., on.  

The replacement of the vanillin ring with 3-pyridone led to a 4-fold improvement in 

TRPV6 inhibitory potency of compound 32f (IC50 = 373 nM, Table 2). Compounds 32e 

and 36f showed the same activity of their vanilloid pairs, while compound 36e was inactive. 

Notably, the replacement significantly improved the LLE of 32f compared to its pair 24f 

(3.0 and 0.5, respectively). To determine the influence of the pyridone moiety on TRPV6 

inhibition, we prepared analogs of the hit 32f by first coupling 20 to 23f under reductive 

amination conditions, followed by Boc-removal of 37f to the free piperazine 38f (Scheme 

7). Then, the piperazine reacted with the commercially available pyridine-carboxaldehyde 

(39-41) to generate the desired compounds 42f-44f. 
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Scheme 7. Synthetic route of pyridine substituted analogues of 32f.a 

 

aReagents and conditions. (a) AcOH, NaBH(OAc)3, DCE, r.t., 48 h; (b) HCl, H2O, rf., 90 min (88 %, over 2-

steps); (c) AcOH, NaBH(OAc)3, DCE, r.t., 48 h (43-68 %). 

The removal of the pyridone carbonyl in 32f resulted in a slight decrease in potency for 

compounds 42f and 43f (IC50 ≈ 550 nM, Table 2). On the other hand, the substitution of 

the carbonyl by 4-Bromo (44f) resulted in a 2-fold increase in potency against TRPV6 (IC50 

= 172 nM), suggesting that a halogen bound186 might stabilize the complex ligand-protein. 

The LE of compounds 42f-44f ranged from 0.32 to 0.36 as observed for the hit compound 

32f. In spite of that, LLE was remarkably reduced (<2.0), meaning that removal of the 

pyridone-carbonyl has more influence on lipophilicity rather than TRPV6 inhibition. With 

this additional information in hands, another optimization was conducted on the cis-phenyl-

cyclohexyl moiety of compound 32f. 

SAR studies had shown that only small hydrophobic substituents are allowed on the cis-

4-phenyl-cyclohexyl group, specifically the methyl group at meta-position.76 Hence, we 

envisaged to generate an analog of 32f with the methyl group, as observed in the structure 

of cis-22a. We also decided to explore the influence of the trifluoromethyl group as a 

methyl bioisostere187,188 at orto- or meta-positions (53h-i). The trifluoromethyl group might 

increase lipophilicity compared to a methyl group. Once the synthetic intermediate is a 

tertiary alcohol that increases water solubility, we decided to generate two additional 

analogs (56h-i). These compounds were prepared according to Scheme 8, by first forming 

the Grignard reagents (45g-i) then reacting it with 1,4-cyclohexanedione monoethylene 

acetal (46) to generate the tertiary alcohols 47g-i.76,189 These alcohols were subjected to 

dehydration with para-toluenesulfonic acid hydrate (48g-i) followed by hydrogenation 

with Pd/C under H2 atmosphere (49g-i), and acetal deprotection with pyridinium para-

toluene sulfonate (PPTS) under mild conditions to the free cyclohexanones 50g-i.190 

Subsequently, the ketones were coupled to 51 under reductive amination. The cis-

diastereomers were isolated and the benzyl-piperazine was deprotected with Pd/C under H2 

atmosphere to the free piperazines 52g-i. These compounds were condensed with 29, to 

yield the desired final compounds 53g-i. The tertiary alcohols 47h-i were subjected to PPTS 

deprotection (54h-i), then, the synthetic route followed the same procedures of reductive 
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amination with 51 followed by benzyl deprotection to 55h-i and a second reductive 

amination with 29, to yield the desired final compounds 56h-i.  

Scheme 8. Synthetic route of optimized 3-pyridones 53g-i and 56h-i.a 

 

aReagents and conditions. (a) (i) Mg, 45g-i, THF, Ar., rf., 30 min, (ii) 46, THF, Ar., rf., 30 min; (b) TsOH.H2O, 

toluene, Ar., rf., 4 h; (c) Pd/C, H2, AcOEt, r.t., on.; (d) PPTS, Acetone, H2O, 60 °C, 6 h (19-68 %, 4-steps); 

(f) 51, NaBH(OAc)3, DCE, r.t., 48 h; (g) Pd/C, H2, AcOH, MeOH, r.t., on. (9-38 %, over 2-steps); (h) 29, 

AcOH, NaBH(OAc)3, DCE, r.t., 48 h (17-81 %); (i) PPTS, Acetone, H2O, 60 °C, 6 h (72-90 %). 

Compared to 32f, the addition of a meta-methyl substitution in the phenyl-cyclohexyl 

ring (53g) improved the potency in 3.3-fold (IC50 = 113 nM, Table 2) while retained the 

ligand metrics. Replacement to meta-trifluoromethyl (53h) gave a 6-fold increase in 

potency (IC50 = 62 ± 8 nM), however, by moving it to the orto-position (53i) the activity 

dropped 11-fold. The insertion of the hydroxyl group at the cyclohexyl ring slightly reduced 

the potency of compound 56h (IC50 = 83 ± 4 nM) and restored the activity of the analog 

56i. Due to an increase in the number of HA, the LE of 56h was maintained in 0.31, and 

the LLE was significantly enhanced to an optimal value of 4.5. Based on the values of 

ligand metrics and modest potency against TRPV6, we chose compound 56h, named MRC-

130, for further investigation. 

To fully evaluate the advantage of compound MRC-130, we probed its activity against 

the homolog channel TRPV5 along with 53h, and cis-22a. Remarkably either MRC-130 or 

cis-22a possesses a TRPV5/TRPV6 selective index of 6.8. The hydroxylation solely 
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conferred a 3.2-fold improvement in selectivity when compared to 53h. The optimized 

TRPV6 inhibitors were also tested against the TRPV1. At a concentration of 10 µM, MRC-

130 were able to block 51% of Ca2+ influx towards TRPV1, while the other compounds 

remained inactive. 

Table 2. TRPV Activity Evaluation of Optimized Capsaicinoids.a 

Cpd Structure 
TRPV6 

IC50 (nM)b 

TRPV5 

IC50 (nM)b 

TRPV1 

% Inhd 
LEe LLEf 

32e 

 

2477 b 33 0.32 1.8 

32f 

 

373 b 14 0.34 3.1 

36f 

 

598 b 36 0.32 2.0 

42f 

 

551 b 13 0.34 1.7 

43f 

 

553 b 10 0.32 0.8 

44f 

 

172 b 1 0.36 1.2 

48g 

 

113 b 9 0.35 3.1 

53h 

 

62 ± 8c 133 10 0.33 2.9 

53i 

 

688 b 6 0.28 1.9 

56h 

 

83 ± 4c 561 51 0.31 4.5 

56i 

 

128 b -10 0.30 4.3 

aActive compounds were defined as able to inhibit at least 50% of TRPV6 activity. Data shown are mean ± 

SEM (n = 6/concentration) of a singleb or at least twoc independent experiments. dCompounds were tested at 

10 µM against a stimulus of 100 nM of CPS. Data shown is mean (n = 2) of a single experiment. eLE: Ligand 

Efficiency = 1.37 X pIC50 / number of heavy atoms; fLLE: Lipophilic Ligand Efficiency = pIC50 – cLogPo/w. 

Based on mean oral drug values that provide the acceptable values for drug candidates, LE and LLE should 

ideally be above 0.4 and 4.0, respectively. 185 
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2.4.1 Confocal imaging 

To further detail the TRPV6 inhibitory activities of MRC-130, we co-stained HEK-

hTRPV6 cells with specific dyes. Leadmiun Green is a Ca2+-insensitive intracellular dye 

which complexes specifically with Lead and Cd2+, generating a green fluorescence within 

the cytosol. Alexa Fluor 594 was used as control of the plasmatic membrane.191,192 In 

control cells (treated with vehicle), the application of Cd2+ (50 µM) revealed an increase in 

green fluorescence after 30 min, indicating Cd2+ transport through TRPV6 (Figure 21A). 

When cells were treated with 10 µM of MRC-130 prior to the addition of Cd2+, the 

fluorescence was significantly less pronounced (Figure 21B). We also performed time-

course imaging of Cd2+ uptake within 30 min and we plotted total fluorescence over time 

(Figure S1). Compared to the MRC-130 treated cells, the influx at non-treated cells was 

more pronounced in the first 12 minutes of the experiment, and after that, a plateau was 

reached. 

 

Figure 21. HEK-hTRPV6 cells co-stained with Leadmiun Green and Alexa Fluor 298. Images were collected 

at time 0 min and 30 min after treatment with vehicle (A) or MRC-130 (10 µM, B) followed by the addition 

of Cd2+ (50 µM) using confocal microscopy (Nikon Eclipse TE2000-E, 100X).  White bars denote 25 µm. 

2.4.2 In vitro metabolism 

One important step of drug discovery is to improve ADMET parameters of lead 

compounds. It is well known that compounds bearing a reactive methyl group can be 

readily metabolized by enzymes present in the cytochrome P450.193,194 One possibility to 
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improve stability consists of the bioisosteric replacement of methyl group with 

trifluoromethyl.187,188 In this view, we compared the liver microsomal stability of cis-22a 

and MRC-130 (Figure 22). As expected, cis-22a displayed a low human liver microsomal 

stability (half-life of 6 min) while MRC-130 remained stable over the course of the 

experiment (half-life > 60 min). 

 

Figure 22. Intrinsic clearance in human liver microsomes of cis-22a (blue bars) and MRC-130 (red bars). 

Data shown are mean ± SEM (n = 2). The experiments were conducted by Eurofins Cerep SA, France.  

In the discovery of cis-22a, a set of human ion channels were selected to evaluate its 

polypharmacology.76 Although cis-22a displayed a selective activity towards the TRPV6 

channel, at the concentration of 10 µM cis-22a displayed > 50% of inhibition against 

several channels found in Cardiovascular and Central Nervous Systems (Figure 23). 

Outstanding, MRC-130 displayed no significant inhibition against the same channels at 10 

µM. Noteworthy, the activity over hERG was completely abolished. The high stability in 

liver microsomes and weak inhibitory activity against off-targets constitutes an 

improvement relative to the original compound cis-22a. 

 

Figure 23. In vitro polypharmacology for selected human targets of cis-22a (blue bars) and MRC-130 (red 

bars). Data shown are mean ± SEM (n = 2). The data for cis-22a was extracted from the ref.76 The experiments 

were conducted by Eurofins Cerep SA, France. 
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2.4.3 Antiproliferative activity 

We investigated the antiproliferative activities of compound MRC-130 against a panel 

of six human tumor cells by using XTT assay. Cis-22a and doxorubicin (Doxo) were also 

used for comparison and control, respectively. According to the literature, T47D is highly 

expressed in TRPV6, whereas in SKOV-3 the channel is supposed to be absent.76 

Comparable to these two cell lines, we decided to use HEK-hTRPV6 and HEK-wt to 

analyze the influence of the channel on cell toxicity. MCF-7 and MDA-MB-231 have 

shown marginal levels of TRPV6 mRNA and were used as negative control cells.195 After 

a 6-day treatment the percentage of viable cells was compared to the blank control (Table 

3). 

Table 3. Percentage of viable cells treated with MRC-130, cis-22a, and doxorubicin.a 

Cell line MRC-130b cis-22ab Doxoc 

SKOV-3 101 ± 6 26 ± 1 40 ± 2 

T47D 98 ± 3 51 ± 5 35 ± 12 

HEK-wt 99 ± 6 49 ± 1 63 ± 5 

HEK-TRPV6 107 ± 3 66 ± 5 83 ± 3 

MCF-7 95± 6 44 ± 10 58 ± 5 

MDA-MB-231 101 ± 1 66 ± 29 30 ± 4 

aViable cells(%) were analyzed by XTT method after 6-day treatment with the indicated compounds. Medium 

containing each individual compound was replaced every 48 h. Data shown are mean ± SEM (n = 

8/concentration) for at least 3 independent experiments. bData showed for compounds tested at 100 µM. 
cTested at 10 µM. 

MRC-130 did not induce any changes in cell viability for all the studied cell lines up to 

100 µM. Cell morphology was also preserved under MRC-130 treatment (Figure 24). On 

the other hand, cis-22a displayed toxicity at high concentrations towards all the cells, 

especially against SKOV-3 (IC50 = 36.5 ± 1.4 µM, Figure S2). As illustrated in Table 3, 

cis-22a also displayed more toxicity towards HEK-wt rather than HEK- hTRPV6. Doxo 

was able to drastically decrease cell growth at 10 µM of SKOV-3, T47D, HEK-wt, MCF-

7, and MDA-MB-231 but to a lesser extent towards HEK-hTRPV6 cells. This experiment 

is in line with previous studies in zebrafish72 and human cell models,69,70 where the 

pharmacological block of TRPV6 appears to be ineffective to induce cell death. Moreover, 

the activities seen for cis-22a are believed to be TRPV6-independent once the compound 

induced more toxicity in TRPV6-negative cells. 
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Figure 24. Photomicrographs show the morphological aspects of the control cultures of T47D cells (A), and 

treated with MRC-130 (100 µM, B); cis-22a (100 µM, C); doxorubicin (10 µM, D). Cells were imaged at 

20X with an inverted microscope (Nikon Eclipse TiU).  
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3. Conclusion and Outlook 

A new series of hTRPV6 inhibitors was designed by two different approaches. By 

evaluating their inhibitory activities against the hTRPV6, compounds derived from the 

merged pharmacophores of capsaicin and cis-22a, the hybrid capsaicinoids, were able to 

block the channel at low µM level. Importantly, the presence of bulky substituents, such as 

t-butyl and phenyl at the cis-cyclohexyl moiety is important for TRPV6 potency. The 

replacement of the vanillin head to the 3-pyridone along with chemical optimization of the 

hit compound resulted in better ligand affinities and enhanced potency. From a series of hit 

optimizations, compound 56h, named MRC-130, arouse as a novel potent and selective 

hTRPV6 inhibitor (IC50 = 83 ± 4 nM).  

The in vitro ADMET profiling and poly-pharmacological observations suggest that: 

MRC-130 is at least 10-fold more metabolically stable relative to the reference compound 

cis-22a in liver microsomes; and possess a much lower affinity for off-targets, such as 

hERG receptors at 10 µM. MRC-130 was tested continuously at 1200-fold above its IC50 

against a panel of six human cancer cells positive or not for TRPV6, however, we do not 

observe any morphological changes or reduced cell viability under treatment. 

Clearly, the involvement of TRPV6 on cell survival and proliferation must be further 

studied. The development MRC-130 as a more selective, metabolically stable and non-

cytotoxic compound opens new possibilities for probing hTRPV6. This compound is 

currently in a study for the participation of TRPV6 another disease model and will be 

reported in due time. 
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4. Contributions 

The synthesis of bioisosteric capsaicinoids was conducted at LAPESSB. The 

sulfonylglycine hydrazones (17a-b, 18a-b) were synthesized by the Pharmacy student 

Caroline Branco, as part of her Scientific Initiation. The synthesis of hybrid capsaicinoids, 

as well as their optimization, was conducted in the laboratory of Prof. Jean-Louis Reymond, 

at the Department of Chemistry and Biochemistry, University of Bern. Compound profiling 

against hTRPV6, hTRPV5, and hTRPV1 was measured in collaboration with Dr. Rajesh 

Bhardwaj in the group of Prof. Matthias Hediger, at the dependencies of the National 

Competence Center in Research (NCCR) TransCure. The polypharmacology profiling, as 

well as measurement of the microsomal stability, was done by the company Eurofins Cerep 

in France.
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5. Experimental Part 

General Methods. All commercial reagents were used without further purification. Dry 

solvents were obtained directly from a drying solvent system. Chromatographic 

purifications were performed using silica gel (Sigma-Aldrich, 230-400 mesh). Automated 

chromatographic purification was performed with Puriflash 430 system (Interchim) using 

Teledyne Isco normal phase RediSepRf cartridge and detection by UV absorption (214 

nm). High-resolution mass spectra were obtained electron spray ionization (ESI), positive 

mode (Thermo Scientific LTQ OritrapXL or MicroToF Bruker Daltonics). Preparative RP-

HPLC was performed with Waters Prep LC4000 Chromatography System using a 

Reprospher 100 (C18-DE, 100 mm x 30 mm, particle size 5 µM, 100 Å pore size) column 

from Dr. Maisch GmbH and a Waters 489 Tunable Absorbance Detector operating at 

214 nm. 1H, 13C, and 19F-NMR spectra were recorded at 300MHz, 75MHz, and 376MHz 

respectively (Bruker AVANCE III HD 300 or DPX-300). For very small amounts, 1H and 

13C-NMR spectra were recorded at 400MHz and 100MHz, respectively (Bruker AVANCE 

II 400). Chemical shifts are quoted relative to solvent signals. MestreNova was used for 

further analysis of the spectra. The following abbreviations for multiplicities were used: s 

= singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet, dd = doublet of 

doublets, dt = doublet of triplets, tt = triplet of triplets, and br s = broad singlet. TLC plates 

(Merck silica gel 60 F254) were used to monitor the reaction progress, and spots were 

visualized under UV (254 nm). The purity of all tested compounds was > 95%. The 

chromatographic purity of the direct capsaicinoids was determined using a High-

Performance Liquid Chromatograph (Shimadzu®-PROMINENCE) coupled with a C18 

column (Waters®-µBondpak C18, 3.9 x 300 mm). For the chimeric capsaicinoids the purity 

was confirmed by analytical RP-UHPLC with detection at 214nm, on a Dionex Ultimate 

3000 RSLC System (DAD-3000 RS Photodiode Array Detector) and Dionex Acclaim 

RSLC 120 column (C18, 3.0 x 50 mm, particle size 2.2 μm, 120 Å pore size) at a flow rate 

of 1.2 mL/min. Data recording and processing was done with Dionex Chromelon 

Management System (v. 6.8), and Xcalibur (v. 2.2, Thermo Scientific). Eluents for 

analytical HPLC were as follows: A: miliQ-deionized water with 0.05% TFA and D: 

HPLC-grade acetonitrile with 0.05% TFA. Conditions for analytical HPLC were as follow: 

the flow stays in 90% A and 10% D for 4.0 min, then in 25 min from 90% A and 10 % D 

to 0 % and 100 % D, then staying on 100% D. Eluents for analytical and preparative RP-

UHPLC were as follow: A: miliQ-deionized water with 0.05% TFA and D: HPLC-grade 
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acetonitrile/miliQ-deionized water (9/1) with 0.05% TFA. Conditions for analytical RP-

UHPLC were as follow: in 4.5 min from 100% A to 100% D, then staying on 100% D, or 

in 7.5 min from 100% A to 100% D, then staying on 100% D. Conditions for preparative 

RP-UHPLC were described after compound characterization. Chemical names were 

generated using ChemDraw Professional 17.0 (PerkinElmer Informatics). 

5.1 Chemistry 

5.1.1 Synthesis of the bioisosteric capsaicinoids. 

Hexane-1-sulfonohydrazide (3a).  

In a round-bottom flask containing an ice-cold solution of 

hydrazine hydrate (2, 9.4 mL, 10 eq.) in THF (10 mL) was added 

dropwise a solution of hexane-1-sulfonyl chloride (1a, 1.6 mL, 1 eq.) in THF (10 mL). The 

reaction mixture was stirred for 1 h, at 0 °C, then, it was allowed to warm to r.t. and was 

stirred for an additional 1 h. The reaction mixture was extracted with EtOAc (5 X 5 mL) 

and was dried over Na2SO4. The resulting solution was evaporated and was solubilized in 

a minimal amount of chloroform. To this solution, hexane was slowly added to precipitate 

the desired compound as a white solid (1.5 g, 82 %). 1H NMR (300 MHz, CDCl3): δ 5.79 

(s, 1H), 3.82 (s, 2H), 3.09 (t, J = 8.0 Hz, 2H), 1.79 (p, J = 7.7 Hz, 2H), 1.42-1.30 (m, 6H), 

0.88 (t, J = 6.0 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 49.4, 31.3, 28.0, 23.2, 22.4, 14.0. 

Octane-1-sulfonohydrazide (3b).  

In a round-bottom flask containing an ice-cold solution 2 

(9.4 mL, 10 eq.) in THF (10 mL) was added dropwise a 

solution of octane-1-sulfonyl chloride (1b, 2 mL, 1 eq.) in THF (10 mL). The reaction 

mixture was stirred for 1 h, at 0 °C, then, it was allowed to warm to r.t. and was stirred for 

an additional 1 h. The reaction mixture was extracted with EtOAc (5 X 5 mL) and was 

dried over Na2SO4. The resulting solution was evaporated and was solubilized in a minimal 

amount of chloroform. To this solution, hexane was slowly added to precipitate the desired 

compound as a white solid (1.3 g, 60 %). 1H NMR (300 MHz, CDCl3): δ 6.07 (s, 1H), 3.78 

(s, 1H), 3.09 (t, J = 7.8 Hz, 2H), 1.78 (p, J = 7.4 Hz, 2H), 1.39-1.26 (m, 10H), 0.86 (t, J = 

5.7 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 49.2, 31.8, 29.1, 29.0, 23.2, 22.6, 14.1. 
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(E)-N'-(4-hydroxy-3-methoxybenzylidene)hexane-1-sulfonohydrazide (5a).  

General procedure B: In a round-bottom flask 

containing a solution of 3a (270 mg, 1 eq.) in 

MeOH (30 mL), was added dropwise a solution of 

the 4-hydroxy-3-methoxybenzaldehyde (4, 228 mg, 1 eq.). The reaction mixture was stirred 

for 5 h, under reflux. Under completion (TLC), the reaction mixture was evaporated and 

column chromatographed (hexanes:EtOAc, 50:50) to yield the desired compound as an 

yellow sticky oil (419 mg, 89 %). 1H NMR (300 MHz, CDCl3): δ 7.95 (s, 1H), 7.76 (s, 1H), 

7.29 (d, J = 1.7 Hz, 1H), 7.02 (dd, J1 = 1.7 Hz, J2 = 8.4 Hz, 1H), 6.89 (d, J = 8.1 Hz, 1H), 

5.90 (s, 1H), 3.92 (s, 3H), 3.28 (t, J = 8.0 Hz, 2H), 1.85 (p, J = 7.7 Hz, 2H), 1.43 (p, J = 

3.6 Hz, 2H), 1.30-1.25 (m, 4H), 0.85 (t, J = 6.9 Hz, 3H).13C NMR (75 MHz, CDCl3): δ 

148.0, 146.8, 125.5, 122.8, 114.0, 107.6, 55.9, 50.9, 31.0, 27.7, 22.9, 22.0, 13.7. HRMS 

m/z calculated for C14H23N2O4S: 315.1373 [M+H]+; found, 315.1366. 

(E)-N'-(4-hydroxy-3-methoxybenzylidene)octane-1-sulfonohydrazide (5b).  

5b was synthesized from 3b (313 mg, 1 eq.) 

and 4 (228 mg, 1 eq.) following general 

procedure A and was obtained as an yellow 

sticky oil (478 mg, 93 %). 1H NMR (300 MHz, CDCl3): δ 8.00 (s, 1H), 7.77 (s, 1H), 7.29 

(d, J = 1.5 Hz, 1H), 7.03 (dd, J1 = 1.8 Hz, J2 = 8.1 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 5.91 

(s, 1H), 3.93 (s, 3H), 3.28 (t, J = 8.0 Hz, 2H), 1.86 (p, J = 7.7 Hz, 2H), 1.45-1.38 (m, 2H), 

1,27-1.24 (m, 8H), 0.85 (t, J = 6.8 Hz, 3H).13C NMR (75 MHz, CDCl3): δ 148.4, 148.2, 

147.0, 125.8, 123.0, 114.3, 107.9, 56.1, 51.1, 31.7, 29.0, 28.9, 28.2, 23.1, 22.5, 14.0. HRMS 

m/z calculated for C16H27N2O4S: 343.1686 [M+H]+; found, 343.1680. 

Benzo[d][1,3]dioxole-5-carbaldehyde (7).  

In a round-bottom flask containing a solution of 6 (1.5 g, 1 eq.) in DCM 

(250 mL), was added MnO2 (13 g, 15 eq.). The reaction was stirred at 

r.t., for 4h until complete consumption of the alcohol (TLC). Then, the reaction mixture 

was filtered through Celite and mixed with activated charcoal. The resulting solution was 

filtered and evaporated under vacuum. The column chromatographed (hexanes:EtOAc, 

50:50) to yield the desired compound as a crystalline solid. 1H NMR (300 MHz, DMSO-

d6): δ δ 9.79 (s, 1H), 7.53 (dd, J ¹= 8.0 Hz, J² = 1.6 Hz, 1H), 7.31 (d, J = 1.5 Hz, 1H), 7.12 
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(d, J = 8.0 Hz, 1H), 6.15 (s, 2H). 13C NMR (75 MHz, DMSO-d6): δ 190.9, 152.7, 148.3, 

131.5, 128.5, 108.5, 106.2, 102.3. 

(E)-N'-(benzo[d][1,3]dioxol-5-ylmethylene)hexane-1-sulfonohydrazide (8a). 

8a was synthesized from 1a (270 mg, 1 eq.) and 7 

(225 mg, 1 eq.) following general procedure A and 

was obtained as a white powder (323 mg, 69 %). 1H 

NMR (300 MHz, DMSO-d6): δ 8.09 (s, 1H), 7.76 (s, 1H), 7.27 (s, 1H), 7.00 (d, J = 8.0 Hz, 

1H), 6.79 (d, J = 8,0 Hz, 1H), 6.00 (s, 2H), 3.28 (t, J = 8.0 Hz, 2H), 1.85 (qi, J = 7.8 Hz, 

2H), 1.45-1.39 (m, 2H), 1.31-1.29 (m, 4H), 0.87 (t, J = 6.5 Hz, 3H). 13C NMR (75 MHz, 

DMSO-d6): δ 149.8, 148.3, 147.6, 127.7, 123.7, 108.2, 105.8, 101.5, 51.1, 31.1, 27.9, 23.1, 

22.3, 13.9. HRMS m/z calculated for C14H21N2O4S: 313.3915 [M+H]+; found, 313.1216. 

(E)-N'-(benzo[d][1,3]dioxol-5-ylmethylene)octane-1-sulfonohydrazide (8b). 

8b was synthesized from 1b (313 mg, 1 eq.) 

and 7 (225 mg, 1 eq.) following general 

procedure A and was obtained as a white 

powder (310 mg, 61 %). 1H NMR (300 MHz, CDCl3): δ 8.14 (s, 1H), 7.76 (s, 1H), 7.27 (d, 

J = 1.5 Hz, 1H), 7.00 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz, 1H), 6.79 (d, J = 8.0, 1H), 6.00 (s, 2H), 

3.28 (t, J = 8.0 Hz, 2H), 1.85 (qi, J = 7.7 Hz, 2H), 1.44-1.37 (m, 2H), 1.26-1.23 (m, 8H), 

0.86 (t, J = 6.6 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 149.8, 148.3, 147.6, 127.7, 123.7, 

108.2, 105.8, 101.5, 51.1, 31.7, 29.0, 28.9, 28.2, 23.1, 22.5, 14.0. HRMS m/z calculated for 

C16H25N2O4S: 341.4455 [M+H]+; found, 341.1527. 

(E)-N'-(4-hydroxy-3-methoxybenzylidene)heptanehydrazide (11a).  

General procedure B: In a round-bottom flask 

containing an ice-cold solution of 2 (1 mL, 10 eq.) 

in DCM (6 mL), was added dropwise a solution of 

heptanoyl chloride (9a, 310 µL, 1 eq.) in DCM (6 mL). The reaction mixture was stirred 

for 1 h, at 0 °C, then, it was allowed to warm to r.t. and was stirred for additional 1 h. The 

reaction mixture was quenched by the addition of H2O (10 mL). The solution was 

transferred to a funnel and an aqueous solution of HCl 5% (5 mL) was added. The mixture 

was extracted and the aqueous phase was re-extracted with DCM (2 X 15 mL). The organic 

phase was collected, dried over MgSO4 and evaporated. The resulting residue was 

solubilized in a minimal amount of DCM and was precipitated as a white solid (10a, 144 
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mg, 50 %) by the addition of hexane. The compound was used in the next step without 

further purification. Compound 10a (144 mg, 1 eq.) was solubilized in EtOH (5 mL) and 

was added dropwise to a solution of 4 (152 mg, 1 eq.) in EtOH (5 mL), followed by AcOH 

(2 drops), and the reaction mixture was stirred at r.t., for 2 h. The reaction was quenched 

by the addition of cold H2O until precipitation. The solids were filtered off and dried under 

vacuum. The crude was then, column chromatographed (hexanes:EtOAc, 1:2) to afford the 

desired as a white solid (137 mg, 25 %). 1H NMR (300 MHz, CDCl3): δ 9.84 (s, 0.3H), 

8.71 (s, 0.5H), 7.64 (s, 1H), 7.42 (s, 1H), 7.07 (dd, J = 12.3, 9.1 Hz, 1H), 6.93 (d, J = 7.0 

Hz, 1H), 3.97 (d, J = 5.7 Hz, 3H), 2.74 (t, J = 7.3 Hz, 1H), 2.26 (t, J = 7.7 Hz, 1H), 1.76-

1.67 (m, 2H), 1.33 (brs, 7H), 0.89 (s, 3H).13C NMR (75 MHz, CDCl3): δ 175.8, 148.0, 

147.1, 143.2, 127.6, 122.4, 114.7, 108.0, 33.0, 31.8, 29.3, 24.9, 22.7, 14.2. HRMS m/z 

calculated for C15H23N2O3: 279.1703 [M+H]+; found, 279.1710. 

(E)-N'-(4-hydroxy-3-methoxybenzylidene)nonanehydrazide (11b). 

11b was synthesized from 2 (0.68 µL, 10 eq.) 

and nonanoyl chloride (9b, 252 µL, 1 eq.) 

following general procedure B and was 

obtained as white solid (129 mg, 31 %). 1H NMR (300 MHz, DMSO-d6): δ  11.10 (s, 0.5H), 

11.00 (s, 0.5H), 9.60 (s, 0.1H), 9.42 (d, J = 6.1 Hz, 1H), 8.03 (s, 0.5H), 7.85 (s, 0.5H), 7.22 

(d, J = 12.7 Hz, 1H), 7.03 (d, J = 8.1 Hz, 1H), 6.80 (dd, J = 8.1, 1.3 Hz, 1H), 3.80 (d, J = 

2.9 Hz, 3H), 2.58 (t, J = 7.3 Hz, 1H), 2.16 (t, J = 7.3 Hz, 1H), 1.57 (dd, J = 13.4, 6.6 Hz, 

2H), 1.25 (s, 11H), 0.86 – 0.81 (m, 2H). 13C NMR (75 MHz, CDCl3): δ  176.3, 147.9, 147.1, 

143.6, 126.6, 122.3, 114.7, 108.1, 56.1, 32.9, 32.0, 29.6, 29.5, 29.3, 25.0, 22.8, 14.2. HRMS 

m/z calculated for C17H27N2O3: 307.2016 [M+H]+; found, 307.2025. 

(E)-N'-(benzo[d][1,3]dioxol-5-ylmethylene)heptanehydrazide (12a).  

12a was synthesized from 2 (1 mL, 10 eq.), 9a (310 

µL, 1 eq.), and 7 (150 mg, 1 eq.)  following general 

procedure B and was obtained as white solid (186 

mg, 34 %). 1H NMR (300 MHz, DMSO-d6): δ  9.91 (s, 1H), 7.72 (s, 1H), 7.27 (s, 1H), 7.01 

(d, J = 8.0 Hz, 1H), 6.81 (d, J = 8.0 Hz, 1H), 6.00 (s, 2H), 2.73 (t, J = 7.5 Hz, 2H), 1.75-

1.67 (m, 2H), 1.43-1.32 (m, 6H), 0.89 (t, J = 6.5 Hz, 3H). 13C NMR (75 MHz, DMSO-d6): 

δ  176.7, 149.5, 148.5, 143.2, 128.8, 123.4, 108.4, 105.6, 101.6, 32.9, 31.7, 29.2, 25.0, 22.7, 

14.2. HRMS m/z calculated for C15H20N2O3: 277.3435 [M+H]+; found, 277.1542. 
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(E)-N'-(benzo[d][1,3]dioxol-5-ylmethylene)nonanehydrazide (12b).  

12b was synthesized from 2 (1 mL, 10 eq.), 9b 

(252 µL, 1 eq.), and 7 (150 mg, 1 eq.) 

following general procedure B and was 

obtained as white solid (162 mg, 40 %). 1H NMR (300 MHz, DMSO-d6): δ  11.20 (s, 0.4H), 

11.07 (s, 0.6H), 8.10 (s, 0.4H), 7.90 (s, 0.6H), 7.25 (s, 1H), 7.11 (dd, J = 14.4, 8.1 Hz, 1H), 

6.97 (dd, J = 7.9, 4.4 Hz, 1H), 6.09 (d, J = 2.1 Hz, 2H), 2.60 (t, J = 7.4 Hz, 1H), 2.19 (t, J 

= 7.3 Hz, 1H), 1.59 (brs, 2H), 1.28 (s, 11H), 0.87 (d, J = 3.5 Hz, 1H). 13C NMR (75 MHz, 

DMSO-d6): δ 176.5, 149.5, 148.5, 143.1, 128.7, 123.4, 108.4, 105.7, 101.6, 32.9, 32.0, 29.6, 

29.5, 29.3, 25.0, 22.8, 14.2. HRMS m/z calculated for C17H25N2O3: 305.3975 [M+H]+; 

found, 305.1865. 

Methyl glycinate hydrochloride salt (14).  

In a round-bottom flask containing an ice-cold solution of 13 (751 mg, 1 

eq.) in MeOH (4 mL), was added dropwise a solution thionyl chloride 

(218 µL, 3 eq.). After addition, the reaction mixture was stirred for 12 h, under reflux. 

Under completion (TLC), the reaction mixture was evaporated the solids were collected 

and washed thoroughly with EtOAc to afford the desired compound as a white powder (791 

mg, 63 %). 1H NMR (300 MHz, D2O): δ 4.79 (s, 3H), 4.04 (s, 2H), 3.94 (s, 3H).13C NMR 

(75 MHz, D2O): δ 171.3, 56.0, 42.7. 

Methyl (hexylsulfonyl)glycinate (15a).  

In a round-bottom flask containing a solution of 14 (226 

mg, 1 eq.) in DCM (2.5 mL), was added Et3N (753 µL, 3 

eq.). The reaction mixture was stirred at 0 °C for 10 min, 

followed by the dropwise addition of 1a (300 µL, 1 eq.) in DCM (2.5 mL). The reaction 

mixture was allowed to warm up to r.t. and was stirred for an additional 6 h. Under 

completion (TLC), the reaction mixture was extracted with H2O (3 X 10 mL) and the 

organic phase was collected and dried over MgSO4. The solvent was removed under 

vacuum until a minimal amount of DCM was enough to solubilize all the solids. Then, cold 

hexane was slowly added to precipitate the desired compound as a white solid (192 mg, 45 

%). 1H NMR (300 MHz, CDCl3): δ 4.96 (s, 1H), 3.94 (d, J = 5.6 Hz, 2H), 3.78 (s, 3H), 

3.78 (d, J = 2.5 Hz, 3H), 3.05 (t, J = 7.9 Hz, 2H), 1.81 (p, J = 5.8 Hz, 2H), 1.49-1.24 (m, 
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6H), 0.88 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 170.3, 53.9, 52.7, 44.3, 31.4, 28.0, 23.6, 

22.4, 14.04. 

Methyl (octylsulfonyl)glycinate (15b).  

In a round-bottom flask containing a solution of 14 

(112 mg, 1 eq.) in DCM (1.2 mL), was added Et3N 

(418 µL, 3 eq.). The reaction mixture was stirred at 0 

°C for 10 min, followed by the dropwise addition of 1b (196 µL, 1.1 eq.) in DCM (1.2 mL). 

The reaction mixture was allowed to warm up to r.t. and was stirred for an additional 6 h. 

Under completion (TLC), the reaction mixture was extracted with H2O (3 X 10 mL) and 

the organic phase was collected and dried over MgSO4. The solvent was removed under 

vacuum until a minimal amount of DCM was enough to solubilize all the solids. Then, cold 

hexane was slowly added to precipitate the desired compound as a white solid (122 mg, 52 

%). 1H NMR (300 MHz, CDCl3): δ 5.00 (t, J = 5.2 Hz, 1H), 3.92 (d, J = 5.7 Hz, 2H), 3.77 

(d, J= 5.0 Hz, 3H), 3.04 (t, J = 7.9 Hz, 2H), 1.86-1.74 (m, 2H), 1.42-1.27 (m, 10H), 0.86 

(t, J = 6.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 170.6, 53.8, 52.6, 44.2, 31.8, 29.1, 29.0, 

28.4, 23.6, 22.7, 14.1. 

N-(2-hydrazineyl-2-oxoethyl)hexane-1-sulfonamide (16a).  

In a round-bottom flask containing a solution of 15a 

(177 mg, 1 eq.) in MeOH (185 µL), was added 2 (185 

µL). The reaction mixture was stirred at r.t. for 3 h. 

Under completion (TLC), the solvents were removed under vacuum and the residue was 

solubilized in a minimal amount of EtOH. Hexane was added to the previous solution until 

precipitation of the desired compound as a white solid (131 mg, 75 %). 1H NMR (300 MHz, 

CDCl3): δ 3.79 (s, 2H), 3.06 (t, J = 7.4 Hz, 2H), 1.80-1.73 (m, 2H), 1.46-1.25 (m, 9H), 0.86 

(s, 3H). 13C NMR (75 MHz, CDCl3): δ 169.5, 53.1, 44.9, 31.4, 28.1, 23.6, 22.5, 14.1. 

N-(2-hydrazineyl-2-oxoethyl)octane-1-sulfonamide (16b). 

In a round-bottom flask containing a solution of 

15b (88 mg, 1 eq.) in MeOH (825 µL), was added 

2 (825 µL). The reaction mixture was stirred at r.t. 

for 3 h. Under completion (TLC), the solvents were removed under vacuum and the residue 

was solubilized in a minimal amount of EtOH. Hexane was added to the previous solution 

until precipitation of the desired compound as a white solid (87 mg, 99 %). 1H NMR (300 
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MHz, DMSO-d6): δ 9.04 (s, 1H), 7.17 (s, 1H), 4.23 (s, 2H), 3.54 (s, 2H), 3.01 (t, J = 7.7 

Hz, 2H), 1.65 (q, J = 6.9 Hz, 2H), 1.33-1.25 (m, 10H), 0.86 (d, J= 6.3 Hz, 3H). 13C NMR 

(75 MHz, DMSO-d6): δ 170.7, 53.7, 45.1, 32.9, 30.2, 30.1, 29.3, 24.6, 23.6, 14.3. 

(E)-N-(2-(2-(4-hydroxy-3-methoxybenzylidene)hydrazineyl)-2-oxoethyl)hexane-1-

sulfonamide (17a).  

General procedure C: In a round-bottom 

flask containing a solution of 16a (47 mg, 

1 eq.) in EtOH (1 mL), was added 4 (30 

mg, 1 eq.) and AcOH (1 drop) in EtOH (1 mL). The reaction mixture was stirred at r.t. for 

24 h. Under completion (TLC), the solvents were removed under vacuum and the residue 

was column chromatographed (hexanes:EtOAc, 75:25) to afford the desired compound as 

a white solid (65 mg, 87 %). 1H NMR (300 MHz, CDCl3): δ 9.13 (s, 1H), 7.69 (s, 1H), 7.24 

(s, 1H), 7.08 (d, J = 8.4 Hz, 1H), 6.94 (d, J = 8.1 Hz, 1H), 5.93 (s, 1H), 5.19 (t, J = 5.1 Hz, 

1H), 4.40 (d, J = 5.1 Hz, 2H), 3.95 (d, J = 13.8 Hz,  3H), 3.08 (t, J = 8.0 Hz, 2H), 1.87 (p, 

J= 7.8 Hz, 2H), 1.44-1.25 (m, 6H), 1.62 (s, 1H), 0.87 (t, J = 6.5 Hz, 3H). 13C NMR (75 

MHz, DMSO-d6): δ 169.8, 149.0, 148.7, 148.0, 147.9, 125.4, 125.3, 122.0, 121.2, 115.5, 

115.4, 109.6, 109.1, 55.5, 52.4, 52.2, 43.3, 30.7, 27.2, 23.0, 21.8, 13.8. HRMS m/z 

calculated for C16H25N2O5S: 372.1588 [M+H]+; found, 372.1582. 

(E)-N-(2-(2-(4-hydroxy-3-methoxybenzylidene)hydrazineyl)-2-oxoethyl)octane-1-

sulfonamide (17b).  

17b was synthesized from 16b (133 

mg, 1 eq.) and 4 (76 mg, 1 eq.) 

following the general procedure C 

and was obtained as a white solid (178 mg, 89 %). 1H NMR (300 MHz, CDCl3): δ 9.85 (s, 

0.1H), 9.69 (s, 1H), 8.03 (s, 0.1H), 7.72 (s, 1H), 7.37 (s, 0.1H), 7.22 (s, 1H), 7.09 (d, J = 

8.1 Hz, 1H), 7.01 (d, J = 8.1 Hz, 0.1H), 6.93 (d, J = 8.1 Hz, 1H), 6.85 (d, J = 8.0 Hz, 0.1H), 

5.98 (s, 1H), 5.79 (t, J = 6.1 Hz, 0.1H), 5.34 (t, J = 5.1 Hz, 1H), 4.38 (d , J = 5.1 Hz, 2H), 

3.95 (s, 3H), 3.85 (s, 0.4H), 3.07 (t, J = 7.78 Hz, 2H), 1.85 (p, J = 7.5 Hz, 2H), 1.40-1.26 

(m, 10H), 0.86 (t, J = 6.0 Hz, 3H).13C NMR (75 MHz, CDCl3): δ 170.3, 148.5, 147.1, 

146.3, 125.5, 123.0, 114.5, 108.0, 56.2, 53.2, 44.3, 31.7, 29.1, 29.0, 28.4, 23.6, 22.6, 

14.0.HRMS m/z calculated for C18H30N2O5S: 400.1901 [M+H]+; found, 400.1891. 
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(E)-N-(2-(2-(benzo[d][1,3]dioxol-5-ylmethylene)hydrazineyl)-2-oxoethyl)hexane-1-

sulfonamide (18a).  

18a  was synthesized from 16a (69 mg, 1 

eq.) and 7 (45 mg, 1 eq.) following the 

general procedure C and was obtained as a 

white solid (93 mg, 84 %). 1H NMR (300 MHz, CDCl3): δ 9.43 (s, 1H), 7.70 (s, 1H), 7.25 

(d, J = 1.2 Hz, 1H), 7.03 (dd, J1 = 1.2 Hz, J2 = 7.8 Hz, 1H), 6.83 (d, J  = 8.1 Hz, 1H), 6.02 

(s, 2H), 5.23 (t, J = 5.0 Hz, 1H), 4.37 (d, J = 4.8 Hz, 2H), 3.07 (t, J = 8.0 Hz, 2H), 1.86 (qi, 

J  = 7.4 Hz, 2H), 1.42 (q, J  = 6.8 Hz, 2H), 1.32-1.25 (m, 4H), 0.87 (t, J = 6.4 Hz, 3H). 13C 

NMR (75 MHz, CDCl3): δ 170.5, 150.2, 148.6, 145.8, 127.6, 124.1, 108.4, 105.7, 101.8, 

53.4, 44.3, 31.4, 28.1, 23.6, 22.5, 14.0. HRMS m/z calculated for C16H24N3O5S: 370.4435 

[M+H]+; found, 370.1430. 

(E)-N-(2-(2-(benzo[d][1,3]dioxol-5-ylmethylene)hydrazineyl)-2-oxoethyl)octane-1-

sulfonamide (18b).  

18b was synthesized from 16b (75 mg, 

1 eq.) and 7 (133 mg, 1 eq.) following 

the general procedure C and was 

obtained as a white solid (147 mg, 74 %). 1H NMR (300 MHz, CDCl3): δ 9.90 (s, 1H), 8.05 

(s, 0.1H), 7.74 (s, 1H), 7.29 (s, 0.1H), 7.24 (s, 1H), 7.03 (d, J = 7.9 Hz, 1H), 6.81 (d, J = 

8.0 Hz, 1H), 6.72 (d, J = 7.9 Hz, 0,1H), 6.00 (s, 2H), 5.93 (s, 0.2H), 5.44 (t, J = 4.7 Hz, 

1H), 4.36 (d , J = 5.0 Hz, 2H), 3.97 (d, J =  5.4 Hz, 0.2H), 3.08 (t, J = 7.9 Hz, 2H), 1.85 

(qi, J = 7.4 Hz, 2H), 1.40-1.26 (m, 10H), 0.86 (t, J = 5.9 Hz, 3H). 13C NMR (75 MHz, 

CDCl3): δ 170.7, 150.1, 148.6, 145.9, 127.8, 12.1, 108.4, 105.7, 101.7, 53.4, 44.3, 31.8, 

29.2, 29.1, 28.4, 23.7, 22.7, 14.2. HRMS m/z calculated for C18H28N3O5S: 398.4975 

[M+H]+; found, 398.1747. 

5.1.2 Synthesis of the hybrid capsaicinoids.  

4-((tert-butyldimethylsilyl)oxy)-3-methoxybenzaldehyde (19).  

In a round-bottom flask containing a solution of 4 (2.1 g, 1 eq.), 

imidazole (1,9 g, 2 eq.), and DMAP (84.3 mg, 0.05 eq.) in DCM 

(50 mL) was added dropwise a solution of tert-butyldimethylsilyl chloride (2.5 g, 1.2 eq.) 

in DCM (50 mL). The reaction mixture was stirred for 2 h, at r.t. The reaction was quenched 

by the addition of a saturated solution of NH4Cl (50.0 mL). The organic phase was 
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extracted. Another 50.0 mL of a saturated solution of NH4Cl was added and extracted. The 

organic phase was washed with Brine (2 x 50.0 mL) and water (2 x 50.0 mL) and dried 

over MgSO4. The solvent was evaporated under vacuum and the crude was column 

chromatographed (hexanes:EtOAc, 9:1) to afford the desired compound as a colorless oil 

(3.7 g, quant.). 1H NMR (300 MHz, CDCl3): δ 9.65 (s, 1H), 7.21 (d, J = 1.9 Hz, 1H), 7.17 

(dd, J = 8.0, 1.9 Hz, 1H), 6.77 (d, J = 7.9 Hz, 1H), 3.67 (s, 3H), 0.81 (s, 9H), -0.00 (s, 

6H).13C NMR (75 MHz, CDCl3): δ 191.1, 151.8, 151.5, 131.1, 126.3, 120.8, 110.2, 55.5, 

25.7, 18.6, -4.5. 

1-(4-((tert-butyldimethylsilyl)oxy)-3-methoxybenzyl)piperazine (22). 

In a round-bottom flask containing a solution of 19 (2.7 g, 

1 eq.), N1-Boc-piperazine (20, 2 g, 1.1 eq.) and AcOH (100 

µL) in dry DCE (50 mL) was added NaBH(OAc)3 (2.8 g, 1.3 eq.) and the reaction mixture 

was stirred for 48h h, at r.t. After completion (TLC), the reaction mixture was evaporated 

under vacuum. The crude was re-suspended in DCM for silica loading. Column 

chromatography (hexanes:EtOAc, 9:1 to 5:5 + 0.5% Et3N) afforded 21, used in the next 

step without further purification. The intermediate 21 was then solubilized in a mixture of 

DCM/TFA (1:1; 40 mL) and was stirred for 90 min, at r.t. The solvents were removed under 

vacuum. The crude compound was solubilized in EtOAc and precipitated by the addition 

of dry Et2O to afford the desired compound as a white solid (2.5 g, 45 %). 1H NMR (300 

MHz, CD3OD): δ 7.12 (d, J = 1.2 Hz, 1H), 6.95 (dd, J = 8.0, 1.4 Hz, 1H), 6.89 (d, J = 8.0 

Hz, 1H), 4.25 (s, 2H), 3.83 (s, 3H), 3.48 (dd, J = 27.9, 4.1 Hz, 8H), 1.00 (s, 9H), 0.15 (s, 

6H).13C NMR (75 MHz, CDCl3): δ 152.8, 147.8, 124.9, 124.1, 122.1, 115.5, 61.9, 55.9, 

42.4, 26.1, 19.3, -4.5.  

4-((4-cyclohexylpiperazin-1-yl)methyl)-2-methoxyphenol (24c).  

General procedure D: In a round-bottom flask containing 

a solution of 22 (311 mg, 1.1 eq.) in dry DCE (5 mL) was 

added Et3N (280 µL, 4 eq.). After 15 min, cyclohexanone 

(23c, 52 µL, 1 eq.) and NaBH(OAc)3 (144 mg, 1.3 eq.) were added, and the mixture was 

stirred for 24 h, at r.t. The reaction mixture was evaporated under vacuum. The crude was 

re-suspended in DCM and was column chromatographed (hexanes:EtOAc, 5:5 + 0.5% 

Et3N) afforded the protected intermediate, used in the next step without further purification. 

To the previously obtained compound, a solution of TBAF (in THF, 1.1 mL, 1 M) was 
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added dropwise, and the reaction was stirred for 3 h, at r.t. Upon completion, the reaction 

was quenched by the addition of saturated solution of NaHCO3 (3.0 mL) and was extracted 

with EtOAc (2 x 10.0 mL). The collected organic phase was washed with Brine (2 x 10.0 

mL) and water (2 x 10.0 mL), and dried over Na2SO4. The solvent was removed under 

vacuum. After work-up, the crude was solubilized in MeOH/HCl (3.0 M) and was 

precipitated by the addition of dry Et2O as a white powder (140 mg, 37 %). 1H NMR (300 

MHz, D2O): δ 7.15 (d, J = 1.5 Hz, 1H), 7.02 (m, 2H), 4.39 (s, 2H), 3.90 (s, 3H), 3.44 (m, 

9H), 2.12 (d, J = 11.1 Hz, 2H), 1.92 (d, J = 12.9 Hz, 2H), 1.67 (m, 1H), 1.42 (m, 4H), 1.15 

(m, 1H).13C NMR (75 MHz, D2O): δ 147.8, 146.8, 124.8, 119.8, 115.9, 114.9, 66.3, 60.4, 

56.0, 48.1, 45.5, 26.5, 24.3, 24.2. HRMS m/z calculated for C18H29N2O2: 305.2224 

[M+H]+; found, 305.2220.  

4-((4-((1S,4S)-4-ethylcyclohexyl)piperazin-1-yl)methyl)-2-methoxyphenol (24d). 

24d was synthesized by  22 (311 mg, 1.1 eq.) and 4-

ethyl-cyclohexanone (23d, 71 µL, 1 eq.)  following 

the general procedure D and was obtained as a white 

powder (119 mg, 59 %). 1H NMR (300 MHz, CD3OD): δ 7.15 (d, J = 2.0 Hz, 1H), 6.90 

(dd, J = 8.1, 2.0 Hz, 1H), 6.77 (d, J = 8.1 Hz, 1H), 4.29 (s, 2H), 3.82 (s, 3H), 3.76-3.49 (m, 

9H), 2.47 (d, J = 2.6 Hz, 4H), 1.85-1.47 (m, 9H), 1.33 (p, J = 7.3 Hz, 2H), 0.82 (t, J = 7.4 

Hz, 3H).13C NMR (75 MHz, D2O): δ 147.8, 146.8, 124.8, 119.8, 115.9, 114.9, 66.3, 60.4, 

56.0, 48.0, 45.8, 33.2, 27.0, 23.3, 21.7, 11.3.HRMS m/z calculated for C20H33N2O2: 

333.2537 [M+H]+; found, 333.2532. 

4-((4-((1S,4S)-4-(tert-butyl)cyclohexyl)piperazin-1-yl)methyl)-2-methoxyphenol 

(24e).  

24e was synthesized by 22 (311 mg, 1.1 eq.) and 4-

tert-butyl-cyclohexanone (23e, 77 mg, 1 eq) 

following general procedure D and was purified by 

RP-UHPLC (from 75%A25%D to 65%A35%D in 30 

min; RT7min: 2.33 min) to be afforded as white powder (89 mg, 30 %). 1H NMR (300 MHz, 

C6D6): δ 7.03 (d, J = 8.0 Hz, 1H), 6.88 (d, J = 1.7 Hz, 1H), 6.81 (dd, J = 8.0, 1.8 Hz, 1H), 

3.34 (s, 2H), 3.19 (2, 3H), 2.45 (s, 8H), 2.08 (t, J = 8.0 Hz, 1H), 1.95 (d, J = 14.6 Hz, 2H), 

1.54-1.34 (m, 4H), 1.19 (tt, J = 13.4, 2.9 Hz, 2H), 1.04 (tt, J = 11.7, 3.7 Hz, 1H), 0.92 (s, 

9H). 13C NMR (75 MHz, C6D6): δ 147.1, 145.7, 130.8, 122.5, 114.4, 111.8, 63.5, 58.4, 55.2, 
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54.1, 50.5, 48.8, 32.8, 29.6, 27.8, 21.6. HRMS m/z calculated for C22H37N2O2: 361.2850 

[M+H]+; found, 361.2843. 

2-methoxy-4-((4-((1S,4S)-4-phenylcyclohexyl)piperazin-1-yl)methyl)phenol (24f). 

24f was synthesized by 22 (311 mg, 1.1 eq.) and 4-

phenyl-cyclohexanone (23f, 87 mg, 1 eq.)  

following general procedure D, and was purified 

by RP-UHPLC (from 75%A25%D to 

65%A35%D in 30 min; RT7min: 3.66 min) to be afforded as a white powder (151 mg, 50 

%). 1H NMR (300 MHz, C6D6): δ 7.25 (ddd, J = 15.0, 10.7, 4.7 Hz, 4H), 7.10 (tt, J = 7.0 

Hz, 1H), 7.04 (d, J = 8.0 Hz, 1H), 6.89 (d, J = 1.7 Hz, 1H), 6.82 (dd, J = 8.0, 1.7 Hz, 1H), 

3.37 (s, 2H), 3.20 (s, 3H), 2.51-2.45 (m, 9H), 2.11 (t, J = 2.9 Hz, 1H), 2.05-1.87 (m, 4H), 

1.55-1.50 (m, 2H), 1.35-1.25 (m, 2H). 13C NMR (75 MHz, C6D6): δ 147.9, 147.1, 145.8, 

130.7, 128.7, 127.4, 126.2, 122.5, 114.5, 111.8, 63.5, 58.8, 55.2, 54.1, 50.4, 44.4, 28.9, 28.7. 

HRMS m/z calculated for C24H33N2O2: 381.2537 [M+H]+; found, 381.2526.  

(4-hydroxy-3-methoxyphenyl)(piperazin-1-yl)methanone (27).  

A round-bottom flask was added 4-hydroxy-3-methoxybenzoic 

acid (25, 841 mg, 1 eq.), 20 (1 g, 1.1 eq), EDCl (1 g, 1.1 eq) 

and DMAP (672 mg, 1.1 eq.) in DCM (50 mL). The mixture 

was stirred for 17 h at r.t. until all the reagents were solubilized. Upon completion, the 

reaction mixture was evaporated under vacuum and the crude was re-suspended in DCM 

for silica loading. Column chromatography (Hexanes:EtOAc, 5:5) afforded the 

intermediate 26, used in the next step without further purification Compound 26 (1 g, 1 eq.) 

was added to a round-bottom flask and was suspended in an aqueous solution of HCl (1 

M). The suspension was refluxed for 2 h, then the solvent was removed under vacuum. The 

gummy residue was solubilized in a minimal amount of water and lyophilized to afford the 

desired compound as a white powder (822 mg, 60%). %). 1H NMR (300 MHz, D2O): δ 

7.06 (d, J = 1.5 Hz, 1H), 6.98-6.90 (m, 2H), 3.84 (s, 7H), 3.58 (s, 2H), 3.31 (s, 4H).13C 

NMR (75 MHz, D2O): δ 172.5, 147.4, 147.4, 125.3, 120.9, 115.3, 111.4, 56.0, 43.0, 40.3. 
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(4-cyclohexylpiperazin-1-yl)(4-hydroxy-3-methoxyphenyl)methanone (28c).  

General procedure E: In a round-bottom flask containing 

a solution of 27 (108 mg, 1.1 eq.) in dry DCE (5 mL) was 

added Et3N (195 µL, 4 eq.). After 15 min, 23c (37 µL, 1 

eq.) and NaBH(OAc)3 (101 mg, 1.3 eq.) were added, and 

the mixture was stirred for 48 h, at r.t. Upon completion, the solvent was removed under 

vacuum. The compound was purified by RP-UHPLC (from 90%A10%D to 60%A40%D 

in 20 min; RT7min: 1.47 min) and was afforded as a white powder (54 mg, 31 %). 1H NMR 

(300 MHz, D2O): δ 7.09 (s, 1H), 7.01-6.95 (m, 2H), 4.12 (bs, 1H), 3.86 (s, 3H), 3.54-3.18 

(m, 7H), 2.08 (d, J = 10.9 Hz, 2H), 1.90 (d, J = 12.8 Hz, 2H), 1.66 (d, J = 12.6 Hz, 1H), 

1.52-1.26 (m, 4H), 1.21-1.08 (m, 1H). 13C NMR (75 MHz, D2O): δ 172.3, 147.5, 125.1, 

121.0, 115.3, 111.5, 66.1, 56.0, 48.0, 26.6, 24.4. HRMS m/z calculated for C18H27N2O3: 

319.2016 [M+H]+; found, 319.2022. 

(4-((1S,4S)-4-ethylcyclohexyl)piperazin-1-yl)(4-hydroxy-3-

methoxyphenyl)methanone (28d). 

28d was synthesized 27 (150 mg, 1.1 eq.) and 23d 

(71 µL, 1 eq.) following general procedure E, and 

was obtained as a white powder (41 mg, 21 %). 1H 

NMR (300 MHz, CD3OD): δ 7.09 (d, J = 1.9 Hz, 

1H), 7.00 (dd, J = 8.1, 1.9 Hz, 1H), 6.87 (d, J = 8.1 Hz, 1H), 4.42 (s, 2H), 3.89 (s, 3H), 

3.61 (d, J = 12.4 Hz, 2H), 3.50 (t, J = 13.0 Hz, 2H), 3.20 (ddd, J = 24.4, 11.7, 3.1 Hz, 3H), 

1.95-1.91 (m, 2H), 1.83-1.58 (m, 7H), 1.44 (qi, J = 7.3 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H). 

13C NMR (75 MHz, CD3OD): δ 172.7, 150.5, 149.2, 126.1, 122.2, 116.1, 112.6, 67.5, 56.6, 

35.1, 28.9, 24.7, 23.0, 12.4. HRMS m/z calculated for C20H31N2O3: 347.2329 [M+H]+; 

found, 347.2316. 

(4-((1S,4S)-4-(tert-butyl)cyclohexyl)piperazin-1-yl)(4-hydroxy-3-

methoxyphenyl)methanone (28e). 

28e was synthesized from 27 (150 mg, 1.1 eq.) and 

23e (77 mg, 1 eq.) following general procedure E, as 

was obtained a white powder (53 mg, 26 %). 1H 

NMR (300 MHz, CD3OD): δ 7.10 (d, J = 1.8 Hz, 

1H), 7.00 (dd, J = 8.1, 1.9 Hz, 1H), 6.87 (d, J = 8.1 
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Hz, 1H), 4.35 (s, 2H), 3.89 (s, 3H), 3.76-3.63 (m, 4H), 3.40 (t, J = 3.5 Hz, 1H), 3.15 (td, J 

= 12.0, 3.0 Hz, 2H), 2.28 (d, J = 14.0 Hz, 2H), 1.82-1.72 (m, 4H), 1.48-1.34 (m, 2H), 1.23 

(tt, J = 11.2, 3.1 Hz, 1H), 0.92 (s, 9H). 13C NMR (75 MHz, CD3OD): δ 172.7, 150.6, 149.2, 

126.1, 122.2, 116.1, 112.6, 65.0, 56.6, 51.2, 33.5, 28.0, 26.8, 22.6. HRMS m/z calculated 

for C22H35N2O3: 375.2642 [M+H]+; found, 375.2626. 

(4-hydroxy-3-methoxyphenyl)(4-((1S,4S)-4-phenylcyclohexyl)piperazin-1-

yl)methanone (28f). 

28f was synthesized from 27 (150 mg, 1.1 eq.) and 

23f (87 mg, 1 eq.) following general procedure E, 

and was obtained as a white powder (52 mg, 24 

%). 1H NMR (300 MHz, CD3OD): δ 7.40 (d, J = 

7.5 Hz, 2H), 7.31 (t, J = 7.6 Hz, 2H), 7.18 (t, J = 

7.2 Hz, 1H), 7.08 (d, J = 1.7 Hz, 1H), 6.99 (dd, J = 8.1, 1.8 Hz, 1H), 6.86 (d, J = 8.1 Hz, 

1H), 4.37 (s, 2H), 3.88 (s, 3H), 3.67-3.53 (m, 4H), 3.42 (s, 1H), 3.15 (td, J = 12.1, 3.0 Hz, 

2H), 2.98 (s, 1H), 2.34-2.26 (m, 2H), 2.06-1.85 (m, 6H). 13C NMR (75 MHz, CD3OD): δ 

172.7, 150.5, 149.1, 144.9, 129.6, 128.3, 127.1, 126.1, 122.2, 116.1, 112.6, 66.4, 56.6, 49.6, 

39.3, 29.1, 25.0. HRMS m/z calculated for C24H31N2O3: 395.2329 [M+H]+; found, 

395.2312.  

5-(piperazin-1-ylmethyl)pyridin-2(1H)-one (31).  

In a round-bottom flask containing a solution of 6-hydroxy-

nicotinaldehyde (29, 616 mg, 1 eq.) in dry DCE (50 mL) was 

added 20 (1 g, 1.1 eq.). After 5 min stirring, NaBH(OAc)3 (1.3 g, 

1.3 eq.) was added, and the mixture was stirred for 48 h, at r.t. Upon completion, the 

reaction mixture was diluted with DCM (25 mL) and was extracted with an aqueous 

solution of HCl (3 x 25mL; 1.0 M). The collected aqueous phase was basified with an 

aqueous saturated solution of NaHCO3 and extracted with EtOAc (2 x 25.0 mL). The 

organic phase was dried over Na2SO4 and evaporated under vacuum to yield the 

intermediate 30 as white solids, used in the next step without further purification. 

Compound 30 (1.1 g, 1 eq.) was solubilized in a mixture of DCM: TFA (1:1, 20 mL) and 

was stirred at r.t. for 90 min. The reaction mixture was then evaporated and the residue was 

solubilized in water (50.0 mL) and lyophilized to afford the desired compound as a white 

powder (1.6 g, 78 %). 1H NMR (300 MHz, D2O): δ 7.82-7.78 (m, 1H), 6.72 (dd, J = 2.0, 
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4.1, 10.2 Hz, 2H), 4.37 (s, 2H), 3.64 (s, 8H), 3.60 (s, 1H). 13C NMR (75 MHz, D2O): δ 

164.5, 144.8, 138.8, 120.0, 117.5, 108.7, 57.1, 47.7, 40.7, 40.3.  

5-((4-((1S,4S)-4-(tert-butyl)cyclohexyl)piperazin-1-yl)methyl)pyridin-2(1H)-one 

(32e). 

32e was synthesized from 31 (147 mg, 1.2 eq.) and 23e 

(77 mg, 1 eq.) following the general procedure E, and 

was purified by RP-UHPLC (from 75%A25%D to 

70%A30%D in 30 min; RT7min: 1.61 min) to be afforded 

as a white powder (43 mg, 15 %).  1H NMR (300 MHz, C6D6): δ 7.19 (d, J = 2.3 Hz, 1H), 

6.92 (s, 1H), 6.59 (d, J = 9.3 Hz, 1H), 2.76 (s, 2H), 2.43 (s, 4H), 2.19 (s, 4H), 2.05 (d, J = 

7.2 Hz, 2H), 1.94 (d, J = 14.1 Hz, 2H), 1.51-1.36 (m, 4H), 1.21 (t, J = 13.0 Hz, 1H), 1.09-

1.00 (m, 1H), 0.92 (s, 9H). 13C NMR (75 MHz, C6D6): δ 165.7, 143.4, 133.9, 120.2, 117.2, 

58.9, 58.3, 53.6, 50.3, 48.7, 32.8, 29.5, 27.8, 21.6. HRMS m/z calculated for C20H34N3O: 

332.2696 [M+H]+; found, 332.2682.  

5-((4-((1S,4S)-4-phenylcyclohexyl)piperazin-1-yl)methyl)pyridin-2(1H)-one (32f). 

32f was synthesized from 31 (147 mg, 1.2 eq.) and 

23f (87 mg, 1 eq.) following general procedure E, and 

was obtained as a white powder (95 mg, 45 %).  1H 

NMR (300 MHz, C6D6): δ 14.26 (s, 1H), 7.30-7.18 

(m, 5H), 7.10 (tt, J = 7.0, 1.5 Hz, 1H), 6.89 (d, J = 2.0 Hz, 1H), 6.61 (d, J = 9.3 Hz, 1H), 

2.77 (s, 2H), 2.54 (tt, J = 11.0, 3.6 Hz, 1H), 2.33 (s, 4H), 2.20 (s, 4H), 2.09 (s, 1H), 2.05-

1.87 (m, 4H), 1.57-1.52 (m, 2H), 1.32 (t, J = 12.9 Hz, 2H). 13C NMR (75 MHz, C6D6): δ 

165.8, 147.8, 143.2, 134.1, 128.7, 127.3, 126.2, 120.4, 116.9, 59.1, 58.7, 53.6, 50.3, 44.3, 

28.9, 28.7. HRMS m/z calculated for C22H30N3O: 352.2383 [M+H]+; found, 352.2372.  

5-(piperazine-1-carbonyl)pyridin-2(1H)-one (35).  

A round-bottom flask was added 6-hydroxynicotinic acid (33, 696 

mg, 1 eq.), 20 (1 g, 1.1 eq), EDCl (1 g, 1.1 eq) and DMAP (672 

mg, 1.1 eq.) in DCM (50 mL). The mixture was stirred for 17 h at 

r.t. until all the reagents were solubilized. Upon completion, the 

reaction mixture was washed with an aqueous solution of HCl (3 x 254 mL; 1.0 M). The 

resulting organic phase was dried over MgSO4 and evaporated. The obtained intermediate 

34 was used in the next step without further purification. Compound 34 (1 g, 1 eq.) was 
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dissolved in a mixture of DCM (25.0 mL) and TFA (25.0 mL) and was stirred at r.t., for 90 

min. The reaction mixture was cooled in an ice bath and H2O (50.0 mL) was added to it. 

The aqueous phase was extracted and washed with DCM (2 x 50.0 mL). The collected 

aqueous phase was partially evaporated under vacuum and was lyophilized to yield the 

desired compound as a white powder (1.1 g, 70%). %). 1H NMR (300 MHz, D2O): δ 7.81 

(d, J = 2.2 Hz, 1H), 7.72 (dd, J = 9.4, 2.6 Hz, 1H), 6.65 (d, J = 9.4 Hz, 1H), 3.88 (t, J = 

10.6, 5.2 Hz, 4H), 3.32 (t, J = 10.6, 5.2 Hz, 4H). 13C NMR (75 MHz, D2O): δ 168.6, 164.5, 

141.7, 136.7, 119.2, 114.6, 42.8.  

5-(4-((1S,4S)-4-(tert-butyl)cyclohexyl)piperazine-1-carbonyl)pyridin-2(1H)-one 

(36e). 

36e was synthesized from 35 (177 mg, 1.1 eq.) and 23e 

(77 mg, 1 eq.) following general procedure E, and was 

purified by RP-UHPLC (from 75%A25%D to 

60%A40%D in 30 min; RT7min: 1.70 min) to be afforded 

as a white powder (16 mg, 6 %). 1H NMR (300 MHz, 

CD3OD): δ 7.78 (d, J = 2.1 Hz, 1H), 7.70 (dd, J = 9.5, 2.6 Hz, 1H), 6.56 (d, J = 9.4 Hz, 

1H), 4.31 (s, 2H), 3.67 (d, J = 45.8 Hz, 4H), 3.36 (t, J = 3.5 Hz, 1H), 3.13 (s, 2H), 2.28 (d, 

J = 15.5 Hz, 2H), 1.77 (dd, J = 21.9, 8.9 Hz, 4H), 1.43-1.17 (m, 3H), 0.90 (s, 9H). 13C 

NMR (75 MHz, CD3OD): δ 168.9, 165.2, 142.1, 138.6, 120.7, 114.9, 65.0, 51.1, 33.5, 27.9, 

26.8, 22.5. HRMS m/z calculated for C20H32N3O2: 346.2489 [M+H]+; found, 346.2490. 

5-(4-((1S,4S)-4-phenylcyclohexyl)piperazine-1-carbonyl)pyridin-2(1H)-one (36f).  

36f was synthesized  from 35 (177 mg, 1.1 eq.) and 

23f (87 mg, 1 eq.) following general procedure E, and 

was purified by RP-UHPLC (from 75%A25%D to 

60%A40%D in 30 min; RT7min: 1.62 min) to be 

afforded as a white powder (96 mg, 23 %).  1H NMR 

(300 MHz, D2O): δ 7.84 (d, J = 2.1 Hz, 1H), 7.75 (dd, J = 9.4, 2.5 Hz, 1H), 7.47-7.40 (m, 

4H), 7.30 (dt, J = 8.4, 2.1 Hz, 1H), 6.69 (d, J = 9.5 Hz, 1H), 4.36 (s, 2H), 3.68-3.46 (m, 

5H), 3.18 (dt, J = 12.3, 3.3 Hz, 2H), 3.03 (s, 1H), 2.25-2.15 (m, 2H), 2.01-1.81 (m, 6H). 

13C NMR (75 MHz, D2O): δ 168.5, 164.6, 144.1, 141.6, 136.9, 128.7, 127.3, 126.2, 119.4, 

117.5, 114.4, 65.2, 48.6, 37.1, 27.3, 23.2. HRMS m/z calculated for C22H28N3O2: 366.2176 

[M+H]+; found, 366.2184. 



Experimental Part 

 

48 

1-(4-phenylcyclohexyl)piperazine (38f).  

In a round-bottom flask containing a solution of 23f (1.7 g, 1 

eq.) and 20 (2.1 g, 1.1 eq.) in dry DCE (20.0 mL), was added 

AcOH (100 µL,). After 15 min, NaBH(OAc)3 (287 g, 1.3 eq.) 

was added and the mixture was stirred for 48 h at r.t. The reaction 

was quenched by addition of saturated aqueous solution of NaHCO3 (20 mL). The mixture 

was extracted with DCM (3 x 20.0 mL). The organic phase was collected and extracted 

with an aqueous solution of HCl (1 M; 3 x 20 mL) and was washed with H2O (1 x 20 mL). 

The resulting organic phase was dried in Na2SO4, and the solvent was removed by vacuum 

to afford the desired intermediate 37f used in the next step without further purification. 

Compound 37f (3 g, 1 eq.) was suspended in an aqueous HCl solution (2 M; 35 mL) and 

was refluxed for 90 min. The solvent was partially removed by vacuum. The resulting 

solution was diluted with H2O (10.0 mL) and lyophilized to afford the mixture of 

diastereomers as a white powder (2.8 g, 88 %). 1H-NMR (300 MHz, D2O, δ = ppm): δ 7.37-

7.24 (m, 5H), 3.74-3.43 (m, 9H), 2.84 (s, 1H), 2.25-1.30 (m, 8H). 13C-NMR (75 MHz, 

CDCl3, δ = ppm): δ 145.8, 144.3, 128.7, 127.4, 126.9, 126.2, 65.8, 65.4, 46.0, 45.5, 41.0, 

40.5, 37.9, 31.6, 27.3, 26.4, 23.5. 

1-((1S,4S)-4-phenylcyclohexyl)-4-(pyridin-3-ylmethyl)piperazine (42f). 

42f was synthesized from 38f (169 mg, 1.1 eq.) and 

nicotinaldehyde (39, 47 µL, 1 eq.) following general 

procedure E, and was purified by RP-UHPLC (from 

75%A25%D to 60%A40%D in 20 min; RT7min: 1.56 

min) to be afforded as a white powder (193 mg, 68 %).  1H NMR (300 MHz, C6D6): δ 8.73 

(d, J = 1.6 Hz, 1H), 8.53 (dd, J = 4.7, 1.6 Hz, 1H), 7.38 (dt, J = 7.7, 1.9 Hz, 1H), 7.29-7.36 

(m, 4H), 7.10 (dt, J = 6.9, 1.7 Hz, 1H), 6.79 (dd, J = 7.7, 4.7 Hz, 1H), 3.14 (s, 2H), 2.52 

(tt, J = 11.1, 3.9 Hz, 1H), 2.28 (s, 8H), 2.09-2.06 (m, 1H), 2.02-1.83 (m, 4H), 1.55-1.49 (m, 

2H), 1.34-1.24 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 151.1, 149.1, 147.9, 136.1, 134.3, 

128.7, 127.3, 126.2, 123.2, 60.4, 58.7, 53.9, 50.3, 44.3, 28.9, 28.7. HRMS m/z calculated 

for C22H30N3: 336.2434 [M+H]+; found, 336.2435. 
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1-((6-methoxypyridin-3-yl)methyl)-4-((1S,4S)-4-phenylcyclohexyl)piperazine (43f). 

43f was synthesized from 38f (169 mg, 1.1 eq.) 

and 6-methoxynicotinaldehyde (40, 69 mg, 1 eq.) 

following general procedure E, and was afforded 

as a white powder (94 mg, 43 %).  1H NMR (300 

MHz, D2O): δ 8.25 (d, J = 2.2 Hz, 1H), 7.98 (dd, J = 8.8, 2.5 Hz, 1H), 7.44-7.38 (m, 4H), 

7.29 (ddd, J = 8.5, 5.6, 3.0 Hz, 1H), 7.08 (d, J = 8.8 Hz, 1H), 4.38 (s, 2H), 3.99 (s, 3H), 

3.58 (s, 8H), 2.99 (s, 1H), 2.16 (dd, J = 13.2, 10.9 Hz, 2H), 1.94 (ddd, J = 16.2, 15.7, 8.3 

Hz, 6H). 13C NMR (75 MHz, D2O): δ 164.5, 147.8, 144.1, 143.7, 128.7, 127.2, 126.2, 118.6, 

111.2, 65.3, 57.0, 55.0, 48.0, 46.7, 37.5, 27.2, 23.4. HRMS m/z calculated for C23H32N3O: 

366.2540 [M+H]+; found, 366.2521.  

1-((6-bromopyridin-3-yl)methyl)-4-((1S,4S)-4-phenylcyclohexyl)piperazine (44f). 

44f was synthesized from 38f (337 mg, 1.2 eq.) and 

6-bromo-nicotinaldehyde (41, 186 mg, 1 eq.) 

following general procedure E, and was obtained as 

a white powder (294 mg, 60 %).  1H NMR (300 

MHz, C6D6): δ 8.19 (d, J = 1.4 Hz, 1H), 7.29-7.20 (m, 4H), 7.10 (dt, J = 7.0, 1.7 Hz, 1H), 

7.03-6.96 (m, 2H), 2.91 (s, 2H), 2.53 (tt, J = 11.0, 3.8 Hz, 1H), 2.3 (s, 4H), 2.2 (2, 4H), 

2.07 (t, J = 3.0 Hz, 1H), 2.02-1.84 (m, 4H), 1.56-1.51 (m, 2H), 1.37-1.24 (m, 2H). 13C 

NMR (75 MHz, C6D6): δ 150.9, 147.8, 141.3, 138.9, 133.8, 128.7, 127.8, 127.3, 126.3, 

59.3, 58.67, 53.8, 50.2, 44.3, 28.8, 28.7. HRMS m/z calculated for C22H29BrN3: 414.1539 

[M+H]+; found, 414.1526.  

4-(m-tolyl)cyclohexan-1-one (50g). 

General procedure F: A dry three-neck round-bottom flask equipped with a 

condenser was charged with Mg (342 mg, 1.4 eq.) and dry THF (1.0 mL) under 

Argon atmosphere. To this suspension, a solution of 1-Bromo-3-methyl-benzene 

(45g, 1.2 mL, 1.2 eq.) in dry THF (0.4 mL) was added dropwise using an addition 

funnel. The reaction mixture was stirred under reflux and Argon atmosphere for 

30 min. The obtained Grignard-reagent was used in situ, without purification. After cooling 

the previous mixture to r.t., a solution of 1,4-dioxaspiro[4.5]decan-8-one (46, 1.6 g, 1 eq.) 

in dry THF (1 mL) was added dropwise and the reaction was stirred for another 30 min, 

under reflux and Argon atmosphere. The reaction was quenched by the addition of an 
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aqueous saturated solution of NH4Cl (6 mL) and was extracted with Et2O (3 x 50 mL). The 

combined organic phase was dried over MgSO4 and evaporated under vacuum. The 

obtained residue column chromatographed (hexanes:EtOAc, 95:05 to 75:25) to yield the 

intermediate 47g used in the next step without further purification. Compound 47g was 

dissolved in dry toluene (44 mL) and added to a new round-bottom flask. To this solution, 

TsOH.H2O (177 mg, 0.1 eq.) was added and the reaction mixture was stirred under reflux 

and Argon atmosphere for 4 h. The reaction mixture then was cooled to r.t. and was washed 

with an aqueous saturated solution of NaHCO3 (3 x 50 mL), was dried over MgSO4 and 

was evaporated under vacuum. The obtained intermediate 48g (yellow oil) was used in the 

next step without further purification. To a two-neck round-bottom flask, was added a 

solution of 48g in EtOAc (20 mL). To the stirring solution, Pd/C (229 mg, 0.3 eq.) was 

added and the system was purged with Argon, followed by H2. The reaction was stirred at 

r.t., under an H2 atmosphere for 16 h. Upon completion (TLC), the reaction mixture was 

filtered over a pad of Celite (washed thoroughly 3 X 50 mL of EtOAc) to remove the 

catalyst. The solvent was removed under vacuum and the crude 49g was used in the next 

step without further purification. The intermediate was dissolved in a mixture of acetone 

and H2O (1:1, 40 mL). To this solution, pyridinium p-toluene sulfonate (PPTS, 4.6 g, 2.0 

eq.) was added and the mixture was stirred at 60 °C for 6 h. The organic solvent was 

removed under vacuum and the resulting aqueous phase was extracted with EtOAc (3 x 50 

mL). The collected organic phase was dried over Na2SO4 and evaporated. The crude was 

column chromatographed (hexane:EtOAc, 9:1), to yield the desired ketone as a colorless 

oil (1.1 g, 57 %).  1H NMR (300 MHz, CDCl3): δ 7.25-7.19 (m, 1H), 7.05 (d, J = 7.5 Hz, 

3H), 2.99 (tt, J = 12.1, 3.4 Hz, 1H), 2.58-2.48 (m, 4H), 2.36 (s, 3H), 2.25-2.18 (m, 2H), 

2.02-1.87 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 211.4, 144.9, 138.3, 128.6, 127.6, 127.4, 

123.8, 42.9, 41.5, 34.1, 21.6.  

4-(3-(trifluoromethyl)phenyl)cyclohexan-1-one (50h). 

50h was synthesized from 1-Bromo-3-trifluoromethyl-benzene (45h, 1.7 mL, 

1.2 eq.) and 46 (1.6 g, 1 eq.) following general procedure F and was obtained 

as pale yellow solids (1.6 g, 68 %). 1H NMR (300 MHz, C6D6): δ 7.27 (d, J = 

7.3 Hz, 2H), 6.93 (t, J = 7.7 Hz, 1H), 6.82 (d, J = 7.7 Hz, 1H), 2.23-2.15 (m, 

3H), 1.86 (td, J = 14.2, 6.0 Hz, 2H), 1.47 (ddd, J = 12.0, 5.8, 2.9 Hz, 2H), 

1.25 (qd, J = 13.3, 4.1 Hz, 2H). 13C NMR (75 MHz, C6D6): δ 207.7, 146.4, 130.9 (q, J = 
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31.7 Hz), 130.2, 129.2, 126.9, 123.9 (q, J = 3.8 Hz), 123.5 (q, J = 3.8 Hz), 123.3, 119.7, 

42.3, 41.0, 33.4. 19F NMR (376 MHz, C6D6): -62.1.  

4-(2-(trifluoromethyl)phenyl)cyclohexan-1-one (50i). 

50i was synthesized from 1-Bromo-2-trifluoromethyl-benzene (45i, 1.6 mL, 

1.2 eq.) and 46 (1.6 g, 1 eq.) following general procedure F and was obtained 

as pale yellow solids (460 mg, 19 %). 1H NMR (300 MHz, C6D6): δ 7.45 (d, 

J = 8.0 Hz, 1H), 7.07 (q, J = 7.2 Hz, 1H), 6.88 (ddd, J = 23.0, 14.9, 7.2 Hz, 

2H), 5.35 (t, J = 3.7 Hz, 0.45H), 3.27 (t, J = 12.0 Hz, 0.55H), 2.63 (dd, J = 

3.6, 1.8 Hz, 1H), 2.34-2.26 (m, 2H), 2.22 (ddd, J = 12.6, 4.5, 2.3 Hz, 1H), 2.02 (td, J = 

14.3, 6.0 Hz, 1H), 1.76 (dq, J = 15.2, 6.0, 3.0 Hz, 1H), 1.50 (qd, J = 13.2, 4.2 Hz, 1H). 13C 

NMR (75 MHz, C6D6): δ 207.3, 206.2, 144.7 (d, J = 1.4 Hz), 142.4 (d, J = 2.1 Hz), 137.6, 

132.2, 132.2, 131.7, 130.4, 127.7, 127.4, 126.8, 126.6, 126.4 (q, J = 5.3 Hz), 126.2 (q, J = 

5.9 Hz), 124.7 (d, J = 1.8 Hz), 124.1, 123.7, 121.4, 121.0, 41.2, 39.7, 38.8, 38.7, 38.6, 34.1, 

31.2, 31.2. 19F NMR (376 MHz, C6D6): -58.4, -58.7.  

1-((1S,4S)-4-(m-tolyl)cyclohexyl)piperazine (52g).  

General procedure G: In a round-bottom flask containing a 

solution of 50g (378 mg, 1 eq.) and benzylpiperazine (51, 416 

µL, 1.2 eq.) in dry DCE (10 mL), was added AcOH (100 µL,). 

After 15 min, NaBH(OAc)3 (593 mg, 1.4 eq.) was added and 

the mixture was stirred for 48 h at r.t. The solvent was removed under vacuum and the crude 

was purified by column chromatography (hexanes:EtOAc, 9:1 + 0.5 % Et3N). The obtained 

intermediate was dissolved in Et2O and was precipitated by the addition of a methanol 

solution of HCl (3.0 M). The collected solids were washed with Et2O and hexanes and were 

used in the next step without further purification. The previously obtained compound was 

dissolved in a mixture of methanol (27 mL) and AcOH (106 µL, 2 eq.). To this stirring 

solution, Pd/C (30 mg, 0.3 eq.) was added and the reactional mixture was stirred for 16 h, 

at r.t., under H2 atmosphere. The reaction mixture was filtered through a pad of Celite to 

remove the catalyst (washed with MeOH, 3 x 50 mL). The solvent was removed under 

vacuum and the compound was purified by RP-UHPLC (from 100%A0%D to 

80%A20%D, in 20 min; RT5min: 1.58 min). The desired compound was obtained as white 

powder (385 mg, 38 %). 1H-NMR (300 MHz, D2O, δ = ppm): δ 7.23 (dt, J = 18.3, 7.7 Hz, 

3H), 7.09 (d, J = 7.4 Hz, 1H), 3.85-3.35 (m, 9H), 2.90 (d, J = 3.2 Hz, 1H), 2.30 (s, 3H), 
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2.10 (dd, J = 17.0, 6.9 Hz, 2H), 2.00-1.78 (m, 6H). 13C-NMR (75 MHz, D2O, δ = ppm): δ 

144.2,138.8, 128.7, 127.8, 126.8, 124.1, 65.5, 45.9, 40.5, 37.4, 27.1, 23.3, 20.4. 

1-((1S,4S)-4-(3-(trifluoromethyl)phenyl)cyclohexyl)piperazine (52h). 

52h was synthesized from 50h (488 mg, 1 eq.) and 51 (416 

µL, 1.2 eq.) following general procedure G and was 

obtained as white solids (311 mg, 28 %). 1H NMR (300 

MHz, D2O): δ 7.71 (s, 1H), 7.65-7.52 (m, 3H), 3.89-3.54 

(m, 9H), 3.06 (t, J = 5.5, 2.4 Hz, 1H), 2.21-2.10 (m, 2H), 2.06-1.84 (m, 6H). 13C NMR (75 

MHz, D2O): δ 144.9, 131.0, 130.3, 129.9, 129.2, 123.8 (q, J = 3.8 Hz), 122.9 (q, J = 3.7 

Hz), 117.5, 65.3, 46.0, 40.6, 37.5, 26.9, 23.2. 19F NMR (376 MHz, D2O): -62.3, -75.6. 

1-((1S,4S)-4-(2-(trifluoromethyl)phenyl)cyclohexyl)piperazine (52i). 

52i was synthesized from 50i (364 mg, 1 eq.) and 51 (312 µL, 

1.2 eq.) following general procedure GG and was obtained as 

white solids (215 mg, 27 %). 1H NMR (300 MHz, D2O): δ 7.74-

7.60 (m, 3H), 7.40 (t, J = 7.4 Hz, 1H), 4.07-3.50 (m, 9H), 3.19-

3.12 (m, 1H), 2.38 (d, J = 16.5 Hz, 1H), 2.03 (tt, J = 16.5, 3.8 Hz, 1H), 1.87-1.68 (m, 4H). 

13C NMR (75 MHz, D2O): δ 144.5, 132.5, 128.0, 127.4, 127.0, 126.6, 126.4, 126.0 (q, J = 

6.1 Hz), 63.9, 47.0, 40.2, 38.0, 26.9, 25.0. 19F NMR (376 MHz, D2O): -58.8, -75.6.  

5-((4-((1S,4S)-4-(m-tolyl)cyclohexyl)piperazin-1-yl)methyl)pyridin-2(1H)-one (53g). 

General procedure H: In a round-bottom flask 

containing a solution of 52g (195 mg, 1.1 eq.) and 

29 (45 mg, 1 eq.) in dry DCE (4 mL), was added 

Et3N (223 µL, 1.4 eq.). After 15 min, NaBH(OAc)3 

(110 mg, 1.3 eq.) was added and the mixture was stirred for 24 h at r.t. The solvent was 

removed under vacuum and the crude was purified by RP-UHPLC (from 80%A20%D to 

60%A40%D, in 20 min; RT5min: 1.61 min). The desired compound was obtained as white 

powder (181 mg, 76 %). 1H-NMR (300 MHz, CD3CN:D2O, 3:1, δ = ppm): δ 7.57 (d, J = 

7.7 Hz, 1H), 7.16 (t, J = 7.5 Hz, 1H), 7.08 (d, J = 9.7 Hz, 1H), 6.99 (d, J = 7.3 Hz, 1H), 

6.50 (d, J = 10.0 Hz, 1H), 4.04 (s, 2H), 3.50 (s, 12H), 3.36 (dd, J = 10.2, 5.0 Hz, 1H), 2.82-

2.76 (m, 1H), 2.27 (s, 3H), 2.04-1.88 (m, 7H), 1.79-1.71 (m, 2H). 13C-NMR (75 MHz, 

CD3CN:D2O, 3:1, δ = ppm): δ 164.5, 145.6, 144.9, 139.3, 139.1, 129.4, 128.8, 127.7, 125.1, 
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121.2, 118.8, 109.5, 65.5, 57.4, 48.7, 48.0, 39.9, 28.4, 25.0, 21.5. HRMS m/z calculated for 

C23H32N3O: 366.2540 [M+H]+; found, 366.2552.  

5-((4-((1S,4S)-4-(3-(trifluoromethyl)phenyl)cyclohexyl)piperazin-1-

yl)methyl)pyridin-2(1H)-one (53h). 

53h was synthesized from 52h (270 mg, 1.1 eq.) 

and 29 (56 mg, 1 eq.) following general 

procedure H and was obtained as white powder 

(284 mg, 81 %). 1H-NMR (300 MHz, 

CD3CN:D2O, 3:1, δ = ppm): δ 7.60-7.55 (m, 4H), 7.52-7.45 (m, 2H), 4.07 (s, 2H), 3.52 (s, 

8H), 2.96-2.89 (m, 1H), 2.04 (ddd, J = 11.7, 10.4, 5.2 Hz, 2H), 1.96-1.90 (m, 5H), 1.84-

1.75 (m, 2H).13C-NMR (75 MHz, CD3CN:D2O, 3:1, δ = ppm): δ 164.3, 147.0, 144.8, 139.5, 

132.1, 131.2, 130.7, 130.3, 127.4, 125.0, 124.8 (q, J = 3.8 Hz), 123.9 (q, J = 3.8 Hz),121.3, 

119.5, 118.7, 109.1, 65.2, 57.4, 48.6, 48.1, 40.1, 28.1, 25.1. 19F NMR (376 MHz, 

CD3CN:D2O, 3:1, δ = ppm): δ -62.9, -76.0. HRMS m/z calculated for C23H29F3N3O: 

420.2257 [M+H]+; found, 420.2265. 

5-((4-((1S,4S)-4-(2-(trifluoromethyl)phenyl)cyclohexyl)piperazin-1-

yl)methyl)pyridin-2(1H)-one (53i). 

53i was synthesized from 52i (215 mg, 1.1 eq.) and 

29 (45 mg, 1 eq.) following general procedure H and 

was obtained as white powder (186 mg, 72 %). 1H-

NMR (300 MHz, CD3CN:D2O, 3:1, δ = ppm): δ 7.80 

(d, J = 7.9 Hz, 1H), 7.64 (d, J = 9.2 Hz, 3H), 7.50 (t, J = 7.5 Hz, 1H), 7.34 (t, J = 7.6 Hz, 

1H), 6.56 (d, J = 9.8 Hz, 1H), 4.10 (s, 2H), 3.69 (s, 8H), 3.37 (s, 1H), 3.04 (t, J = 8.5 Hz, 

1H), 2.34 (t, J = 13.4 Hz, 2H), 2.00-1.82 (m, 5H), 1.67 (d, J = 10.1 Hz, 2H). 13C-NMR (75 

MHz, CD3CN:D2O, 3:1, δ = ppm): δ 163.8, 161.6 (q, J = 35.7 Hz), 145.4, 139.6, 133.4, 

129.8, 128.2, 127.8, 127.7, 127.5, 126.5 (q, J = 6.0 Hz), 124.1, 120.8, 119.4, 118.3, 115.6, 

109.7, 64.2, 57.0, 49.0, 48.1, 39.8, 28.0, 26.6. 19F NMR (376 MHz, CD3CN:D2O, 3:1, δ = 

ppm): δ -59.3, -76.1. HRMS m/z calculated for C23H29F3N3O: 420.2257 [M+H]+; found, 

420.2270.  
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4-hydroxy-4-(3-(trifluoromethyl)phenyl)cyclohexan-1-one (54h).  

In a round-bottom flask containing a solution of 47g (605 mg, 1 eq.) was 

dissolved in a mixture of acetone and H2O (1:1, 20 mL). To this solution, 

PPTS (1 g, 2.0 eq.) was added and the mixture was stirred at 60 °C for 6 h. 

The organic solvent was removed under vacuum and the resulting aqueous 

phase was extracted with EtOAc (3 x 50 mL). The collected organic phase 

was dried over Na2SO4 and evaporated. The crude was column chromatographed 

(hexanes:EtOAc, 9:1) to yield the desired ketone as a white powder (465 mg, 56 %).  1H 

NMR (300 MHz, C6D6, δ = ppm): δ 7.62 (s, 1H), 7.29 (d, J = 7.7 Hz, 1H), 7.07 (d, J = 8.0 

Hz, 1H), 6.93 (t, J = 7.8 Hz, 1H), 2.49 (td, J = 14.0, 6.6 Hz, 2H), 2.09 (dd, J = 4.7, 2.1 Hz, 

1H), 2.05 (dd, J = 4.7, 2.1 Hz, 1H), 1.51 (td, J = 13.7, 4.7 Hz, 2H), 1.42-1.33 (m, 2H). 13C 

NMR (75 MHz, C6D6, δ = ppm): δ 208.2, 149.2, 130.8 (q, J = 31.9 Hz), 129.0, 128.3, 124.1 

(q, J = 3.7 Hz), 121.7 (q, J = 3.8 Hz), 71.6, 38.1, 37.1. 19F NMR (376 MHz, C6D6, δ = 

ppm): δ -62.1. 

4-hydroxy-4-(2-(trifluoromethyl)phenyl)cyclohexan-1-one (54i).  

In a round-bottom flask containing a solution of 47i (471 mg, 1 eq.) was 

dissolved in a mixture of acetone and H2O (1:1, 20 mL). To this solution, 

PPTS (1 g, 2.0 eq.) was added and the mixture was stirred at 60 °C for 6 h. 

The organic solvent was removed under vacuum and the resulting aqueous 

phase was extracted with EtOAc (3 x 50 mL). The collected organic phase 

was dried over Na2SO4 and evaporated. The crude was column chromatographed 

(hexanes:EtOAc, 9:1) to yield the desired ketone as a white powder (292 mg, 38 %).  1H 

NMR (300 MHz, C6D6, δ = ppm): δ 7.61 (dd, J = 7.9, 0.9 Hz, 1H), 6.96 (td, J = 7.9, 1.1 

Hz, 1H), 6.82 (dd, J = 16.5, 8.0 Hz, 2H), 2.61-2.50 (m, 2H), 2.09 (d, J = 2.1 Hz, 1H), 2.05 

(dd, J = 4.2, 2.1 Hz, 1H), 1.77-1.62 (m, 4H), 1.52 (s, 1H). 13C NMR (75 MHz, C6D6, δ = 

ppm): δ 208.6, 147.3, 131.5, 128.5, 127.6, 127.4, 123.8, 73.0, 38.6, 38.6, 37.1. 19F NMR 

(376 MHz, C6D6, δ = ppm): δ -53.4.  

(1S,4S)-4-(piperazin-1-yl)-1-(3-(trifluoromethyl)phenyl)cyclohexan-1-ol (55h). 

55h was synthesized from 54h (465 mg, 1 eq.) and 51 (372 

µL, 1.2 eq.) following general procedure G and was 

obtained as white powder (112 mg, 9 %). 1H NMR (300 

MHz, D2O): δ 7.90 (s, 1H), 7.84 (d, J = 7.8 Hz, 1H), 7.72 
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(d, J = 7.7 Hz, 1H), 7.64 (t, J = 7.8 Hz, 1H), 3.59 (s, 9H), 2.69 (d, J = 14.0 Hz, 2H), 2.24 

(d, J = 10.2 Hz, 2H), 1.95-1.85 (m, 2H), 1.56 (q, J = 10.8 Hz, 2H). 13C NMR (75 MHz, 

D2O): δ 162.9 (q, J = 35.3 Hz), 143.0, 130.7 (t, J = 31.9 Hz), 129.8, 129.7, 129.6, 124.9 

(q, J = 3.6 Hz), 122.9 (q, J = 3.8 Hz), 116.4 (q, J = 301.5 Hz), 71.8, 64.7, 45.9, 40.7, 34.0, 

23.3. 19F NMR (376 MHz, D2O, δ = ppm): -62.3, -75.6. 

(1S,4S)-4-(piperazin-1-yl)-1-(2-(trifluoromethyl)phenyl)cyclohexan-1-ol (55i). 

55i was synthesized from 54i (292 mg, 1 eq.) and 51 (235 µL, 

1.2 eq.) following general procedure G and was obtained as 

white powder (113 mg, 19 %). 1H NMR (300 MHz, D2O): δ 7.90 

(d, J = 7.8 Hz, 1H), 7.75 (d, J = 7.8 Hz, 1H), 7.65 (t, J = 7.3 Hz, 

1H), 7.51 (t, J = 7.2 Hz, 1H), 3.63 (s, 8H), 3.52 (s, 1H), 2.45 (t, 

J = 9.5 Hz, 2H), 2.26 (d, J = 10.0 Hz, 2H), 1.97 (t, J = 17.4 Hz, 4H). 13C NMR (75 MHz, 

D2O): δ 144.3, 132.1, 128.8 (q, J = 7.2 Hz), 128.3, 127.9, 127.6, 127.2, 126.7, 123.0, 72.9, 

63.6, 46.5, 40.9, 34.0, 22.4. 19F NMR (376 MHz, D2O, δ = ppm): -53.8. 

5-((4-((1S,4S)-4-hydroxy-4-(3-(trifluoromethyl)phenyl)cyclohexyl)piperazin-1-

yl)methyl)pyridin-2(1H)-one (56h). 

56h was synthesized from 55h (113 mg, 1.1 eq.) 

and 29 (23 mg, 1 eq.) following general 

procedure H and was obtained as white powder 

(21 mg, 17 %). 1H-NMR (400 MHz, D2O, δ = 

ppm): δ 7.90 (s, 1H), 7.85 (d, J = 7.9 Hz, 1H), 7.76-7.73 (m, 2H), 7.65 (t, J = 7.8 Hz, 1H), 

6.70 (dd, J = 10.4, 2.2 Hz, 1H), 4.26 (s, 2H), 3.60-3.58 (m, 9H), 2.69 (d, J = 14.1 Hz, 1H), 

2.26-2.23 (m, 2H), 1.94-1.87 (m, 2H), 1.56 (q, J = 10.7 Hz, 2H). 13C-NMR (100 MHz, 

D2O, δ = ppm): δ 164.5, 162.9 (q, J = 35.4 Hz), 144.8, 143.0, 138.5, 130.5 (q, J = 32.0 

Hz), 129.9, 129.7, 128.2, 125.5, 124.9 (q, J = 3.8 Hz), 122.9 (q, J = 3.7 Hz), 122.8, 120.0, 

116.3 (q, J = 291.8 Hz), 109.2, 71.8, 64.5, 56.7, 48.0, 46.4, 34.0, 23.5. 19F NMR (376 MHz, 

D2O, δ = ppm): δ -62.3, -75.6. HRMS m/z calculated for C23H28F3N3O2: 436.2206 [M+H]+; 

found, 436.2207. 
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5-((4-((1S,4S)-4-hydroxy-4-(2-(trifluoromethyl)phenyl)cyclohexyl)piperazin-1-

yl)methyl)pyridin-2(1H)-one (56i). 

56i was synthesized from 55i (113 mg, 1.1 eq.) and 

29 (28 mg, 1 eq.) following general procedure H and 

was obtained as white powder (91 mg, 60 %). 1H-

NMR (400 MHz, D2O, δ = ppm): δ 7.90 (dd, J = 7.9, 

0.8 Hz, 1H), 7.79-7.76 (m, 2H), 7.71 (d, J = 7.9 Hz, 1H), 7.66-7.62 (m, 1H), 7.51 (t, J = 

7.6 Hz, 1H), 6.71 (d, J = 10.2, 4.5 Hz, 1H), 4.33 (s, 2H), 3.67-3.62 (m, 9H), 2.41 (dd, J = 

18.1, 8.9 Hz, 2H), 2.31 (dd, J = 13.7, 7.3 Hz, 2H), 2.00-1.93 (m, 4H). 13C-NMR (100 MHz, 

D2O, δ = ppm): δ 164.5, 162.9 (q, J = 35.4 Hz), 144.8, 144.2, 138.6, 132.1, 128.9 (q, J = 

7.4 Hz), 128.2, 128.0, 127.5 (q, J = 30.9 Hz), 126.2, 123.5, 120.1, 116.4 (q, J = 291.9 Hz), 

109.0, 72.7, 63.9, 56.7, 47.8, 47.0, 33.9, 22.3. 19F NMR (376 MHz, D2O, δ = ppm): δ -53.9, 

-75.6. HRMS m/z calculated for C23H28F3N3O2: 436.2206 [M+H]+; found, 436.2209. 

5.2 Biology 

5.2.1 TRPV FLIPR assay.  

Calcium-5 was bought from Molecular Devices LLC. All other chemicals were 

purchased from Sigma-Aldrich.  

hTRPV6 activity was measured using the HEK293 cell line stably overexpressing 

human TRPV6 as previously reported.76,179 Stable cells were trypsinized and plated at 7.5 

x 104 cells/well onto poly-D-lysine coated 96-well black plates with clear bottom using 100 

μl DMEM supplemented with 10% FBS and 2 mM glutamine without antibiotics or phenol-

red. After 16 h the medium was replaced with 90 μL of nominally calcium-free (NCF) 

loading buffer (modified Krebs buffer containing 117 mM NaCl, 4.8 mM KCl, 1 mM MgCl 

2, 5mM D-glucose, 10 mM HEPES, and calcium-5 fluorescence dye (50 μL/mL loading 

buffer)). Cells were incubated in the NCF-loading buffer at 37 °C for 1 h. Fluorescence 

Cd2+ measurements were carried out using FLIPRTETRA high throughput (Molecular 

Devices, LLC), fluorescence microplate reader. Cells were excited using a 470-495 nm 

LED module, and the emitted fluorescence signal was filtered with a 515-575 nm emission 

filter (manufacturer’s guidelines). Stable Ca2+-free baselines were established for 60 

seconds before 10 μL of a 10X compound was added to the cells. Cells were incubated at 

37 °C and fluorescence was monitored in the presence of compound for an additional 5 

minutes before administration of 100 μL of CdCl2 (final concentration: 50 μM). The activity 

of TPRV6 was measured by calculating the area under the curve of the Cd2+ entry traces. 
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hTRPV5 activity was measured in a similar experiment as described above.196 Briefly, 

HEK293 cells were trypsinized and plated at 1.5 x104 cells/well onto Corning® 96-well 

black polystyrene clear bottom microplates (CLS3603 Sigma-Aldrich) coated with 100 

μg/mL poly-D-lysine (P6407 Sigma-Aldrich) using 100 μL phenol-red free DMEM with 

10% FBS and 2mM glutamine without antibiotics. Cells were incubated at 37 °C for 24 h. 

on the following day, transfection was performed using 200 ng of pTagRFP-C1-hTRPV5 

and 0.6 μL Lipofectamine 2000 reagent/well. Fluorescent ion measurements using 

FLIPRTETRA were carried out 24h post-transfection. The FLIPR protocol for measuring 

hTRPV5 activity was identical to the one described for hTRPV6.  

hTRPV1 activity was measured using HEK293 cells transiently overexpressing TRPV1, 

as previously reported.164 Briefly, HEK293 cells were trypsinized and plated at 2.7 x 104 

cells/well onto Corning® 96-well black polystyrene clear bottom microplates coated with 

100 μg/mL poly-D-lysine using 100 μL phenol-red free DMEM with 10% FBS and 2mM 

glutamine without antibiotics. Cells were incubated at 37 °C for 24 h. on the following day, 

transfection was performed using 200 ng of hTRPV1-pcDNA 3.1 and 0.6 μL Lipofectamine 

2000 reagent/well. Fluorescent ion measurements using FLIPRTETRA were carried out 24h 

post-transfection. The medium was replaced with 90 μL of NCF. Cells were incubated in 

the loading buffer at 37 °C for 1 h in dark. Stable baselines were established for 50 s before 

10 μL of a 10X compound prepared in 1.8mM CaCl2-containing Krebs buffer was 

robotically administered to the cells. Cells were incubated and fluorescence was monitored 

in the presence of compound for an additional 5 min before administration of 100 μL of a 

200 nM solution of capsaicin 1.8mM CaCl2-containing Krebs buffer (final concentration 

of capsaicin = 100 nM).  

Screening experiments were done with 3 to 6 repeats per group at 50 µM (direct 

capsaicinoids) or 10 µM (chimeric capsaicinoids). Fluorescence signals were analyzed 

using the ScreenWorks 3.1.1.8 software (Molecular Devices). Dose-response curves were 

generated (9-point curve, 6 repeats/concentration, 2-fold serial dilution starting at 10 µM), 

and the IC50 values were extrapolated from these plots for each compound (GraphPad® 

Prism, v. 5.0, San Diego, CA, US). Inhibition curves were obtained by non-linear regression 

using the built-in log(inhibitor) vs. response-variable slope function (four parameters). 

5.2.2 Confocal imaging.  

HEK-hTRPV6 were trypsinized and plated at 1 x 104 cells/well onto poly-D-lysine 

coated Nunc Lab-Tek II 8-well chambered coverglass plates (Faust Laborbedarf AG, 
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Schaffhausen) using 100 μl DMEM supplemented with 10% FBS and 2 mM glutamine 

without antibiotics or phenol-red. After 24 h of incubation at 37 °C, the medium was 

replaced by 200 µL/well of a mixture of Leadmiun Green (final concentration: 5 ng/µL), 

Hoechst 33258 (final concentration: 1 ng/µL) and Alexa Fluor 298 (final concentration: 5 

ng/µL) in NCF buffer.191,192 The chamber was covered with aluminum foil and was 

incubated at 37 °C for 30 min. Then, the buffer was removed, cells were washed twice with 

fresh NCF buffer (2 x 200 µL) and another 190 µL of NCF containing 10X of MRC-130 

was added. For control cells, 200 µL of NCF was added after washing. The chamber was 

mounted in the confocal microscope and 10 µL of CdCl2 (final concentration: 50 μM) was 

added right after the start of imaging (total duration: 30 min). 

The cells were imaged at 100X lenses with a confocal, laser scanning microscope setup 

using a Nikon Eclipse TE2000-E fully automatized inverted, epifluorescence microscope 

outfitted with Nikon D-Eclipse C1 laser confocal optics. The system equipped with a violet-

diode (405 nm) and a multiline Argon (457-515 nm) from Melles Griot, and a Helium/Neon 

(594 nm) lasers from JDS Uniphase. Nikon EZ-C1 3.6 confocal imaging software installed 

on an HP xw4400 workstation was used for image acquisition. Brightness and contrast were 

adjusted with ImageJ. 

5.2.3 In vitro Polypharmacology and metabolism 

Activities of MRC-130 against ion channels and metabolism in liver microsomes were 

measured at 10 M in accordance with Eurofins Cerep's validation Standard Operating 

Procedure (Eurofins Cerep, Celle L’Evescault, France; https://www.eurofins.com/). 

Reference compounds were tested in each experiment concurrently with the test 

compounds, and the data were compared with historical values determined at Cerep. 

5.2.4 Antiproliferative activity. 

Unless specified cell culture reagents were obtained from Gibco, Life Technology, 

Switzerland. MCF-7 (human mammary adenocarcinoma), MDA-MB-231 (human 

mammary adenocarcinoma), and T47D (human mammary ductal carcinoma) cell lines 

were obtained from NIH cell collection and were grown in RPMI medium complemented 

with 10% FBS, 2mM L-Glutamine, 100 U/ml Penicillin and 100 μg/ml Streptomycin 

(Sigma) and 1% non-essential amino acids (Bioconcept, Switzerland). HEK293 (human 

embryonic kidney) and SKOV-3 (human ovary adenocarcinoma) cell lines were obtained 

from the ATCC cell bank. Along with the HEK-hTRPV6, HEK293 and SKOV-3 were 

https://www.eurofins.com/
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grown in DMEM medium supplemented with 10% FBS, 2mM L-Glutamine, 100 U/ml 

Penicillin and 100 μg/ml Streptomycin (Sigma) and 1% non-essential amino acids 

(Bioconcept, Switzerland).  

The XTT assay was used to evaluate cell proliferation. Cells were plated at a density of 

5 x 103 cells/well in 96-well plates and were incubated at 37 °C for 24 h. On the following 

day, the medium was carefully aspirated and replaced with 100 µL of MRC-130 or cis-22a 

at concentrations ranging from 100 µM to 0.4 μM. Doxorubicin (10 µM) and DMSO (0.01 

%) were used as positive and negative controls, respectively. All the treatments used the 

original cell medium (RPMI or DMEM), depending on the cell line. Cells were incubated 

for a total of 6 days at 37 °C with the medium (treatment and controls) being replaced by a 

freshly prepared solution every 48 h. Then, 25 μL of XTT (with 1.25 % of PMS) was added 

to each well and incubated at 37 °C for 2 h. Subsequently, the absorbance was read at 650 

nm and subtracted from the absorbance of 450 nm by spectrophotometry (Vmax Kinetic 

Microplate Reader, Molecular Devices LLC). The resulting subtracted absorbance for each 

compound concentration (At) was expressed as a percentage of viable cells relative to the 

negative control (Ab). 

% 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 =
𝐴𝑡

𝐴𝑏
𝑥100 

Where At: treatment absorbance; Ab: negative control absorbance. 

For the treatment with cis-22a which the % of viable cells was ≤ 50 % at 100 µM, At 

was plotted and the inhibition curves obtained by non-linear regression using the built-in 

log(inhibitor) vs. response-variable slope function (GraphPad® Prism, v. 5.0, San Diego, 

CA, US). 
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5.3 Purity 

Table S1.  Analytical RP-HPLC purity of direct capsaicinoids 

Compound HPLC Purity (%)a 

5a 98% 

5b 96% 

8a > 99% 

8b > 99% 

11a 95% 

11b 97% 

12a 98% 

12b 99% 

17a 98% 

17b 97% 

18a 99% 

18b 98% 
aHPLC. Shimadzu®-PROMINENCE system; Column, Waters®-µBondpak C18, 3.9 x 300 

mm. UV Detection, Shimadzu® SPD-M10A VP Photodiode array detector. Eluents, A: 

water with 0.05% TFA and B: Acetonitrile with 0.05% TFA. 
 

Table S2.  Analytical RP-UHPLC purity of chimeric capsaicinoids 

Compound UPLC Purity (%)a 

24c 99% 

24d 96% 

24e > 99% 

24f 99% 

28c > 99% 

28d > 99% 

28e > 99% 

28f 99% 

32e > 99% 

32f > 99% 

36e 99% 

36f > 99% 

42f > 99% 

43f 98% 

44f 96% 

53g > 99% 

53h 99% 

53i 99% 

56h > 99% 

56i > 99% 
aUHPLC. Dionex ULTIMATE 3000 RSLC chromatography system; Column, Dionex 

Acclaim® RSLC 120 C18, 3.0 x 50 mm, particle size 2.2 m, 120 Å pore size; UV 

Detection, ULTIMATE 3000 RS Photo diode array detector. Eluents, A: water with 0.05% 

TFA and D: Acetonitrile/water (9/1) with 0.05% TFA. 
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7. Supplementary Data 

7.1 Time-course confocal microscopy 

 

Figure S1. Time-course of Cd2+ uptake in HEK-hTRPV6 cells with Leadmiun Green (LG), Alexa Fluor 298 

(AF), and Hoechst 33258 (H) along 30 min. Images were collected using confocal microscopy (Nikon Eclipse 

TE2000-E, 100X). HEK-hTRPV6 cells were incubated with fluorescent dyes for 30 min at 37 °C. To these 

cells, DMSO (A) or MRC-130 (10 µM, C) was applied followed by a solution of Cd2+ (50 µM). The total 

fluorescence intensity for each channel was plotted in graphs (B) and (D), respectively for DMSO and 

compound MRC-130. Images were collected with excitation for LG at λex = 488 nm and emission at λem = 

520 nm, H at λex = 352 nm and emission at λem = 461 nm, and AF at λex = 590 nm and emission at λem = 617 

nm. White bars denote 20 µm. 
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7.2 Inhibition curves of cis-22a against SKOV-3 and HEK-wt 

 

Figure S2. XTT cell viability curve of SKOV-3 (human ovary adenocarcinoma) and HEK-wt (human 

embryonic kidney-wild type) under cis-22a treatment. Data shown is mean ± SEM (n = 6/concentration) from 

3 independent experiments. 

7.3 In vitro Polypharmacology and metabolism 

Table S1.  In vitro pharmacology profile of MRC-130 and cis‐22a on several ion 

channels 

Ion  Channel (h) 
% of Inhibition at 10 µMa 

MRC-130 cis-22ac 

Adrenergic a1A 4.8 ± 0.2 94.0 ± 5.0 

Dopamine D1 2.3 ± 4.3 63.9 ± 0.2 

 Dopamine D2S
b 27.1 ± 3.2 90.3 ± 0.6 

Dopamine D4.4 7.3 ± 2.3 93.8 ± 0.5 

hERG 7.7 ± 0.4 82.3 ± 4.0 

Muscarinic M1 15.1 ± 2.6 74.3 ± 2.7 

Muscarinic M2 33.3 ± 1.9 87.2 ± 2.7 

Opiate µb 12.2 ± 2.6 98.1 ± 0.6 

Serotonine 5-HT1A 4.8 ± 0.2 88.5 ± 4.5 
aThe effect of MRC-130 on voltage- and/or ligand-gated ion channels were measured in 

radioligand binding assays using an antagonist radioligand. bAn agonist radioligand was 

used for the binding competition assay. cValues were taken from ref.76 

 

Table S2.  In vitro pharmacology profile of MRC-130 and cis‐22a on several ion 

channels 

Time (min) 
% of the remaining compound 

MRC-130 cis-22a 

0 100 100 

15 101.7 ± 0.8 38.4 ± 0.5 

 30 100.4 ± 0.8 2.9 ± 0.4 

45 98.4 ± 3.1 3.1 ± 0.1 

60 91.3 ± 0.2 4.4 ± 0.4 
aMetabolic stability, expressed as a percent of the parent compound remaining, was 

calculated by comparing the peak area of the compound at the time point relative to that at 

time 0 min. The half-life (T1/2) was estimated from the slope of the initial linear range of 

the logarithmic curve of compound remaining (%) vs. time, assuming first-order kinetics.   
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7.4 Copy of NMR spectra, ESI-HRMS and HPLC traces 

Hexane-1-sulfonohydrazide (3a).  

 

 

 

 

 



Supplementary Data 

 

70 

Octane-1-sulfonohydrazide (3b).  
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(E)-N'-(4-hydroxy-3-methoxybenzylidene)hexane-1-sulfonohydrazide (5a).  
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(E)-N'-(4-hydroxy-3-methoxybenzylidene)octane-1-sulfonohydrazide (5b).  
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Benzo[d][1,3]dioxole-5-carbaldehyde (7).  
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(E)-N'-(benzo[d][1,3]dioxol-5-ylmethylene)hexane-1-sulfonohydrazide (8a). 
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(E)-N'-(benzo[d][1,3]dioxol-5-ylmethylene)octane-1-sulfonohydrazide (8b). 
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(E)-N'-(4-hydroxy-3-methoxybenzylidene)heptanehydrazide (11a).  
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(E)-N'-(4-hydroxy-3-methoxybenzylidene)nonanehydrazide (11b). 
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(E)-N'-(benzo[d][1,3]dioxol-5-ylmethylene)heptanehydrazide (12a).  
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(E)-N'-(benzo[d][1,3]dioxol-5-ylmethylene)nonanehydrazide (12b). 
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Methyl glycinate hydrochloride salt (14).  
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Methyl (hexylsulfonyl)glycinate (15a).  
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Methyl (octylsulfonyl)glycinate (15b).  
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N-(2-hydrazineyl-2-oxoethyl)hexane-1-sulfonamide (16a).  
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N-(2-hydrazineyl-2-oxoethyl)octane-1-sulfonamide (16b). 
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(E)-N-(2-(2-(4-hydroxy-3-methoxybenzylidene)hydrazineyl)-2-oxoethyl)hexane-1-

sulfonamide (17a).  
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(E)-N-(2-(2-(4-hydroxy-3-methoxybenzylidene)hydrazineyl)-2-oxoethyl)octane-1-

sulfonamide (17b).  
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(E)-N-(2-(2-(benzo[d][1,3]dioxol-5-ylmethylene)hydrazineyl)-2-oxoethyl)hexane-1-

sulfonamide (18a).  
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(E)-N-(2-(2-(benzo[d][1,3]dioxol-5-ylmethylene)hydrazineyl)-2-oxoethyl)octane-1-

sulfonamide (18b).  
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4-((tert-butyldimethylsilyl)oxy)-3-methoxybenzaldehyde (19).  

 

 

 

 

 



Supplementary Data 

 

97 

 

1-(4-((tert-butyldimethylsilyl)oxy)-3-methoxybenzyl)piperazine (22). 
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4-((4-cyclohexylpiperazin-1-yl)methyl)-2-methoxyphenol (24c).  
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4-((4-((1S,4S)-4-ethylcyclohexyl)piperazin-1-yl)methyl)-2-methoxyphenol (24d). 
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4-((4-((1S,4S)-4-(tert-butyl)cyclohexyl)piperazin-1-yl)methyl)-2-methoxyphenol 

(24e).  

 

 

 

 



Supplementary Data 

 

104 

 

 

 

 

 

 

 

 



Supplementary Data 

 

105 

 

 

 

 

 

 

 



Supplementary Data 

 

106 

2-methoxy-4-((4-((1S,4S)-4-phenylcyclohexyl)piperazin-1-yl)methyl)phenol (24f).
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(4-hydroxy-3-methoxyphenyl)(piperazin-1-yl)methanone (27).  
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(4-cyclohexylpiperazin-1-yl)(4-hydroxy-3-methoxyphenyl)methanone (28c).  
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(4-((1S,4S)-4-ethylcyclohexyl)piperazin-1-yl)(4-hydroxy-3-
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(4-((1S,4S)-4-(tert-butyl)cyclohexyl)piperazin-1-yl)(4-hydroxy-3-

methoxyphenyl)methanone (28e). 
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(4-hydroxy-3-methoxyphenyl)(4-((1S,4S)-4-phenylcyclohexyl)piperazin-1-

yl)methanone (28f). 
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5-(piperazin-1-ylmethyl)pyridin-2(1H)-one (31).  
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5-((4-((1S,4S)-4-(tert-butyl)cyclohexyl)piperazin-1-yl)methyl)pyridin-2(1H)-one 

(32e). 
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5-((4-((1S,4S)-4-phenylcyclohexyl)piperazin-1-yl)methyl)pyridin-2(1H)-one (32f). 
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5-(piperazine-1-carbonyl)pyridin-2(1H)-one (35).  
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5-(4-((1S,4S)-4-(tert-butyl)cyclohexyl)piperazine-1-carbonyl)pyridin-2(1H)-one 

(36e). 
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5-(4-((1S,4S)-4-phenylcyclohexyl)piperazine-1-carbonyl)pyridin-2(1H)-one (36f).  
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1-(4-phenylcyclohexyl)piperazine (38f).  
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1-((1S,4S)-4-phenylcyclohexyl)-4-(pyridin-3-ylmethyl)piperazine (42f). 
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1-((6-methoxypyridin-3-yl)methyl)-4-((1S,4S)-4-phenylcyclohexyl)piperazine (43f).
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1-((6-bromopyridin-3-yl)methyl)-4-((1S,4S)-4-phenylcyclohexyl)piperazine (44f). 
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5-((4-((1S,4S)-4-(3-(trifluoromethyl)phenyl)cyclohexyl)piperazin-1-
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5-((4-((1S,4S)-4-(2-(trifluoromethyl)phenyl)cyclohexyl)piperazin-1-
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5-((4-((1S,4S)-4-hydroxy-4-(2-(trifluoromethyl)phenyl)cyclohexyl)piperazin-1-

yl)methyl)pyridin-2(1H)-one (56i). 
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7.5 Curriculum Vitae 
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7.6 Student’s Record 

 

 

 


