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Lipids are a major type of biomolecules that are defined as small, hydrophobic or 

amphipathic molecules that (partially) originate from the condensations of ketoacyl 

thioesters and/or isoprene units.1 This definition gives rise to a chemically diverse set of 

compounds, in which eight classes are distinguished: fatty acyls, glycerolipids, 

glycerophospholipids, sphingolipids, saccharolipids, polyketides, sterol lipids and prenol 

lipids. These molecules exert a wide array of biological functions, including membrane 

building blocks, energy storage, vitamins, hormones, immunomodulatory agents and 

toxins.1,2 Many signaling lipids are low-abundant, short-lived and chemically instable, 

which has complicated efforts to elucidate their physiological activities.2 

N-acylphosphatidylethanolamines (NAPEs) are a family of glycerophospholipids with 

both structural and signaling activities (Figure 1.1). They are low-abundant, making up only 

0.01% of the membrane phospholipids in animal brains under physiological conditions, 

corresponding to low nanomoles per gram tissue.3 Nevertheless, they are widespread 

across different tissues, being found in mammalian central nervous system, gut, spleen, 

testes and plasma.3,4 NAPEs are more abundant in plasma membranes than intracellular 

compartments and were found in erythrocytes, which do not have intracellular 

membranes.5,6 They were first discovered in 19657, and until the 1990s they were regarded 

as nothing more than short-lived intermediates in the biosynthesis of phosphatidic acid 

(PA) or N-acylethanolamines (NAEs).8–10 Only recently their specific biochemical and 

biophysical properties are being appreciated.3,4 These properties include regulation of 

membrane dynamics, feeding and tissue degeneration (Figure 1.2). 

 

 

 

Figure 1.1. General structure of NAPE-type lipids. A) Structure of N-palmitoyl-1-oleoyl-2-linoleoyl-sn-glycero-3-

phosphoethanolamine, a typical NAPE. Indicated are the phosphatidylethanolamine (PE) and N-acyl building blocks and 

the stereospecific numbering (sn) of the glycerol backbone. B) Structures of alternative NAPE-like species, with an sn-1 

ether-linked substituent. 
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Figure 1.2. Overview of most important reported activities of NAPEs. Structural and signaling functions of NAPEs 

have been reported. In addition, they may exert functionalities through maintaining levels of up- or downstream 

bioactive metabolites. Functions are not mutually exclusive and may not be restricted to one classification. 

Structural properties of NAPEs 

NAPEs are triacylated glycerophospholipids synthesized from phosphatidylethanolamine 

(PE). In plants, NAPEs are formed by direct acylation of the PE amine with free fatty acids 

(FFAs)11,12, whereas in mammals the acyl is transferred from a fatty acid donor.13,14 This 

N-acyl transfer converts the zwitterionic PE into a negatively charged phospholipid (Figure 

1.3). The composition of the three tails is highly diverse, but in general the sn-1 position is 

occupied by saturated or monounsaturated chains and the sn-2 position by 

(poly)unsaturated acyl groups, reflecting the composition of the PE precursor (Figure 

1.1).15,16 In rat brain, the sn-2 substituent was found to often be an oleoyl (18:1) ester, 

suggesting an enzymatic preference for 2-oleoyl-PE substrates.17 The N-substituent 

composition appears to be dictated by acyl donor availability, as it mirrors the sn-1 

composition of PC.3,18 N-palmitoyl (16:0)-PE (NPPE) was the most abundant NAPE species 

found in human plasma, rat brain, rat testes (over 50%) and rat heart (∼20%), with lower 

levels of N-stearoyl (18:0), N-oleoyl (18:1) and N-linoleoyl (18:2)-PE. Reported levels of 

polyunsaturated species such as N-arachidonoyl (20:4), N-docosapentaenoyl (22:5) and 

N-docosahexaenoyl (DHA, 22:6)-PE range from 0.6% to 11%.16,18–21 NAPE concentrations 

are highly dependent on cell type and developmental state. For example, the concentration 

of N-arachidonoyl-PE (NArPE) in rat brainstem and striatum is two to three times higher 

than in hippocampus, hypothalamus or diencephalon and six times higher than in cortex.22 

In adult rats, brain NArPE levels are increased over three-fold compared to neonatals.23 

Important NAPE-like classes include N-acylplasmanylethanolamines, in which the sn-1 

substituent is an alkyl ether, and N-acylplasmenylethanolamines or plasmalogen NAPEs 

(pNAPEs), in which the sn-1 substituent is a vinyl ether (Figure 1.1). Compared to canonical 

NAPEs, they can be relatively high-abundant. For example, in dog heart and rat brain, levels 

of sn-1 vinyl ether NArPEs were found to be equal to or higher than their sn-1 acyl 

counterpart, respectively.24,25 Rat intestinal mucosa, however, does not contain sn-1 alkyl 

nor alkenyl NAPEs, whereas serosa contains all classes.26 Nevertheless, (vinyl) ether-linked 

NAPEs are underappreciated as a separate class and plasmanyl species are often neglected 

in studies on NAPEs.27–29  
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Figure 1.3. Metabolic pathways involved in biosynthesis and degradation of NAPEs. Shown are the transacylation 

reaction from canonical acyl donor phosphatidylcholine (PC) to phosphatidylethanolamine (PE), the direct hydrolysis of 

N-acylphosphatidylethanolamine (NAPE) to N-acylethanolamine (NAE) by NAPE-specific phospholipase D (NAPE-PLD), 

the three multistep pathways leading to NAE and the metabolism of NAE. Indicated are the responsible enzymes and 

secondary products formed. Ether-type NAPEs and alternative acyl donors are not explicitized. PLA2G4E: phospholipase 

A2 group IV E, PLAAT: phospholipase A/acyltransferase, ABHD4: α/β hydrolase domain-containing protein 4, sPLA2: 

secreted phospholipase A2, GDE: glycerophosphodiesterase, PLC: phospholipase C, PTPN22: protein tyrosine 

phosphatase non-receptor type 22, SHIP1: Src homology 2 domain-containing inositol 5’ phosphatase 1, FAAH: fatty 

acid amide hydrolase, NAAA: NAE-hydrolyzing acid amidase, AC: acid ceramidase, PA: phosphatidic acid, LPA: 

lysophosphatidic acid, GP-NAE: glycerophospho-NAE, Gro3P: glycerol-3-phosphate, DAG: diacylglycerol, EA: 

ethanolamine, FFA: free fatty acid. 
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The three tails of NAPEs give it extraordinary interactions in lipid membranes. Similar to 

other phospholipids, the sn-1 and sn-2 acyl groups are embedded in the lipid bilayer, but 

the conformation of the N-acyl chain depends on the number or carbons. Short-chain 

substituents (<10 carbons) appeared to be randomly oriented or to reside at the 

membrane interface, whereas longer-chain substituents (≥10 carbons) are oriented parallel 

to the other two substituents (Figure 1.4A, B).30,31 Penetration of a third fatty acid chain 

into the membrane leaflet leads to increased steric bulk and consequently promotes a 

negative membrane curvature32,33 and rigidifies the membrane.34 In addition, acylation of 

the ethanolamine disrupts intermolecular hydrogen bonds between the amine and 

phosphate groups. However, this is probably compensated for by intermolecular hydrogen 

bonds between the N-H and carbonyls of the acylamide (Figure 1.4C).34,35 The membrane- 

stabilizing effect of NAPEs has been exploited in liposome formulations. Liposomes with 

increased NAPE content were larger and less permeable, as determined by measuring 

leakage of its fluorescent cargo.32 In a similar experiment, NPPE was shown to increase the 

stability of vesicles in the presence of human serum, an effect that was attributed to a 

combination of increased membrane rigidity, altered surface charge and reduced lipid 

exchange with serum lipoproteins.36 In addition to a stabilizing function, N-dodecanoyl 

(12:0)-PE and NPPE-containing liposomes showed increased cation-dependent 

fusogenicity with each other, erythrocyte ghosts and U-937 cells.37,38 The negative surface 

charge of NAPEs probably played a role, as low pH also stimulated fusion. However, no 

fusion was observed with phosphatidylglycerol (PG) or phosphatidylserine (PS)-containing 

liposomes, indicating a NAPE-specific effect.37 In line with these results, NAPEs were 

enriched around division sites in mutant Escherichia coli lacking PG and cardiolipin, 

possibly fulfilling the natural role of these lipids in budding and cell division through their 

effects on membrane curvature and surface charge.39 The combination of increased 

liposome stability in serum and fusogenicity make the incorporation of NAPEs into 

liposomal formulations interesting for drug delivery purposes. 

NAPEs as feeding hormones 

In fasted rats, plasma and lymph NAPE levels were found to increase following a high-fat 

diet.20,40 These NAPEs are synthesized in the small intestine from the ingested lipids and 

their general composition reflects that of those. Of note, NArPE levels did not respond to 

feeding, but increased upon starvation.41 N-palmitoyl-1,2-dioleoyl-sn-PE (N-palmitoyl-

DOPE) administration was shown to have an anorectic effect, whereas DOPE and 

N-palmitoylethanolamine (PEA) did not.20 The same effect was observed in 

N-acylphosphatidylethanolamine-specific phospholipase D (NAPE-PLD) KO mice and with 

non-hydrolyzable N-palmitoyl-dialkyl-PE, indicating it was not mediated by NAPE 

metabolites.42 Since administration of N-14C-palmitoyl-DOPE led to an accumulation of the 

radiolabel in the hypothalamus and modulation of activity of hypothalamic neural 

networks involved in feeding behavior, it was suggested that NAPEs function as gut-
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derived hormones sending satiety signals to the brain.20 However, this view later was 

contested as other mechanisms could not be ruled out. For example, high concentrations 

of dipalmitoyl-PE and phosphatidic acid were shown to have a similar hypophagic effect, 

suggesting the satiety signaling is not specific for NAPEs.42 Also, expression of NAPE-PLD, 

the enzyme responsible for the direct conversion of NAPEs to NAEs, in rat jejunum is 

postprandially increased, while expression of NAE-degrading enzyme fatty acid amide 

hydrolase (FAAH) is decreased, suggesting an important role for NAEs rather than NAPEs.26 

Indeed, NAPE-PLD activity was found to be required for the anorectic effects of NAPEs 

when they were administered orally instead of intraperitoneally.43 

 

 

 

Figure 1.4. Schematic representation of NAPE conformations in lipid membranes. A) Cartoon representation of 

phosphatidylethanolamine (PE) as used in (B). B) Short-chain N-acyl substituents (top) are positioned randomly across 

the membrane interface and do not influence membrane curvature. Longer-chain N-acyls (bottom) are positioned 

parallel to the other two substituents and induce negative membrane curvature. C) PEs (left) make intermolecular 

hydrogen bonds between the amine and phosphate groups, whereas NAPEs (right) make hydrogen bonds between the 

carbonyl and NH of the amide. 
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NAPEs in degenerating tissue 

Ischemia 

One of the earliest recognized features of NAPE biology is their increased levels in 

degenerating tissue. In the 1980s, several studies reported an accumulation following 

ischemia. In myocardium of dogs, levels of diacyl NAPEs, their plasmalogens and 

N-acylplasmanylethanolamines were increased in central and peripheral infarcted areas to 

4–6% of the phospholipid content, accompanied by a relative decrease in PE levels.44 

pNAPEs accounted for approximately 50% of the total NAPE-like species, the sn-2 O-acyls 

of which were highly enriched in arachidonoyl (75%). In contrast, diacyl NAPEs consisted 

for only 33% of 2-arachidonoyl species in central infarcted areas and were enriched in sn-2 

linoleoyl esters instead.44 Elevated levels of NAPEs were also found in infarcted 

myocardium of cats, but not of rabbits and humans.9 In addition, NAPE accumulation was 

reported in ischemic rat brains following decapitation8 or artery occlusion.45,46 Here, diacyl 

NAPEs formed the majority (77%).8 In striatum and cortex, the 2–3-fold NAPE accumulation 

was accompanied by a 30-fold increase in NAEs.46 Models of chemical-induced anoxic 

toxicity were also shown to increase NAPE levels. During anoxia or NaN3-induced anoxic 

stress, NAPEs accumulated in potato cells and cultured rat neocortical neurons.47,48  

In general, the composition of the three lipids of the elevated NAPE species does not 

significantly differ between healthy and diseased tissue, with sn-1 O-acyl and N-acyl 

consisting mainly of palmitoyl, stearoyl or linoleoyl groups.8,44–46,49 However, on the sn-2 

position, NAPEs in ischemic tissue appeared to be enriched in linoleoyl or docosahexaenoyl 

esters.8,44,47 

Neurodegeneration 

Accumulation of NAPEs in neuronal cells has been observed in response to other stimuli 

than anoxic stress. Stimulation of cultured mouse neocortical neurons with N-methyl-D-

aspartate (NMDA) or NMDA receptor agonist glutamate resulted in increased NAPE and 

NAE levels, preceding neuronal death.50,51 In line, in vivo necrotic brain damage, induced 

by concussive traumatic injury or intrastriatal injection of NMDA in infant rats, provoked a 

19- to 44-fold increase in NAPE levels within 24 h, respectively.49 In contrast to other 

studies showing an ischemia-localized effect44,46, NAPE levels were also elevated in the 

unaffected tissue of the contralateral cortex. Similarly, ethanol-induced neuronal apoptosis 

in infant mice led to an 4–6-fold accumulation of NAPEs, most notably in cortex, 

hippocampus and inferior colliculus.52,53 

The neurotoxin 6-hydroxydopamine (6-OHDA), which is used in Parkinson’s disease 

(PD) models for its ability to cause dopaminergic neuronal death54–56, increased levels of 

specific NAPE species in the striatum, but not in the substantia nigra (SN).29,57 (p)NAPEs 

with sn-2 O-arachidonoyl or docosahexaenoyl substituents and saturated N-acyls were 

significantly elevated, while N-arachidonoyl species were not affected. In mice lacking 

NAPE-PLD, NAPE levels were increased even further. In these mice, neuronal damage due 

to 6-OHDA was less pronounced, suggesting a protective role of NAPEs against 6-OHDA-
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induced neurotoxicity.29 6-OHDA treatment led to an increase in activated Rac1 in the SN 

of wildtype mice, but not in NAPE-PLD KO mice. Rac1 is a GTPase implicated in 

dopaminergic neuronal survival and PD58,59 that can be activated through interactions with 

membrane-bound leucine-rich repeat kinase 2 (LRRK2), also known as PARK8 and 

associated with both familial and sporadic PD.60,61 LRRK2 was found to dissociate from the 

plasma membrane in NAPE-PLD KO mice.62 It is tempting to speculate that elevated levels 

of NAPEs would exert a neuroprotective activity through alteration the plasma membrane 

architecture, leading to LRRK2 dissociation and subsequent reduced activation of Rac1, 

which has an anti-inflammatory effect. In line, N-palmitoyl-DOPE was shown to decrease 

Rac1 activation in macrophages, inhibiting phagocytosis.63 

Moreover, (p)NAPE biosynthesis may provide an important means to maintain 

homeostasis of precursors PE and PC. These are important structural lipids in the brain, 

and deregulation of their levels is related to neurodegenerative diseases.64 Both PE and PC 

are synthesized in the ER membrane from diacylglycerol (DAG) by specialized 

cytidylyltransferases. Expression of these enzymes was found to be increased in SN of PD 

patients.65 PE can also be synthesized by decarboxylation of PS. Downregulation of this 

second pathway has been shown to cause accumulation of α-synuclein, a hallmark 

symptom of PD.66 Plasmenylethanolamine composes over 50% of the PE content in 

neurons and even 80–90% of all phospholipids in myelin sheaths, where it provides 

structural rigidity.67,68 Levels of pPE were found to drop dramatically during Alzheimer’s 

disease (AD) onset and the decrease was correlated to the severity of the patient’s 

dementia.68 

  
Effects on NAPE levels were also observed in other forms of tissue degeneration. In a model 

system for inflammation, CdCl2-treated rat testes showed increased NAPE levels enriched 

in saturated N-acyls. The NAEs levels were even more drastically increased.69 Furthermore, 

NAPEs were able to activate lysosomal β-glucosidases from healthy individuals in vitro, but 

not those from Gaucher’s disease patients, suggesting a possible link to the molecular 

basis of this disease.70 

Metabolism of NAPEs 

NAEs 

Despite having physiological functions themselves, NAPEs are primarily known as the 

precursors to NAEs. NAEs have long been appreciated as a diverse class of signaling lipids, 

which exert a plethora of biological activities.71–73 N-palmitoylethanolamine (PEA) was the 

first NAE to be identified.71 It has anti-inflammatory74, analgesic75, retinoprotective76,77, 

satietal78 and anti-addictive79,80 effects, which are mediated through activation of the 

peroxisome proliferator-activated receptor α (PPARα).81,82 PEA levels are elevated in tissue 

surrounding stroke or ischemia83, where it reduces infarct size through inhibiting astrocyte 

activation,84 and it plays a neuroprotective role in Alzheimer’s disease.85–88 Affinity for 
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orphan receptors GPR55 and GPR119 and transient receptor potential cation channel V1 

(TRPV1) has been reported, but the physiological relevance is unclear.89–92 

N-oleoylethanolamine (OEA) is well-studied as a satiety factor produced intestinally 

from food.26,93,94 It stimulates lipolysis95 and reduces feeding96,97 through its activation of 

peripheral PPARα and GPR119, and works as a satiety hormone in the brain.98,99 Therefore 

it is considered an anti-obesity nutraceutical.100 Like PEA, it has anti-addictive101 and 

neuroprotective effects.83 Furthermore, OEA is an antagonist of TRPV1 that alleviated 

L-DOPA-induced dyskinetic symptoms in a mouse model of PD.102,103  

The most extensively studied NAE is N-arachidonoylethanolamine (AEA, or 

anandamide), because it targets the cannabinoid receptors CB1 and CB2.104,105 It is relatively 

low-abundant (up to 100-times lower than PEA and OEA), but found in most tissues 

including the central nervous system (CNS).106 Because CB1 is activated by 

(-)-Δ9-tetrahydrocannabinol (THC), the psychoactive component of marijuana, 

anandamide has gained much attention for its ability to function as an endogenous 

cannabinoid, or endocannabinoid. As such, it modulates emotional behavior, including 

stress107,108, anxiety109,110 and depression.111 Indeed, anandamide was shown to reduce 

stress-induced corticosterone release112, although a seemingly opposite effect was also 

reported.113 Other cannabimimetic activities of AEA include orexigenia114,115, 

anticonvulsion116–118, hypotension119, analgesia107,120,121 and memory formation.122,123 

Furthermore, it is involved in neuroprotection124–127, fertility128,129, inflammation130–133 and 

cancer.134–136 Beside the cannabinoid receptors, AEA also activates the TRPV1 receptor and 

this way regulates vasodilation137,138, nociception139,140 and mood.141,142  

Other NAEs have received less attention, despite their similar activities. 

N-stearoylethanolamine (SEA) has anti-inflammatory143, anorexic78,144 and pro-

apoptotic145 properties. N-linoleoylethanolamine (LEA) is the most abundant NAE in the 

jejunum, but has very low levels in the brain.146 It was found to play a role in inflammatory 

bowel disease, stimulating bacterial growth.147 N-docosahexaenoylethanolamine (DHEA, 

or synaptamide) stimulates neurogenesis, neuritogenesis and synaptogenesis through 

activation of GPR110148,149 and also has anti-(neuro)inflammatory activity.150,151 Some of 

the physiological roles of different NAPEs are likely related to the function of their 

respective NAE metabolites. 

Metabolic pathways 

Four metabolic pathways have been described for the conversion of NAPEs into NAEs. Of 

these four pathways, three go via one or more intermediate lipids, which have biological 

relevance on their own (Figure 1.3). The direct conversion of NAPEs and pNAPEs into NAEs 

is performed by NAPE-PLD.10 NAPE-PLD is a metallo-β-lactamase, structurally unrelated to 

other human PLDs, that uses two active site Zn2+-ions to hydrolyze the NAPE 

phosphate.152,153 In its active conformation, it is a membrane-associated dimer that has a 

membrane-facing hydrophobic cavity to extract NAPEs from the membrane and allosteric 

pockets that accommodate activating bile acids and polyamines.152,154–156 It is expressed in 
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several organs, most abundantly in brain, kidney and testes.157 In vitro, NAPE-PLD is specific 

for (p)NAPEs (with modest lyso-NAPE-PLD activity), but has no selectivity for the N-acyl 

substituents, suggesting it is capable of synthesizing all NAEs.157,158 Independent KO 

studies, however, have described conflicting results on AEA and DHEA levels, which might 

be attributed to compensatory effects.159–161 Recently, the first in vivo active NAPE-PLD 

inhibitor was described, which decreased the levels of saturated, monounsaturated and 

ω-6-polyunsaturated NAEs, including AEA.162 Beside NAEs, NAPE-PLD produces 

phosphatidic acid (PA). PA is a central precursor in the biosynthesis of many glycerolipids, 

including PE, PC and PS.163 In addition, it has pH-dependent interactions with proteins 

involved in membrane component biosynthesis.164 

The second pathway of NAPE degradation involves the sequential actions of 

α/β hydrolase domain containing protein 4 (ABHD4) and glycerophosphodiesterase 4 or 7 

(GDE4, GDE7). First, the sn-2 ester is saponified by ABHD4, producing 2-lyso-NAPE, which 

is then hydrolyzed to NAE by lyso-NAPE-PLD activity of GDE4 or GDE7.14 ABHD4 is a serine 

hydrolase that hydrolyzes NAPEs and N-acylphosphatidylserine (NAPS).165 It is expressed 

in several tissues, most abundantly in CNS and testes.166 GDE4 and GDE7 are lyso-PLDs 

that accept lyso-NAPEs, lyso-PE and lyso-PC and convert these to lysophosphatidic acid 

(LPA).167,168 Little is known about the physiological importance of lyso-NAPEs, but LPA is 

regarded an important signaling lipid in (neuro)development, tissue regeneration and 

cancer.169–172 Both GDE4 and GDE7 are ubiquitously expressed, but GDE4 is more abundant 

in brain and testes, whereas GDE7 is more abundant in kidney.168 Both ABHD4 and GDE4 

have a preference for plasmalogen substrates165,167, suggesting this second pathway is 

used mainly for the degradation of pNAPEs. Alternatively, three secretory phospholipases, 

sPLA2IB, sPLA2IIA and sPLA2V, were shown to be able to hydrolyze the sn-2 ester of 

NAPEs.173 As these enzymes are mainly present in the gastrointestinal system, they might 

be important for the local metabolism of NAPEs from food.  

In the third metabolic pathway, ABHD4 sequentially hydrolyzes both NAPE O-acyls, 

producing glycerophospho-NAEs (GP-NAEs).166 These intermediates are then converted to 

NAEs by GDE1 (also known as MIR16).174 Like GDE4, GDE1 is a magnesium-dependent PLD 

predominantly expressed in CNS, kidney and testes.174 It has shown activity on several 

glycerophospho metabolites, including GP-serine, GP-glycerate and GP-inositol.175,176 Of 

note, GP-DHEA was found to be one of the most abundant peripheral GP-NAEs161, while 

its levels in the brain were very low174, suggesting distinct regulation of this pathway in 

different tissues. ABHD4 was recently shown to play a crucial role in anoikis in prostate 

cancer cells and embryonic brain development, but it is unclear which metabolites are 

involved in this process.177,178 Because of the non-hydrolyzable sn-1 ether linkage in 

plasmanyl and plasmenyl NAPEs, these lipids cannot be metabolized via this third pathway. 

The fourth NAPE metabolic pathway is the least characterized, and includes PLC-type 

hydrolysis to phospho-NAEs by an unknown enzyme followed by dephosphorylation to 

NAEs. Protein tyrosine phosphatase non-receptor type 22 (PTPN22) and Src homology 2 

(SH2) domain-containing inositol 5’ phosphatase (SHIP1) have been identified to be able 
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to catalyze this final reaction. This pathway was discovered in macrophages and is 

responsive to lipopolysaccharide (LPS) stimulation.179,180 Of note, PLC-type hydrolysis of 

NAPEs produces DAG, a key intermediate in the biosynthesis of many phospholipids.67 It 

is unclear whether this pathway is used for the degradation of plasmanyl and plasmenyl 

NAPEs. 

 
Bioactivity of NAEs is terminated by FAAH and N-acylethanolamine-hydrolyzing acid 

amidase (NAAA), that hydrolyze the amide bond to produce ethanolamine and FFAs. FAAH 

is a widely-expressed serine hydrolase that has been extensively studied for its central role 

in NAE metabolism, and specifically for AEA.120,181,182 In higher mammals, including humans, 

but not rodents, a second enzyme named FAAH-2 was discovered that also hydrolyzes 

fatty acid amides, but without preference for NAEs.183 Its physiological importance to NAE 

homeostasis has not been established. NAAA is a lysosomal cysteine hydrolase that 

belongs to the cholylglycine hydrolase family and is unrelated to FAAH.184 It preferentially 

hydrolyses PEA and inhibition of NAAA was shown to have immunosuppressive 

effects.185,186 Recently, the lysosomal cysteine hydrolase acid ceramidase (AC) was found 

to possess NAE hydrolytic activity.187 AC is well-studied for its degradation of sphingolipids, 

and its concomitant role in lysosomal storage diseases.188 The physiological relevance of 

its ability to hydrolyze NAEs remains unclear. 

Polyunsaturated NAEs, such as AEA and DHEA, can additionally be converted to 

eicosanoid-type signaling lipids through oxygenation of their double bonds. 

Cyclooxygenases (COX), lipoxygenases (LOX) and cytochrome P450 (CYP) enzymes form 

different types of eicosanoid-ethanolamines for which bioactivities have been reported, 

for example in immunomodulation and cytoprotection.189,190 A detailed description of 

these functions is outside the scope of this thesis. 

NAPE biosynthesis 

In mammals, NAPEs are synthesized by transacylation reaction between PE and a fatty acid 

donor catalyzed by calcium-dependent or -independent N-acyltransferases (Figure 1.3). 

Phosphatidylcholine (PC) is considered the canonical donor, but PE and cardiolipin can also 

be used.13,191,192 Calcium-dependent N-acyltransferase (Ca-NAT) activity was first described 

in ischemic dog heart in 198213, but the responsible enzyme remained elusive until in 2016, 

phospolipase A2 Group IV E (PLA2G4E) was reported to be able to produce NAPEs from PE 

and PC (see below).193 

PLAAT family 

The second pathway of NAPE biosynthesis does not require calcium and is catalyzed by 

members of the phospholipase/acyltransferase (PLAAT) family.194–196 PLAAT1–5 are small 

(162–279 amino acids) cysteine hydrolases encoded by the HRASLS1–5 genes that exert 

phospholipase A1 (PLA1), PLA2 and acyltransferase activity.17,197 They are structurally similar 

to lecithin-retinol acyl transferase (LRAT), but they cannot use retinol as an acyl acceptor.196 
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They are characterized by a conserved NCEHFV sequence, which contains the catalytic 

cysteine which is part of a Cys-His-His triad (except in PLAAT1), and a C-terminal 

hydrophobic domain (except in PLAAT5).198 Whereas calcium-dependent NAT activity is 

regarded the canonical pathway of NAPE biosynthesis, the physiological importance of the 

PLAAT enzymes has not been fully elucidated.14  

PLAAT1 (also known as A-C1) is highly expressed in testes and skeletal muscle and 

also in brain and heart, which is similar to the expression profile of PLA2G4E.199 It has a 

Cys-His catalytic dyad and an N-terminal enrichment of basic residues, which is involved 

in its localization to the nucleus.200 It displays higher N- and O-acyltransferase activity than 

PLA1/2, with preferential cleavage of the sn-1 ester.199 Its expression has been correlated to 

several forms of cancer, suggesting a role as tumor suppressor.201,202 Recently, PLAAT1 was 

found to be responsible for developmental organelle degradation in the lens of 

zebrafish.203 It is recruited to damaged organelle membranes dependent on its C-terminal 

hydrophobic domain. 

PLAAT2 is expressed in gastrointestinal tissues, most abundantly in the small intestine 

and liver, and in kidney and trachea, but not in rodents.195,204 Its C-terminal domain is 

important for its perinuclear localization.204 PLAAT2 has the highest NAT activity of all 

PLAAT enzymes and also significant O-acyltransferase activity to 2-lysophospholipid 

acceptors.27,195 Its anti-proliferative effect on several cancer cell lines may suggest a tumor 

suppressor function.204  

PLAAT3 (also known as AdPLA, H-Rev107 or PLA2G16) is the most well-studied PLAAT. 

Its expression was found in many peripheral tissues, particularly in adipocytes.195,205,206 It 

has a perinuclear localization, partially co-localizing with the endoplasmic reticulum (ER).205 

Of all PLAATs, PLAAT3 was found to have the highest phospholipase activity, with much 

lower transferase activity.27 Contradictory results have been reported regarding preference 

towards the sn-1 or 2 position, as well as activation by calcium.195,196,205 PLAAT3 has most 

extensively been studied as a tumor suppressor207–213, but oncogenic activity has also been 

reported.214,215 Similar to the activity of PLAAT1 in zebrafish, PLAAT3 is responsible for 

organelle degradation in the lens of mice.203 Recently, it was found to be a host factor used 

by picornaviridae to prevent clearance.216 In addition, overexpression of both PLAAT2 and 

PLAAT3 was found to cause peroxisomal dysfunction through their depletion of 

plasmenylethanolamines27,217, which is known to be related to demyelinating diseases such 

as multiple sclerosis (MS).67,218 PLAAT3 KO mice are resistant to diet-induced obesity due 

to increased lipolytic activity in adipocytes. It was suggested that PGE2 derived from 

PLAAT3-produced AA inhibits lipolysis, implying PLAAT3 as an anti-obesity drug target.206 

PLAAT4 (also referred to as RIG1, TIG3 or RARRES3) is ubiquitously found in human 

tissues, but not in rodents.195 It has higher PLA1/2 activity than NAT activity, but when it was 

overexpressed, NAPEs were shown to accumulate.27,195 PLAAT4 expression is 

downregulated in several cancers219–222, and its anti-proliferative effect was found to be 

dependent on its localization to the Golgi apparatus, mediated by the C-terminal 

hydrophobic segment.223 In the epidermis it is involved in regulation of keratinocyte 
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proliferation and differentiation224,225, and reduced expression is related to psoriasis and 

squamous cell carcinoma.226  

PLAAT5 (also known as iNAT or RLP-1) is the largest of the PLAAT family.14 It has low 

expression in brain and several peripheral organs, but is highly expressed in testes.227,228 It 

is localized to the cytosol, possibly owing to the lack of a C-terminal hydrophobic 

domain.227 PLAAT5 has higher NAT activity than PLA1/2, and does not discriminate between 

sn-1 and sn-2 O-acyl cleavage.227 No physiological function of PLAAT5 has been 

established yet. 

Recently, the first PLAAT inhibitors have been published.229,230 LEI-110 was able to 

inhibit PLAAT3-dependent arachidonic acid (AA) production in an overexpression 

system.229 LEI-301 inhibited the accumulation of several NAEs by overexpressed PLAAT2 

or PLAAT5.230 These chemical tools will aid in elucidating the physiological role of these 

enzymes, including their relative importance in NAPE biosynthesis compared to Ca-NAT. 

PLA2G4E 

PLA2G4E is a serine hydrolase that belongs to the family of cytosolic phospholipases A2 

(cPLA2), also known as the Group IV PLA2s. This family of phospholipid-metabolizing 

enzymes consists of six known members (PLA2G4A–F, cPLA2α–ζ), which share low amino 

acid sequence identity (<40% on average).231 They are, however, highly conserved 

throughout evolution, with human and mouse PLA2G4A sharing over 95% amino acid 

identity.232 In both mice and humans, PLA2G4B, D, E and F form a gene cluster, suggesting 

evolutionary paralogy.233 The PLA2G4 family is characterized by a catalytic Ser-Asp dyad. 

In PLA2G4A–C, an additional arginine residue is required for catalytic activity, and this Arg 

is conserved among all PLA2G4 enzymes.234 All members except PLA2G4C have an 

N-terminal C2 lipid-binding domain with conserved residues involved in Ca2+ binding.233 

Each member has different preferential PLA1/2, lyso-PLA and acyltransferase activity and 

expression pattern, suggesting different roles in phospholipid homeostasis.231 For more 

information about PLA2G4A–D and PLA2G4F, see Box 1. 

Early on it was recognized that PLA2G4E (cPLA2ε) had only low PLA1, PLA2 and lyso-

PLA activity, and in 2016 it was shown to be a principal N-acyltransferase that is strongly 

stimulated by calcium.193,233 It was confirmed that this enzyme has the characteristics of 

the elusive Ca-NAT. The enzyme specifically transfers the sn-1 O-acyl from the acyl donor, 

which can be PC or PE, to the amine of (p)PE, but shows no preference for sn-1 lipid 

composition.18,192,193 As such, PLA2G4E might be involved in the downstream production 

of NAEs.192,235 When overexpressed, cellular sn-2-oleoyl-NAPE levels were increased most 

prominently, which is in line with the notion that these are the most abundant NAPE 

species in the brain.17,192 Beside calcium, activity is stimulated by several anionic lipids, 

including PS, PA and PG, but not phosphatidiylinositol-4,5-bisphosphate (PI(4,5)P2).235,236 
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Box 1 – PLA2G4 family 

PLA2G4A is the first characterized and most-studied member of the PLA2G4 family.257 

It is a ubiquitously expressed cytosolic protein that translocates to intracellular 

membranes upon Ca2+ binding. From the elucidated X-ray crystal structure it was 

concluded that it possesses an N-terminal C2 domain featuring three calcium-binding 

loops (CBLs).258 Upon calcium binding the negative charge of these is shielded, 

increasing the lipid binding properties of the domain.259 Depending on the Ca2+ 

concentration, the C2 domain directs the enzyme to the membranes of the Golgi, ER 

or nuclear envelope.243,260,261 The catalytic domain does not adopt a classical α/β 

hydrolase fold. Instead, the catalytic dyad is located in a deep funnel covered with a 

flexible, amphipathic lid that may confer substrate specificity, and a ‘cap’ region rich in 

basic residues that could interact with membrane phospholipids.258 Translocation to 

intracellular membranes is required for catalytic activity, which can be enhanced 

through phosphorylation by various kinases.262–264 A putative binding site for 

phosphatidylinositol phosphates (PIPs) is suggested to regulate intracellular 

localization as well as catalytic activity, but this has not been proven in vivo.265–268 

PLA2G4A has preferential PLA2 activity and showed a strong preference for hydrolysis 

of sn-2 arachidonoyl esters from PC (regardless of the sn-1 linkage type), PE, PA and 

PS.232,269 Indeed, it plays a central role in the production of arachidonic acid and its 

physiological importance has been established in mediating the release of 

immunomodulatory eicosanoids, which are oxidative products of arachidonic acid. 270–

272 This way, PLA2G4A was found to be involved in the immune responses related to 

injury271–274, ischemia275, neurodegenerative diseases276,277 and (auto)immune 

diseases277–280, as well as in fertility275 and cancer.281,282 It contributes to trafficking of 

proteins within the Golgi apparatus and from the Golgi to the plasma membrane 

through the formation of membrane tubules.244,283 This function appeared to require 

catalytic activity of PLA2G4A, but was independent of downstream production of 

eicosanoids, suggesting an additional function of PLA2G4A in mediating membrane 

dynamics.244 

Less is known about the other members of the PLA2G4 family. In humans, three 

splicing isoforms of PLA2G4B (cPLA2β) exist, of which only one (PLA2G4B3) was found 

to be endogenously translated.284 It is found in most tissues, most abundantly in 

pancreas, liver and brain234, and is constitutively localized to early endosomal and 

mitochondrial membranes.284 It predominantly hydrolyzes 2-lysophospholipids in a 

calcium-independent manner.284,285 The enzyme has an N-terminal truncated jumonji 

C (JmjC) domain upstream of the C2 domain, which lacks several conserved elements 

for histone lysine demethylation and therefore is of unknown relevance.284,286 Recently, 

a read-through fusion gene formed by splicing of PLA2G4B with neighboring JmjD-

containing protein 7 (JMJD7) was shown to play a role in cancer cell proliferation.287 
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PLA2G4B also has a C-terminal polybasic (PB) domain (-RRRQRR-) with unknown 

functionality.284  

PLA2G4C (cPLA2γ) is the smallest member of the family, as it lacks a C2 domain.234 

Consequently, its catalytic activity is calcium-independent.234 PLA2G4C has low PLA1 

and PLA2 activity, but higher lyso-PLA activity.285,288 It has a preference for 

polyunsaturated sn-2 O-acyls, and overexpression increases arachidonic acid 

release.289,290 In addition, it is able to transfer fatty acids from 1-lyso-PC and 1-lyso-PE 

to 2-lyso-PC and 2-lyso-PE.291 Recently, it was shown to accept NAPEs as substrate for 

sequential sn-1 and sn-2 hydrolysis to GP-NAEs in vitro, similar to ABHD4.292 It is highly 

expressed in human heart and skeletal muscle290, and is tightly associated with the ER 

membrane and possibly the outer mitochondrial leaflet.291,293–295 N- and C-terminal 

protein lipidation sites are potentially involved in the subcellular localization.289–

291,294,296 PLA2G4C is involved in lipid droplet formation and translocates to these upon 

formation.295 Here, it plays a role as a host factor in hepatitis C viral genome replication 

and virion assembly.297 The similarity of this function to that of PLAAT3 makes 

PLA2G4C an interesting subject for investigation. 

PLA2G4D (cPLA2δ) is predominantly a PLA1, but also has relatively high PLA2 

activity, which can be slightly stimulated by calcium.285 It has preference for PC and 2-

lyso-PC over other phospholipids and preferentially cleaves linoleoyl esters.298 After 

PLA2G4A, it is the only PLA2G4 for which the crystal structure was elucidated, which 

showed a remarkable tandem C2 domain.240 The N-terminal of these was homologous 

to the C2 of PLA2G4A and showed conserved CBLs, whereas the second had similar 

overall topology but no CBLs. Of note, the second C2 showed significant sequence 

similarity with PLA2G4B, E and F, suggesting these might also have a double C2 

domain.240 Similar to PLA2G4A, PLA2G4D calcium-dependently translocates from the 

cytosol to ER/Golgi membranes.233 In humans, it is found exclusively in stratified 

squamous epithelia of skin and cervix.298 Its expression is increased in mast cells and 

keratinocytes in psoriatic lesions and atopic dermatitis, and the enzyme was found in 

mast cell-derived exosomes that could be taken up by antigen-presenting cells.298,299 

Similar to PLA2G4B and C, mouse PLA2G4F (cPLA2ζ) preferentially hydrolyzes 2-

lyso-PLA esters, but it also contains PLA1 and PLA2 activity.233,285 Its PLA1 and PLA2 

activity were found to be stimulated by calcium, while lyso-PLA activity was not.285 

High expression was found in thyroid, and also some in stomach and intestinal 

tissue.233 When overexpressed, mPLA2G4F localized to the cytosol and did not respond 

to calcium.233 It appeared to be involved in arachidonic acid production in mouse lung 

fibroblasts.300 Human PLA2G4F was reported to be the main phospholipase 

responsible for mitochondrial arachidonic acid production in healthy myocardium, 

providing the precursor for production of protective epoxyeicosatrienoic acids 

(EETs).301 

 



Chapter 1 

22 

 

Activity was increased most notably by PS, which also increased PLA2G4E’s affinity for 

Ca2+.235 However, since these experiments were carried out on purified enzyme, the 

physiological relevance is not clear. The enzyme is expressed in brain, heart, testes, skeletal 

muscle and skin. Within the brain, only neuronal cells were found to express PLA2G4E.193,237 

Of note, the tissue distribution is highly similar to PLAAT1 and PLAAT5, both of which also 

have high acyltransferase activity.199,227 

In humans, two isoforms of PLA2G4E exist, which differ in their N-terminal sequence. 

In vitro, these isoforms, consisting of 834 and 868 amino acids (97 and 100 kDa, 

respectively), showed similar activity and substrate preference.235 Google’s AlphaFold 2 

predicts the N-terminus to be disordered (Figure 1.5)238,239, and no physiological relevance 

for the two isoforms is known.235 PLA2G4E has a C2 domain with three calcium-binding 

loops (CBLs), followed by a region with high sequence similarity to PLA2G4D’s second C2 

domain.240 AlphaFold 2 predicts a C2-like topology for this region, but lacking CBLs, similar 

to PLA2G4D (Figure 1.5 and Box 1).238 The lipase domain contains the conserved Arg384 

and Ser412-Asp700 catalytic dyad. How the topology of this domain prevents hydrolysis of 

substrate in favor of transacylation is not known.241 Additionally, it has a C-terminal 

polybasic (PB) domain (-KKKRLK-), similar to PLA2G4B.235 Removal of any of these domains 

was found to be detrimental for catalytic activity, but the mechanism through which the 

C2 and PB domains cooperate in substrate conversion was not elucidated.236 

 

 

Figure 1.5. AlphaFold2 prediction of human PLA2G4E structure. Domains are color-coded based on sequence 

similarity with hPLA2G4A and hPLA2G4D. The disordered N-terminus (grey) is followed by the C2 domain (blue), which 

contains two calcium-binding loops (red). A second domain with C2 topology (purple) is predicted, but does not contain 

calcium-binding loops. The central lipase domain (green) contains the catalytic dyad (red, stick representation), a 

putative cap domain (orange) and the C-terminal polybasic stretch (yellow). 

 

PLA2G4E is constitutively localized to perinuclear membranes.233 In RAW264.7 

macrophages, human PLA2G4E localized to lysosomes, which are rich in PS.235 In HeLa cells, 

mouse PLA2G4E localized to vesicles and tubules associated with the clathrin-independent 

endocytic machinery. It was specifically present in early endosomes, but not in late 

endosomes, lysosomes or the Golgi apparatus. This localization appeared to be mediated 
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by interactions of the PB domain with PIPs, predominantly PI(4,5)P2, which are enriched in 

clathrin-independent endocytic vesicles.242 Removal of either the PB or the C2 domain 

abrogated the specific localization.236 Additionally, in contrast to PLA2G4A and D233,243, 

treatment with ionomycin was also shown to release the protein into the cytosol, which 

was suggested to be a consequence of calcium-dependent PIP degradation.242 At these 

vesicles, PLA2G4E is involved in recycling internalized cargo, including MHC-I, CD55 and 

CD147, back to the plasma membrane. Tubule formation and trafficking were dependent 

on catalytic activity, but which metabolites are involved is not known.242 As noted above, 

NAPEs have membrane- and vesicle-stabilizing properties, stimulate liposome fusion and 

might be involved in cellular division.3,4 In addition, they can regulate the membrane 

association of intracellular proteins.62 Lysophospholipids, which are a side product of NAPE 

production, can induce positive membrane curvature needed for vesicle formation and 

budding. PLA2G4A’s regulation of Golgi trafficking might be mediated by 

lysophospholipids244, suggesting that PLA2G4E could regulate endosomal recycling 

through production of either or both NAPEs and lysophospholipids (Figure 1.6).  

One interesting class of clathrin-independent endocytic vesicles are caveolae. These 

vesicles, formed by assembly of caveolin and cavin, are thought to invaginate from the 

plasma membrane depending on the local lipid composition, particularly PS.67,245 They are 

enriched in PS and PI(4,5)P2
246, and have been shown to colocalize with Rac247 and 

AEA.248,249 Caveolae are not found in neurons, but high levels are present in endothelial 

and muscle cells.250 It is tempting to speculate about the role of NAPEs and PLA2G4E in 

caveolae, but PLA2G4E depletion in cervical cells was shown to have no effect on caveolin-

1.242 However, a possible link in other cell types cannot be ruled out. 

Recently, expression of PLA2G4E was linked to memory retention in Alzheimer’s 

disease.251 AD patients with clinical symptoms of cognitive deficits appeared to have lower 

brain PLA2G4E expression than early-stage AD patients and healthy controls. In a mouse 

model for AD, animals with impaired spatial memory showed downregulated cortical and 

hippocampal PLA2G4E compared to wild type mice. Resilient transgenic animals with intact 

memory, however, had significantly higher brain PLA2G4E expression than the impaired 

mice. Importantly, overexpression of PLA2G4E in the hippocampus of symptomatic mice 

restored their memory and increased neurogenesis, suggesting an important role for 

PLA2G4E in memory formation and retention.251 Whether catalytic activity of PLA2G4E is 

required and which metabolites are involved in this process is not known. Furthermore, 

gene variants of PLA2G4E have been correlated to AD252,253 and panic disorder254, 

supporting a role in neurological diseases. 
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Figure 1.6. Schematic overview of the putative role of PLA2G4E in clathrin-independent endocytic recycling. Cargo 

internalized via clathrin-independent endocytosis (e.g. MHC-I and CD147) is transported to a sorting endosome to 

determine its fate. One pathway of recycling the cargo back to the plasma membrane involves tubular elements 

produced from the endocytic recycling compartment. Catalytic activity of PLA2G4E, recruited via interactions with 

PI(4,5)P2, is necessary for tubule formation and transport to the plasma membrane. This may be dependent on 

modification of the membrane architecture by either or both NAPEs and lyso-PC (LPC) produced by PLA2G4E (see inset). 

Other possible endocytic pathways are omitted for clarity. 

 

Aim and outline of this thesis 

NAPEs are an underexplored class of phospholipids with diverse functionalities within the 

cell. Understanding their roles in membrane dynamics, signaling and metabolism and the 

regulation thereof will help to understand the molecular mechanisms underlying cellular 

(patho)physiology. The ability to selectively modulate the biosynthesis and degradation of 

NAPEs is pivotal to study their biology, and might lead to the development of drugs for 

the treatment of (neuro)degenerative diseases. So far, no potent and selective inhibitors 

of the calcium-dependent route of NAPE biosynthesis have been reported. The aim of this 

thesis, therefore, was to develop PLA2G4E inhibitors that could potently and selectively 

decrease cellular NAPE levels (see also Box 2).  

Chapter 2 describes the optimization of the first PLA2G4E inhibitors previously 

identified.255 Organic synthesis and activity-based protein profiling (ABPP) were applied to 

build a library of compounds and determine their structure-activity relationships on 

PLA2G4E. This led to the identification of WEN091 as potent PLA2G4E inhibitor (Figure 

1.8).  
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Box 2 – Inhibitors of PLA2G4 enzymes 

The central role of PLA2G4A in immunomodulatory lipid production has stimulated the 

development of several inhibitors for this enzyme. The first inhibitor discovered was 

arachidonyl trifluoromethylketone (AACOCF3), a reversible covalent derivative of 

arachidonic acid (Figure 1.7).302 It showed some selectivity over the sPLA2 family, but 

does inhibit cyclooxygenases and is not regarded a selective inhibitor.303 Nevertheless, 

it has been applied in many studies as a selective PLA2G4A inhibitor.304,305 Several 

pyrrolidine-based inhibitors were developed, which were reported to be more 

selective.306,307 These compounds showed efficacy in suppressing cellular arachidonic 

acid and lysophospholipid production.307–309 Pyrrolidine-2 was reported to also be an 

inhibitor of PLA2G4F, but not PLA2G4B.300 Pharmaceutical companies, including 

AstraZeneca310, Asubio Pharma311,312 and Avexxin313–315 have developed nanomolar 

potent PLA2G4A inhibitors that showed in vivo efficacy in lowering levels of pro-

inflammatory lipids and alleviating symptoms of inflammation. Ziarco Pharma’s ZPL-

5212372 (previously Pfizer) was proceeded into Phase II human trials for the treatment 

of atopic dermatitis.316 Wyeth (now Pfizer) has developed ecopladib, which was orally 

efficacious in reducing inflammatory edema in rats317, and giripladib, which was tested 

in Phase II for the treatment of osteoarthritis, but failed due to adverse gastrointestinal 

events.318 These compounds displayed selectivity over PLA2G4B, C and F and 

cyclooxygenases.317,319 Whether the adverse side effects were due to PLA2G4A 

inhibition or an unidentified off-target is not known. Recently, AK106-001616, a 

PLA2G4A inhibitor based on a different scaffold, showed less gastrointestinal problems 

than generic anti-inflammatory drug naproxen.320 These examples indicate the 

therapeutic potential of PLA2G4A inhibition, but knowledge about the selectivity 

profile of the compounds is limited. No selective inhibitors of the other members of 

the PLA2G4 family have been reported. 

 

 

Figure 1.7. Structures of published inhibitors of PLA2G4 enzymes. Names and reported activities on PLA2G4A 

are indicated. Inhibitory values were determined in similar phospholipase assays measuring arachidonic acid 

release from PC-containing vesicles.307,315,317,320 
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Chapter 3 describes the biological evaluation of WEN091. Using ABPP and biochemical 

assays, the selectivity profile of WEN091 was determined across PLA2G4 family members, 

NAPE-metabolic enzymes and other brain serine hydrolases. WEN091 was found to be a 

potent and selective inhibitor of PLA2G4E in vitro, with important off-targets in Neuro-2a 

cells. Lipidomics analysis of PLA2G4E-overexpressing Neuro-2a cells showed that cellular 

NAPE levels can be decreased by treatment with WEN091. 

Further optimization of the inhibitors is described in Chapter 4. Structural analogs of 

WEN091 were synthesized with the aim of improving the cellular selectivity of the 

PLA2G4E inhibitors. ABPP and biochemical assays were used for the biological profiling of 

these inhibitors regarding their potency and selectivity. IK015 and WEN222 were 

identified as potent inhibitors of PLA2G4E in vitro with an improved selectivity profile in 

Neuro-2a cells. In addition, WEN258 was identified as an inactive structural analog, which 

can be used as a control compound to distinguish on-target from off-target effects of the 

inhibitors (Figure 1.8). 

In Chapter 5 the development of a cellular target engagement assay for PLA2G4E is 

described. WEN175, an alkynylated inhibitor based on IK015, was synthesized, and was 

shown to activity-dependently label PLA2G4E (Figure 1.8). Using WEN175, the cellular 

activity of PLA2G4E was visualized and in situ target engagement of WEN091 was 

confirmed. In addition, ABPP with WEN175 confirmed PLA2G4E’s requirement for both the 

C2 and PB domain for catalytic activity. 

Chapter 6 describes the incorporation of caged hydrocarbons into novel inhibitors of 

lipid metabolic enzymes ABHD6, ABHD16a and diacylglycerol lipase (DAGL). These 

structures were combined with known chemical elements for target recognition, leading 

to the identification of RED353 as a highly potent and selective ABHD6 inhibitor (Figure 

1.8). In Neuro-2a cells, RED353 showed better selectivity over AEA hydrolysis than widely-

used ABHD6 inhibitor KT182, as determined using ABPP and targeted lipidomics. 

Furthermore, ABHD6 inhibition by RED353 was shown to decrease basal levels of 

2-arachidonoylglycerol, supporting previous reports that ABHD6 possesses DAGL 

activity.256 

The findings of this thesis are summarized in Chapter 7. Here, concluding remarks are 

made and limitations of this study are noted. Suggestions are included for further research 

based on this thesis. 
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Figure 1.8. Structures of key inhibitors identified in this thesis. PLA2G4E inhibitor WEN091 is identified in Chapter 2, 

PLA2G4E inhibitors IK015, WEN222 and control compound WEN258 are identified in Chapter 4, PLA2G4E ABP WEN175 

is identified in Chapter 5, and ABHD6 inhibitor RED353 is identified in Chapter 6. 
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Phospholipase A2ε (PLA2G4E) is a serine hydrolase that belongs to the Group IV cytosolic 

phosholipases. This subfamily consists of six intracellular phospholipases (PLA2G4A–F or 

cPLA2α–ζ) with low sequence homology that metabolize phospholipids.1–3 PLA2G4A has 

an important role in the production of arachidonic acid (AA) and proinflammatory 

eicosanoids4–6, but much less is known about the physiological function of PLA2G4E and 

the other members. In 2016, Cravatt and coworkers discovered that PLA2G4E exerted high 

N-acyltransferase activity and produced N-acylphosphatidylethanolamines (NAPEs) from 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) in a calcium-dependent 

manner.7 

Two PLA2G4E isoforms, consisting of either 834 or 868 amino acids (97 or 100 kDa, 

respectively), have been detected in the human proteome.8 They differ in their N-terminal 

sequence, but it is unknown whether they have different biological roles. PLA2G4E is mainly 

expressed in neurons, skeletal muscle, heart and testes.7,9,10 The enzyme has a central 

catalytic lipase domain, preceded by a C2 domain, which functions as a Ca2+-dependent 

lipid binding site.1–3 While the translocation of PLA2G4A to intracellular membranes upon 

a Ca2+ stimulus is needed for its activity11–13, PLA2G4E may be directly activated by Ca2+  

 

 

 

Figure 2.1. Biosynthetic pathways of NAPEs and NAEs. The sn-1 O-acyl chain of PC (blue) is transferred by PLA2G4E 

or PLA/ATs to PE to form NAPE. NAEs are synthesized either through direct hydrolysis by NAPE-PLD releasing 

phosphatidic acid (PA) or through alternative multistep pathways. R1, R2 and R3 indicate saturated, mono- or poly-

unsaturated fatty acid. For anandamide synthesis R3 = arachidonyl. 
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ions, independent of its translocation.7 Instead, PLA2G4E has a KKKRLK polybasic domain 

at the C-terminus, that interacts with anionic lipids and is important for the subcellular 

localization of the enzyme to tubules and vesicles of the endocytic machinery.8,14,15 Both 

the C2 and polybasic domain are necessary for catalytic activity.14,15 PLA2G4E is an atypical 

serine hydrolase, because it uses a Ser-Asp catalytic dyad opposed to the canonical triad 

and most likely does not adopt a classical α/β-hydrolase fold.1,2,16 It accepts various PCs as 

acyl donor, and has a preference for cleavage of the ester at the sn-1 position by the 

nucleophilic serine.7 The acyl chain is subsequently transferred to the free amine of PE, 

thereby producing NAPEs and lyso-PC (Figure 2.1). However, a more detailed 

understanding of its N-acyltransferase activity mechanism is currently lacking. 

NAPEs are an understudied class of bioactive lipids. They are important modulators of 

membrane dynamics via various mechanisms, including stabilization of membranes and 

lipid raft structures17–19, induction of membrane fusion20 and interaction with intracellular 

proteins.21 Furthermore, they might regulate feeding by inhibiting food intake22,23 and have 

anti-inflammatory activities.24 Following ischemia, cellular NAPE levels are highly elevated, 

an effect most studied in neuronal tissue, which is suggested to represent a cytoprotective 

mechanism.25–31 NAPEs also serve as substrates for NAPE-specific phospholipase D (NAPE-

PLD) that generates N-acylethanolamines (NAEs) (Figure 2.1).32–38 NAEs are a diverse family 

of signaling lipids, including the endocannabinoid anandamide (N-arachidonoyl-

ethanolamine, AEA).39,40 Anandamide exerts its physiological functions through activation 

of the cannabinoid receptors (CB) 1 and 2 and is involved in inflammation, 

neurotransmission, appetite and mood.41–43 

PLA2G4E is not the only enzyme that produces NAPEs. Phospholipases 

A1/2/acyltransferases (PLAAT) 1–5 synthesize NAPEs in a calcium-independent manner.44,45 

Recently, pan-PLAAT inhibitors have been developed and were shown to reduce NAE levels 

in cells overexpressing PLAAT 2 or 5.46 However, Ca2+-dependent N-acyltransferase activity 

is presumed to be the rate-limiting step in the on-demand biosynthesis of anandamide in 

the brain.47–50 Whether PLA2G4E is the main enzyme driving NAPE and anandamide 

production in neuronal cells and the brain has not been established. PLA2G4E inhibitors 

would be valuable chemical tools to answer this question and to investigate the 

(patho)physiological role of PLA2G4E and NAPEs, but are currently lacking. 

Recently, a competitive activity-based protein profiling (cABPP) assay was developed 

using membrane preparations of PLA2G4E-overexpressing HEK293T cells to screen a 

focused lipase inhibitor library containing 208 compounds.51 Compounds 1–4 were 

identified as inhibitors with apparent half-maximal inhibitory concentration (IC50) values of 

around 1 µM (Table 2.1). In this chapter, the synthesis and testing of novel analogues based 

on hits 1–4 is described. 
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Table 2.1. Hits from in-house library screening. Structure, activity and physicochemical properties of the four most 

potent molecules on PLA2G4E identified with gel-based cABPP (N ≥ 2). aMolecular weight (MW) was calculated using 

ChemDraw Professional 16.0; bPartition coefficient (clogP) was calculated using DataWarrior 5.0.0; cHAC = number of 

heavy atoms; dLipophilic efficiency LipE = pIC50 – clogP; eLigand efficiency LE = 1.4pIC50/HAC. 

 

ID Structure pIC50 ± SEM MW (Da)a clogPb HACc LipEd LEe 

1 

  

6.00 ± 0.02 417 3.78 29 2.22 0.29 

2 

  

5.93 ± 0.03 403 3.33 28 2.60 0.30 

3 

  

5.66 ± 0.04 396 2.97 28 2.69 0.28 

4 

  

5.56 ± 0.03 418 3.36 29 2.20 0.27 

Results 

Structure activity relationship analysis of the screening hits 

Hits 1–4 belong to the class of triazole ureas, which is a commonly used scaffold in serine 

hydrolase inhibitor design.52–55 1–4 have a 3-phenylpyrrolidine urea, which forms a stable 

carbamate adduct with the enzyme, and a lipophilic triazole sulfone that functions as a 

leaving group (Figure 2.2). Lipophilicity is a key parameter for binding affinity in many 

protein ligand interactions. Here, only a slight drop in activity was observed when the 

cyclohexyl group in 2 (clogP = 3.33, DataWarrior 5.0.0) was replaced by a phenyl in 3 (clogP 

= 2.97). This may suggest that new (electronic) interactions with the phenyl ring may 

compensate for the loss in lipophilicity. Sulfone 1 was more active than sulfonamide 4 

(pIC50 = 6.0 and 5.6, respectively), which might be attributed to more favorable lipophilic  

 

 

 

Figure 2.2. Schematic mechanism of enzyme inactivation. The nucleophilic serine of PLA2G4E, activated by Asp700, 

attacks the carbonyl of the inhibitor (indicated as general structure of the hit molecules 1–4). The triazole leaving group 

is expelled, leading to irreversible carbamoylation of Ser412, inactivating the catalytic activity of the enzyme. 

Asp700 Ser412 Asp700 Ser412 Asp700
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interactions of 1 or to increased reactivity of the warhead due to the stronger electron-

withdrawing effect of the sulfone. No substantial difference in activity was observed 

between a one or two-carbon spacer between the sulfone and cyclohexane (1, 2). Of 

interest, four close analogs of the hits (5–8) were also previously tested in the focused 

screen, but they did not show any significant inhibition of PLA2G4E labeling (<50% at 

10 µM, Table 2.2). Compound 5 lacks the alkyl spacer between the cyclohexyl group and 

the sulfone, whereas compound 6, 7 and 8 have a 2-substituted piperidine or pyrrolidine 

or a diethylamine substituent, respectively. This indicated that the 3-phenylpyrrolidine and 

the cyclohexyl group in hits 1–4 access specific subpockets of the active site and that the 

activity of the hits is not only due to reactivity of the warhead. 

 

Table 2.2. Inactive compounds identified from in-house library screening. Structure and activity of four compounds 

structurally related to hits 1–4 that showed <50% inhibition of PLA2G4E at 10 µM, as determined with gel-based cABPP 

(N = 2). 

ID Structure 

Inhibition at 

10 µM (%)  ID Structure 

Inhibition at 

10 µM (%) 

5 

 

8  7 

 

37 

6 

     

26  8 

 
5 

 

Synthesis of PLA2G4E inhibitors 9–35 

The design of inhibitors 9–35 was based on the structure of hit 2, because this compound 

had higher lipophilic efficiency (LipE) and ligand efficiency (LE) than hit 1 (Table 2.1). 

Different amine substituents on the triazole urea scaffold were introduced to explore the 

size and properties of the binding pocket. To this end, building block 36 was synthesized 

at large scale via alkylation of 1,2,4-triazole-3-thiol (37) with (cyclohexylmethyl)bromide 

(38) (88%, Scheme 2.1). A two-step reaction sequence was used to obtain the final 

compounds. First, the amines were coupled to building block 36 with triphosgene to afford 

urea compounds 39–63 (Scheme 2.1), which were then oxidized to the final inhibitors (2, 

9–35). Of note, for the synthesis of inhibitors 20, 27 and 31 the sulfide in building block 

36 was oxidized before the urea formation (Supplementary Scheme S2.1). 

The amine substituents used in inhibitors 2, 9, 10 and 14–19 were commercially 

available, whereas those for compounds 11 and 13 were synthesized as previously 

described56 (Table 2.3). To synthesize compound 12, phenethylamine (64, Supplementary 

Scheme S2.2) was methylated via formation of a methyl carbamate intermediate (65) using 

methyl chloroformate (84%), followed by a reduction using LiAlH4 to compound 66 (62%). 

The benzylpiperidine derivatives in compounds 21–28, 30 and 33–35 were synthesized via 

Suzuki-Miyaura coupling (Supplementary Scheme S2.3).57 To this end, 4-methylene-
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piperidine (67) was hydroborated with 9-BBN, immediately followed by Pd(dppf)Cl2-

catalyzed cross-coupling to desired organohalide 68–78, yielding compounds 79–89 

(44%–quant.). Subsequent Boc deprotection afforded amines 90–100 (71%–quant.). 

Benzylation of piperazine under reflux conditions efficiently yielded benzylpiperazine 101 

(85%). 4-(4-Chlorobenzyl)piperidine (102) was synthesized by catalytic hydrogenation of 

4-(4-chlorobenzyl)pyridine over PtO2 (87%). Suzuki coupling of 4-(4-chlorobenzyl)pyridine 

to phenylboronic acid provided compound 103 (58%), which was hydrogenated to afford 

4-(4-phenylbenzyl)piperidine 104. The protected building block for inhibitors 31 and 32 

was synthesized as described earlier58, which then was deprotected to yield the free amine 

(105). 

 

 
Scheme 2.1. General synthetic route for PLA2G4E inhibitors. Reagents and conditions: i) K2CO3, DMF, 6 h RT; ii) 1. 

Appropriate amine, triphosgene, DIPEA or Et3N, THF, 3 h 0°C → RT, then 2. 36, K2CO3, DMF, o/n RT; iii) AcOOH, DCM, 

6 h 0°C → RT. 

 

Hit confirmation and optimization of triazole urea derivatives as PLA2G4E 

inhibitors  

First, the activity of resynthesized compound 2 was tested using a competitive, gel-based 

ABPP assay. This assay relies on fluorophosphonate-tetramethylrhodamine (FP-TAMRA) as 

a broad-spectrum activity-based probe (ABP). The fluorophosphonate moiety covalently 

binds to the catalytic serine of PLA2G4E and the TAMRA functions as a fluorescent reporter 

to visualize the enzyme activity in a biological setting.51,59 Briefly, lysates of human 

embryonic kidney (HEK293T) cells that transiently expressed recombinant human PLA2G4E 

were treated with inhibitor or vehicle (DMSO) for 30 min at room temperature, followed 

by a 5-min incubation with FP-TAMRA to label residual PLA2G4E activity. Subsequently, 

protein resolution on molecular weight by sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE) and in-gel fluorescence scanning allowed quantitation of 

enzyme inhibition by the compounds. The activity of hit 2 was confirmed, albeit slightly 

lower than the compound from the screening deck (pIC50 = 5.70 ± 0.03, Table 2.3). To 

study the influence of the spacer between the urea and the phenyl on the inhibitory activity, 

compounds 9–13 were tested (Table 2.3). Compound 9, in which the phenyl ring was 

directly coupled to the urea, was inactive, but by introducing various alkyl linkers with 

increasing length (10–13) the inhibitory activity was regained and up to 10-fold improved 

compared to the original hit. Compounds with propyl (12) and butyl (13) linkers showed 

similar activity, indicating that there was some flexibility in the binding pocket. In line with 

the results obtained with compound 9, inhibitors with small fused bicyclic amines indoline 

(14) and isoindoline (15) displayed reduced activity. Tetrahydroquinoline 16, however, was 
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10-fold more potent than hit (2). Compound 17 with a 3-phenylpiperidine was not active, 

but compound 18 with a 4-phenylpiperidine was tolerated and inhibitor 19 with a 

4-benzylpiperidine moiety was the most potent compound identified so far (pIC50 = 6.9). 

These findings indicated that this subpocket of the PLA2G4E active site can accommodate 

rather large substituents. 

 

Table 2.3. Structure-activity relationships of PLA2G4E inhibitors 9–19. Potency determined with gel-based cABPP 

on PLA2G4E-overexpressing HEK293T membranes (N ≥ 2). 

 

ID R pIC50 ± SEM  ID R pIC50 ± SEM 

2 
 

5.70 ± 0.03  14 

 
< 5.0 

9 

 

< 5.0  15 

 
< 5.0 

10 
 

6.28 ± 0.17  16 
 

6.79 ± 0.15 

11 

 

< 5.0  17 

 
< 5.0 

12 
 

6.70 ± 0.15  18 

 

6.58 ± 0.03 

13 

 

6.73 ± 0.14  19 
 

6.86 ± 0.05 

 

Next, 13 derivatives of the 4-benzylpiperidine of compound 19 were synthesized and their 

potency on PLA2G4E was determined (Table 2.4). A synthetically more convenient 

benzylpiperazine scaffold was not active (20). Compound 21 with an ortho-methoxy had a 

slightly decreased potency, whereas compound 22 with a para-methoxy showed increased 

potency. This suggested that steric effects, rather than electronic, were important. 

Accordingly, compounds with other small para-substituents, both electron donating (23) 

and electron withdrawing (24–26), showed similarly improved activity (pIC50’s 7.5–8.0). Of 

note, compound 27 with an acetylene substituent showed similar potency, but inhibitors 

28 and 29 with a larger tert-butyl or phenyl substituent, respectively, had a reduced activity. 

Variants with a large substituent on the meta (30–32) and ortho (33) position were also 

less active, but they did not completely lose activity. Compound 24 with a 4-chloro 

substituent was the most potent compound identified in this study with pIC50 = 8.01 ± 0.02 

(Figure 2.3, Table 2.5). Introducing an additional nitrogen in the aromatic ring decreased 

potency (34, 35). 
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Table 2.4. Structure-activity relationships of PLA2G4E inhibitors 20–35. Potency determined with gel-based cABPP 

on PLA2G4E-overexpressing HEK293T membranes (N ≥ 2). 

 

ID R pIC50 ± SEM  ID R pIC50 ± SEM 

19 
 

6.86 ± 0.05  28 

 
6.83 ± 0.06 

20 
 

< 5.0  29 

 

6.60 ± 0.06 

21 

 

6.33 ± 0.08  30 

 

6.41 ± 0.12 

22 
 

7.50 ± 0.11  31 

 

7.30 ± 0.09 

23 
 

7.46 ± 0.17  32 

 

6.58 ± 0.03 

24 

(WEN091)  
8.01 ± 0.02  33 

 

6.86 ± 0.05 

25 
 

7.00 ± 0.07  34 

 
6.62 ± 0.19 

26 
 

7.53 ± 0.39  35 
 

7.42 ± 0.10 

27 
 

7.36 ± 0.03     

 

 

 

 
Figure 2.3. Activity of compounds 2 and 24 on PLA2G4E. A) Representative gel excerpts of cABPP experiments with 

2 and 24 on PLA2G4E overexpression lysates. B) Corresponding inhibition curves and pIC50 values. Data presented as 

mean ± SEM (N ≥ 2). 
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Discussion and conclusion 

The PLA2G4 proteins have previously been exploited for the discovery and development 

of molecular therapeutics. Several classes of in vivo active inhibitors have been reported.60–

66 For example, PLA2G4A inhibitor WAY-196025 was able to fully protect mice from 

developing clinical symptoms of multiple sclerosis in the experimental autoimmune 

encephalomyelitis (EAE) model.67 Ecopladib, ZPL-5212372 and giripladib have even 

advanced into phase I and phase II clinical trials for the treatment of atopic dermatitis or 

rheumatoid arthritis.68,69 To date, no potent inhibitors for PLA2G4E have been described. 

These inhibitors are required to further our understanding of the biological role of 

PLA2G4E and may help the development of drugs for the treatment of neurodegeneration, 

metabolic syndrome or inflammatory pain.41,70–73 

Here, the identification and ABPP-guided optimization of the first potent inhibitors of 

PLA2G4E is reported. Compound 24 ((4-(4-chlorobenzyl)piperidin-1-yl)(3-((cyclohexyl-

methyl)sulfonyl)-1H-1,2,4-triazol-1-yl)methanone, WEN091) is a covalent, irreversible 

potent inhibitor of PLA2G4E with an IC50 of 10 nM, which is 100-fold more potent than the 

original hit (2). Of note, the IC50 of an irreversible inhibitor is dependent on its incubation 

time with the enzyme. The values reported in this thesis, therefore, are apparent IC50 values 

that only apply to the assay conditions described here. These values can only be reliably 

compared between compounds tested under identical conditions. Both LipE and LE of 24 

were increased compared to 2 (Table 2.5) and with MW < 500 Da, HBA < 10, HBD < 5, RB 

< 10, clogP < 5 and tPSA < 90 Å2, 24 has favorable physicochemical properties for a lead 

compound in the development of a CNS-active enzyme inhibitor, according to Lipinski’s 

and Veber’s rules for druglikeness.74,75  

Triazole urea-based inhibitors have been previously applied as valuable tool 

compounds to study the biology of serine hydrolases.54,76 ABPP assays, substrate-based 

assays and lipid analysis platforms have been set up to measure their activity and selectivity 

in complex proteomes.77–79 In addition, they have shown efficacy in both cellular and in 

vivo systems, demonstrating good brain penetration and low toxicity.52–54,80 The 

identification of triazole ureas as inhibitors of PLA2G4E therefore holds promise for the 

development of valuable tool compounds with therapeutic potential. The activity of 

compound 24 in biological systems and its selectivity over other PLA2G4 family members, 

ECS-related enzymes and other serine hydrolases will be described in the next chapter. 
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Table 2.5. Physicochemical properties of hit 2 and most potent molecule 24. Potency on PLA2G4E determined using 

gel-based cABPP (N ≥ 2) aMolecular weight (MW) and topological polar surface area (tPSA) calculated using ChemDraw 

Professional 16.0; bPartition coefficient (clogP) using DataWarrior 5.0.0; cHAC = number of heavy atoms; dHBA = number 

of hydrogen bond acceptors; eHBD = number of hydrogen bond donors; fRB = number of rotatable bonds; gLipophilic 

efficiency LipE = pIC50 – clogP; hLigand efficiency LE = 1.4pIC50/HAC. 

ID Structure 
pIC50 

± SEM 

MW 

(Da)a 

tPSA 

(Å2)a 
clogPb HACc HBAd HBDe RBf LipEg LEh 

2 

 

5.93 

± 0.03 
403 82.4 3.33 28 7 0 5 2.60 0.30 

24 

 

8.01 

± 0.02 
465 82.4 4.24 31 7 0 6 3.77 0.36 
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Experimental procedures 

General remarks 

All chemicals and reagents for biochemical experiments were purchased from Thermo Fisher Scientific 

or Bio-Rad, unless noted otherwise. Inhibitors were synthesized in-house as described below. 

Plasmids 

The full-length wild-type human PLA2G4E cDNA was obtained from GenScript Biotech and cloned 

into a pcDNA3.1(+) expression vector in-frame with a C-terminal FLAG tag. Plasmids were isolated 

from transformed Escherichia coli XL-10 using a Qiagen Plasmid Midi kit and stored at 4°C in TE buffer 

(10 mM Tris, 0.1 mM EDTA, pH 8.0). The sequence was determined (Macrogen) and verified using CLC 

Main Workbench. 

Cell culture 

HEK293T (human embryonic kidney, ATCC) cells were cultured in DMEM (Sigma-Aldrich, D6546) with 

additional heat-inactivated new-born calf serum (10% (v/v), Avantor Seradigm), L-Ala-L-Gln (2 mM, 

Sigma-Aldrich), penicillin and streptomycin (both 200 µg/mL, Duchefa Biochemie) at 37°C, 7% CO2. 

Medium was refreshed every 2–3 days and cells were passaged twice a week at 70–80% confluence 

by aspirating the medium, thorough pipetting in fresh medium and seeding to appropiate density. 

Cell cultures were regularly tested for mycoplasma and discarded after 2–3 months. 

Transient transfection 

One day prior to transfection, 107 HEK293T cells were seeded to a 15 cm dish. Upon transfection, 

medium was aspirated and replaced by 13 mL fresh medium. Plasmid DNA (20 µg per 15 cm dish) 

and PEI (60 µg per 15 cm dish) were separately dissolved in 1 mL DMEM without serum, mixed, 

incubated for 15 min and added dropwise to the cells. 24 h p.t. medium was replaced by 25 mL fresh 

medium. 72 h p.t. medium was aspirated and the cells were washed with RT Dulbecco’s PBS, harvested 

in PBS and centrifuged (3000 × g, 15 min, RT). Cell pellets were flash-frozen in liquid N2 and stored at 

−80°C until use. 

HEK293T membrane preparation 

HEK293T cell pellets were thawed on ice and homogenized in 2 mL ice-cold lysis buffer (50 mM Tris-

HCl, 2 mM DTT, 3 mM CaCl2, 1 mM MgCl2, 5 U/mL Benzonase® (Santa Cruz Biotechnology, Inc.), pH 

8.0) per 15 cm cell culture dish using a Sonics® Vibra-Cell VCX 130 probe sonicator equipped with a 

2 mm microtip (3 × 10 s on/10 s off, 20% amplitude). After incubation on ice for 30 min, the insoluble 

(“membrane”) fraction was separated from the soluble (“cytosol”) fraction by ultracentrifugation (105 

× g, 35 min, 4°C, Beckman-Coulter ultracentrifuge, Ti70.1 rotor). The pellet was resuspended in 1 mL 

ice-cold storage buffer (50 mM Tris-HCl, 2 mM DTT, pH 8.0) per 15 cm plate and homogenized by 

passing through an insulin needle. After determination of the protein concentration using a Quick 

Start™ Bradford Protein Assay (Bio-Rad), the samples were diluted to 1.0 mg/mL in ice-cold storage 

buffer, aliquoted to single-use volumes, flash-frozen in liquid N2 and stored at −80°C until further use. 

Activity-based protein profiling 

Membrane preparations were thawed on ice. 19.5 µL lysate was incubated with 0.5 µL inhibitor in 

DMSO (30 min, RT), followed by 0.5 µL FP-TAMRA in DMSO (50 nM, 5 min, RT, final DMSO 

concentration 5%). The reactions were quenched by addition of 7 µL 4× Laemmli buffer (240 mM Tris, 

8% (w/v) SDS, 40% (v/v) glycerol, 5% (v/v) β-mercaptoethanol (Sigma-Aldrich), 0.04% bromophenol 
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blue). 10 µL sample was resolved on 8% acrylamide SDS-PAGE gel (180 V, 70 min) and afterwards 

imaged on a Bio-Rad Chemidoc MP using Cy3/TAMRA settings (ex. 532/12 nm, em. 602/50 nm). 

Coomassie Brilliant Blue R250 staining was used for total protein loading correction. Images were 

analyzed using Bio-Rad Image Lab 6. IC50 calculations were performed in GraphPad Prism 8. 

Organic synthesis 

General remarks 

All reagents were purchased from Sigma-Aldrich, Fluorochem, Fisher Scientific, Combi-Blocks or Alfa 

Aesar and used without further purification. Solvents were purchased from Sigma-Aldrich, VWR 

Chemicals or Honeywell Riedel-de Haën, common salts from Sigma-Aldrich or Chem-Lab and used 

without further purification. Moisture-sensitive reactions were carried out in solvents dried over heat-

activated molecular sieves (4 Å, Sigma-Aldrich), using flame-dried glassware under an atmosphere of 

N2. TLC analysis was performed on Merck silica gel 60 F254 aluminum TLC plates, on which compounds 

were visualized under 254 or 366 nm UV light and using KMnO4 (30 mM KMnO4, 180 mM K2CO3 in 

water) or ninhydrin (7.5 mM ninhydrin, 10% (v/v) AcOH in EtOH) stain. Flash column chromatography 

was performed using SiO2 (Macherey-Nagel, 60 M) as stationary phase.  

NMR spectra were recorded on a Bruker AV-400 MHz or AV-500 MHz spectrometer at 400 MHz 

(1H) and 101 MHz (13C) or 500 MHz (1H) and 126 MHz (13C) respectively, using CDCl3 or MeOD 

(Eurisotop) as solvent. Chemical shifts are reported in ppm with TMS (1H CHCl3, δ 0.00) or solvent 

resonance (1H MeOD, δ 3.31; 13C MeOD, δ 49.00; 13C CHCl3, δ 77.16) as internal standard. Data are 

reported as follows: chemical shift δ (ppm), multiplicity (s = singlet, d = doublet, t = triplet, p = pentet, 

dd = doublet of doublets, td = triplet of doublets, qd = quartet of doublets, dt = doublet of triplets, 

bs = broad singlet (1H), br = broad (13C), m = multiplet), coupling constants J (Hz) and integration. 

HPLC-MS analysis was performed on a Finnigan Surveyor HPLC system equipped with a Macherey-

Nagel NUCLEODUR C18 Gravity, 5 µm, 50 × 4.6 mm column followed by a Thermo Scientific LTQ 

Orbitrap XL spectrometer, using H2O/CH3CN + 1% TFA as mobile phase. All compounds used for 

biological experiments were ≥ 95% pure based on LC-MS UV absorbance. 

General procedure A 

Triazole urea thioether or sulfoxide (1 eq) was dissolved in dry DCM (40–50 mL/mmol) and cooled on 

ice. Peracetic acid (5–10 eq, 36–40% solution in AcOH) was added dropwise, after which the mixture 

was allowed to warm to RT and stirred for at least 6 h. When full conversion was confirmed using TLC 

analysis, the mixture was washed once with water, dried over MgSO4, filtrated and concentrated in 

vacuo.  

General procedure B 

N-Boc 4-methylenepiperidine (1 eq) was dissolved in dry THF (7 mL/mmol) which had been degassed 

by three cycles of reduced pressure and N2 purging. The solution was cooled on ice before 9-BBN 

(1.5 eq, 0.5 M in THF) was added dropwise. The ice bath was removed and the reaction mixture was 

stirred for 6 h. In the meantime, desired halobenzene (1.5 eq) and K2CO3 (1.5 eq) were added to a 

three-neck flask equipped with a reflux cooler which was then flushed with N2. DMF (7 mL/mmol) and 

water (0.7 mL/mmol) were degassed, added to the flask and purged with N2. When full consumption 

of N-Boc 4-methylenepiperidine was confirmed using TLC analysis, the reaction mixture was added 

to the three-neck flask and purging was continued. Pd(dppf)Cl2 (1 mol%) was added and the mixture 

was heated to 60°C and stirred overnight. The mixture was cooled to RT, diluted with Et2O and washed 

with 1 M aq. NaOH. The pH of the aqueous layer was set to 7 with 12 M HCl, after which the aqueous 
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layer was extracted with Et2O. The combined organic layers were washed with brine, dried over MgSO4, 

filtrated and concentrated in vacuo. 

General procedure C  

Desired amine intermediate (1 eq) was dissolved in dry THF (10–15 mL/mmol of amine intermediate) 

and added dropwise (< 0.5 mL/min) to an ice-cold solution of triphosgene (3 eq) and Et3N or DIPEA 

(3 eq) in dry THF (10–15 mL/mmol of amine intermediate). The cloudy mixture was stirred on ice for 

1 h, followed by 2 h at RT. When full conversion was confirmed using TLC analysis, the mixture was 

diluted with EtOAc and washed with 1 M aqueous HCl and brine, dried over MgSO4, filtrated and 

concentrated in vacuo. Water was removed by co-evaporation with toluene, after which the oily 

residue was dissolved in dry DMF (5–10 mL/mmol of amine intermediate). Desired triazole or pyrazole 

intermediate (1 eq) and K2CO3 (3 eq) were added and the mixture was stirred overnight. The mixture 

was diluted with EtOAc and washed with water and brine, dried over MgSO4, filtrated and 

concentrated in vacuo. 

General procedure D 

Triazole urea thioether (1 eq) was dissolved in dry DCM (5 mL) and cooled on ice. Peracetic acid (1–3 

eq, 36–40% solution in AcOH) was added dropwise, after which the mixture was allowed to warm to 

RT and stirred for at least 6 h. When full conversion was confirmed using TLC analysis, the mixture was 

washed once with water, dried over MgSO4, filtrated and concentrated in vacuo. 

(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(3-phenylpyrrolidin-1-yl)methanone (2) 

39 (51 mg, 0.138 mmol) was oxidized according General procedure A. 

Flash column chromatography (20 → 30% EtOAc in pentane) afforded 

the title compound (55 mg, 0.137 mmol, quant.). HPLC showed presence 

of a single product (rt = 8.15 min). NMR showed two products which are probably conformationally 

restricted isomers (ratio ∼1:1), as reported before for similar compounds (data not published). 

Conformer 1: 
1H NMR (400 MHz, CDCl3) δ 9.02 (s, 1H), 7.41 – 7.32 (m, 2H), 7.32 – 7.21 (m, 3H), 4.42 (dd, J = 11.8, 7.6 

Hz, 1H), 4.24 (ddd, J = 11.3, 8.1, 2.8 Hz, 1H), 4.13 – 4.04 (m, 1H), 3.92 (dd, J = 11.8, 9.8 Hz, 1H), 3.56 – 

3.43 (m, 1H), 3.32 (d, J = 6.4 Hz, 2H), 2.50 – 2.33 (m, 1H), 2.23 – 2.10 (m, 1H), 2.12 – 1.97 (m, 1H), 1.96 

– 1.82 (m, 2H), 1.75 – 1.51 (m, 2H), 1.38 – 1.00 (m, 6H). 
13C NMR (101 MHz, CDCl3) δ 162.73, 147.66, 146.11, 139.70, 128.94, 127.49, 127.17, 60.68, 55.86, 50.00, 

45.04, 33.73, 32.98, 32.53, 25.71, 25.66. 

Conformer 2: 
1H NMR (400 MHz, CDCl3) δ 9.00 (s, 1H), 7.41 – 7.32 (m, 2H), 7.32 – 7.21 (m, 3H), 4.17 (dd, J = 12.0, 7.6 

Hz, 1H), 3.99 (ddd, J = 11.3, 8.3, 2.6 Hz, 1H), 3.79 (ddd, J = 12.1, 10.2, 6.8 Hz, 1H), 3.71 (dd, J = 12.0, 9.6 

Hz, 1H), 3.56 – 3.43 (m, 1H), 3.28 (d, J = 6.4 Hz, 2H), 2.50 – 2.33 (m, 1H), 2.23 – 2.10 (m, 1H), 2.12 – 1.97 

(m, 1H), 1.96 – 1.82 (m, 2H), 1.75 – 1.51 (m, 2H), 1.38 – 1.00 (m, 6H). 
13C NMR (101 MHz, CDCl3) δ 162.70, 147.59, 146.11, 139.34, 128.92, 127.37, 127.02, 60.68, 54.85, 49.07, 

42.06, 32.93, 32.50, 31.11, 25.69, 25.66. 

HRMS: [M+H]+ calculated for C20H26N4O3S+H+ 403.17984, found 403.17950. 
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3-((Cyclohexylmethyl)sulfonyl)-N-methyl-N-phenyl-1H-1,2,4-triazole-1-carboxamide (9) 

107 (24 mg, 0.069 mmol) was oxidized according General procedure A. Flash 

column chromatography (25 → 35% EtOAc in pentane) afforded the title 

compound (yield not determined). 
1H NMR (400 MHz, CDCl3) δ 8.74 (s, 1H), 7.43 – 7.29 (m, 3H), 7.19 – 7.12 (m, 2H), 3.56 (s, 3H), 2.97 – 

2.93 (m, 2H), 2.02 – 1.87 (m, 1H), 1.83 – 1.75 (m, 2H), 1.72 – 1.59 (m, 4H), 1.36 – 1.08 (m, 2H), 0.99 (qd, 

J = 11.6, 3.6 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.38, 147.65, 142.43, 129.91, 128.46, 126.28, 60.45, 40.91, 32.94, 32.16, 

25.78, 25.68. 

HRMS: [M+H]+ calculated for C17H22N4O3S+H+ 363.14854, found 363.14808. 

N-Benzyl-3-((cyclohexylmethyl)sulfonyl)-N-methyl-1H-1,2,4-triazole-1-carboxamide (10) 

41 (37 mg, 0.107 mmol) was oxidized according General procedure A. Flash 

column chromatography (15 → 30% EtOAc in pentane) afforded the title 

compound as blue-grayish oil (25 mg, 0.066 mmol, 62%). 
1H NMR (500 MHz, CDCl3) δ 8.94 (s, 1H), 7.43 – 7.29 (m, 5H), 5.02 – 4.66 (m, 2H), 3.36 – 3.09 (m, 5H), 

2.13 – 1.99 (m, 1H), 1.96 – 1.78 (m, 2H), 1.72 – 1.60 (m, 4H), 1.34 – 1.20 (m, 2H), 1.19 – 1.01 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 162.45, 148.36, 134.94, 129.12, 128.50, 60.75, 54.74, 37.26, 33.04, 32.52, 

29.82, 25.77, 25.74. 

HRMS: [M+Na]+ calculated for C18H24N4O3S+Na+ 399.14613, found 399.14614. 

3-((Cyclohexylmethyl)sulfonyl)-N-methyl-N-phenethyl-1H-1,2,4-triazole-1-carboxamide (11) 

42 (17 mg, 0.047 mmol) was oxidized according General procedure A. 

Flash column chromatography (20 → 30% EtOAc in pentane) afforded the 

title compound as white crystalline solid (16 mg, 0.040 mmol, 84%). HPLC 

showed presence of a single product (rt = 4.64 min). NMR showed two products which are probably 

conformationally restricted isomers (ratio ∼1:2), as reported before for similar compounds (data not 

published). 

Conformer 1: 
1H NMR (400 MHz, CDCl3) δ 8.88 (s, 1H), 7.44 – 7.03 (m, 5H), 3.81 – 3.68 (m, 2H), 3.35 – 3.17 (m, 5H), 

3.05 – 2.94 (m, 2H), 2.14 – 2.02 (m, 1H), 1.95 – 1.85 (m, 2H), 1.74 – 1.59 (m, 3H), 1.35 – 1.14 (m, 3H), 

1.18 – 1.03 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 147.69, 137.32, 128.93, 127.09, 60.81, 53.04, 34.44, 33.03, 32.53, 25.76, 

25.74. 

Conformer 2: 
1H NMR (400 MHz, CDCl3) δ 8.35 (s, 1H), 7.44 – 7.03 (m, 5H), 4.01 – 3.87 (m, 2H), 3.35 – 3.17 (m, 5H), 

3.05 – 2.94 (m, 2H), 2.14 – 2.02 (m, 1H), 1.95 – 1.85 (m, 2H), 1.74 – 1.59 (m, 3H), 1.35 – 1.14 (m, 3H), 

1.18 – 1.03 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 147.69, 137.32, 128.93, 127.09, 60.81, 53.36, 34.44, 33.03, 32.53, 25.76, 

25.74. 

HRMS: [M+Na]+ calculated for C19H26N4O3S+Na+ 413.16178, found 413.16131. 
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3-((Cyclohexylmethyl)sulfonyl)-N-methyl-N-(3-phenylpropyl)-1H-1,2,4-triazole-1-carboxamide (12) 

43 (9.8 mg, 0.026 mmol) was oxidized according General procedure A. 

Flash column chromatography (15 → 25% EtOAc in pentane) afforded 

the title compound (7.4 mg, 0.018 mmol, 70%). 
1H NMR (400 MHz, CDCl3) δ 8.87 (s, 1H), 7.34 – 7.26 (m, 2H), 7.24 – 7.15 (m, 3H), 3.69 – 3.52 (m, 2H), 

3.33 – 3.26 (m, 4H), 3.15 (s, 1H), 2.76 – 2.63 (m, 2H), 2.16 – 2.00 (m, 3H), 1.96 – 1.86 (m, 2H), 1.75 – 1.59 

(m, 3H), 1.36 – 1.21 (m, 3H), 1.18 – 1.03 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 148.54, 128.71, 128.38, 126.39, 60.83, 51.31, 33.07, 32.55, 29.84, 25.79, 

25.77. 

HRMS: [M+H]+ calculated for C20H28N4O3S+H+ 405.19549, found 405.19542. 

3-((Cyclohexylmethyl)sulfonyl)-N-methyl-N-(4-phenylbutyl)-1H-1,2,4-triazole-1-carboxamide (13) 

44 (17 mg, 0.044 mmol) was oxidized according General procedure A. 

Flash column chromatography (15 → 30% EtOAc in pentane) afforded 

the title compound as white crystalline solid (17 mg, 0.041 mmol, 

92%). 
1H NMR (500 MHz, CDCl3) δ 8.87 (s, 1H), 7.32 – 7.25 (m, 2H), 7.23 – 7.11 (m, 3H), 3.72 – 3.49 (m, 2H), 

3.32 – 3.08 (m, 5H), 2.71 – 2.60 (m, 2H), 2.14 – 2.03 (m, 1H), 1.94 – 1.86 (m, 2H), 1.80 – 1.56 (m, 6H), 

1.35 – 1.21 (m, 2H), 1.21 – 1.05 (m, 4H). 
13C NMR (126 MHz, CDCl3) δ 148.28, 148.17, 141.76, 128.56, 128.51, 126.11, 60.82, 51.47, 37.69, 36.76, 

35.55, 33.06, 32.55, 29.83, 29.79, 28.45, 25.79, 25.76. 

HRMS: [M+Na]+ calculated for C21H30N4O3S+Na+ 441.19308, found 441.19293. 

(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(indolin-1-yl)methanone (14) 

45 (50 mg, 0.146 mmol) was oxidized according General procedure A. Flash 

column chromatography (0 → 20% EtOAc in pentane) afforded the title 

compound as off-white crystalline solid (45 mg, 0.120 mmol, 82%). 
1H NMR (400 MHz, CDCl3) δ 9.06 (s, 1H), 8.06 (d, J = 8.1 Hz, 1H), 7.34 – 7.26 (m, 2H), 7.22 – 7.12 (m, 

1H), 4.61 (t, J = 8.3 Hz, 2H), 3.33 (d, J = 6.4 Hz, 2H), 3.26 (t, J = 8.3 Hz, 2H), 2.19 – 2.02 (m, 1H), 1.98 – 

1.87 (m, 2H), 1.76 – 1.60 (m, 2H), 1.36 – 1.15 (m, 4H), 1.12 (qd, J = 12.1, 10.6, 4.6 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.74, 148.09, 145.03, 141.49, 132.26, 127.89, 125.99, 125.22, 117.65, 

60.74, 51.43, 33.02, 32.52, 28.62, 25.74, 25.73. 

HRMS: [M+Na]+ calculated for C18H22N4O3S+Na+ 397.13048, found 397.13035. 

(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(isoindolin-2-yl)methanone (15) 

46 (61 mg, 0.178 mmol) was oxidized according General procedure A. Flash 

column chromatography (15 → 25% EtOAc in pentane) afforded the title 

compound as white crystalline solid (66 mg, 0.176 mmol, quant.). 
1H NMR (500 MHz, CDCl3) δ 9.08 (s, 1H), 7.37 – 7.30 (m, 4H), 5.38 (s, 2H), 5.08 (s, 2H), 3.35 (d, J = 6.4 

Hz, 2H), 2.18 – 2.06 (m, 1H), 1.98 – 1.89 (m, 2H), 1.75 – 1.61 (m, 2H), 1.40 – 1.23 (m, 4H), 1.13 (qd, J = 

12.1, 3.6 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.03, 147.79, 146.28, 135.95, 133.75, 128.26, 128.19, 122.85, 122.63, 

60.73, 55.61, 55.28, 33.00, 32.57, 25.74, 25.68. 

HRMS: [M+H]+ calculated for C18H22N4O3S+H+ 375.14845, found 375.14828. 
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(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(3,4-dihydroisoquinolin-2(1H)-yl)methanone 

(16) 

47 (58 mg, 0.163 mmol) was oxidized according General procedure A. Flash 

column chromatography (15 → 30% EtOAc in pentane) afforded the title 

compound (46 mg, 0.12 mmol, 73%). 
1H NMR (500 MHz, CDCl3) δ 8.91 (s, 1H), 7.28 – 7.14 (m, 4H), 5.09 – 4.79 (m, 2H), 4.13 – 3.89 (m, 2H), 

3.32 (d, J = 6.3 Hz, 2H), 3.06 (t, J = 5.9 Hz, 2H), 2.15 – 2.05 (m, 1H), 1.95 – 1.88 (m, 2H), 1.76 – 1.61 (m, 

2H), 1.35 – 1.23 (m, 2H), 1.22 – 1.06 (m, 4H). 
13C NMR (126 MHz, CDCl3) δ 162.68, 148.23, 147.67, 133.91, 131.57, 128.79, 127.47, 126.93, 126.43, 

60.74, 49.29, 47.79, 45.79, 44.11, 33.00, 32.54, 29.10, 25.74, 25.72. 

HRMS: [M+Na]+ calculated for C19H24N4O3S+Na+ 411.14613, found 411.14584. 

(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(3-phenylpiperidin-1-yl)methanone (17) 

48 (50 mg, 0.130 mmol) was oxidized according General procedure A. 

Flash column chromatography (0 → 30% EtOAc in pentane) afforded the 

title compound as colorless oil (22 mg, 0.053 mmol, 41%). 
1H NMR (400 MHz, CDCl3) δ 8.91 (s, 1H), 7.44 – 7.36 (m, 2H), 7.34 – 7.27 (m, 3H), 5.87 – 5.72 (m, 1H), 

4.33 – 4.23 (m, 1H), 3.27 (d, J = 6.4 Hz, 2H), 3.15 (td, J = 13.2, 12.4, 3.4 Hz, 1H), 2.55 – 2.45 (m, 1H), 2.17 

– 1.99 (m, 2H), 1.93 – 1.85 (m, 2H), 1.84 – 1.59 (m, 6H), 1.35 – 1.20 (m, 4H), 1.20 – 1.01 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.62, 148.59, 148.32, 137.63, 129.17, 127.52, 126.56, 60.64, 56.42 (br), 

44.19, 33.03, 32.52, 30.42, 29.81, 25.78, 25.76, 19.20. 

HRMS: [M+Na]+ calculated for C21H28N4O3S+Na+ 439.17743, found 439.17742. 

(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(4-phenylpiperidin-1-yl)methanone (18) 

108 (19 mg, 0.047 mmol) was oxidized according General procedure A. 

Flash column chromatography (25 → 35% EtOAc in pentane) afforded the 

title compound (12 mg, 0.029 mmol, 61%). 
1H NMR (400 MHz, CDCl3) δ 8.89 (s, 1H), 7.38 – 7.30 (m, 2H), 7.26 – 7.19 

(m, 3H), 4.72 – 4.48 (m, 2H), 3.32 (d, J = 6.3 Hz, 2H), 3.40 – 3.04 (m, 2H), 2.85 (tt, J = 12.2, 3.8 Hz, 1H), 

2.20 – 2.02 (m, 1H), 1.97 – 1.75 (m, 4H), 1.75 – 1.53 (m, 4H), 1.42 – 1.13 (m, 4H), 1.11 (qd, J = 12.2, 3.3 

Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.61, 148.28, 147.37, 144.35, 128.85, 126.96, 126.82, 60.77, 48.09 (br), 

47.05 (br), 42.37, 33.07, 32.57, 29.83, 25.78. 

HRMS: [M+H]+ calculated for C21H28N4O2S+H+ 401.20057, found 401.20033. 

(4-Benzylpiperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)methanone (19) 

109 (26 mg, 0.063 mmol) was oxidized according General procedure A. 

Flash column chromatography (25 → 35%) afforded the title compound 

(18 mg, 0.042 mmol, 67%). 
1H NMR (400 MHz, CDCl3) δ 8.84 (s, 1H), 7.33 – 7.25 (m, 2H), 7.25 – 7.19 (m, 1H), 7.16 – 7.12 (m, 2H), 

4.53 – 4.32 (m, 2H), 3.30 (d, J = 6.4 Hz, 2H), 3.18 – 2.89 (m, 2H), 2.59 (d, J = 6.9 Hz, 2H), 2.16 – 2.02 (m, 

1H), 1.96 – 1.86 (m, 2H), 1.90 – 1.74 (m, 1H), 1.75 – 1.59 (m, 2H), 1.38 (qd, J = 12.7, 2.9 Hz, 2H), 1.35 – 

1.11 (m, 6H), 1.11 (qd, J = 12.5, 3.2 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.50, 148.17, 147.28, 139.56, 129.18, 128.54, 126.38, 60.76, 47.57 (br), 

46.53 (br), 42.77, 37.96, 33.06, 32.54, 29.83, 25.78, 25.77. 

HRMS: [M+Na]+ calculated for C22H30N4O3S+Na+ 453.19308, found 453.19268. 
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(4-Benzylpiperazin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)methanone (20) 

101 (1.5 eq, 65 mg, 0.37 mmol) dissolved in 5 mL dry DCM was added 

dropwise to an ice-cold solution of triphosgene (3.5 eq, 219 mg, 0.74 

mmol) and Na2CO3 (5.5 eq, 122 mg, 1.15 mmol) in dry DCM. The mixture 

was stirred on ice for 1 h, after which it was allowed to warm to RT. 1 h later solids were removed by 

filtration and volatiles by reduced pressure. Traces of water were removed by co-evaporation with 

toluene, after which the resulting white powder was dissolved in 5 mL dry DMF. 106 (1 eq, 48 mg, 0.21 

mmol) and K2CO3 (3.5 eq, 102 mg, 0.74 mmol) were added and the mixture was stirred overnight. 

Solids were removed by filtration and volatiles by reduced pressure. Flash column chromatography 

afforded the title compound as off-white crystalline solid (74 mg, 0.171 mmol, 82%). 
1H NMR (400 MHz, CDCl3) δ 8.87 (s, 1H), 7.37 – 7.24 (m, 5H), 4.04 – 3.67 (m, 4H), 3.57 (s, 2H), 3.29 (d, J 

= 6.4 Hz, 2H), 2.65 – 2.50 (m, 4H), 2.16 – 2.01 (m, 1H), 1.94 – 1.86 (m, 2H), 1.74 – 1.59 (m, 3H), 1.36 – 

1.21 (m, 2H), 1.21 – 1.05 (m, 3H). 
13C NMR (101 MHz, CDCl3) δ 162.50, 148.28, 147.10, 137.15, 129.17, 128.47, 127.52, 62.64, 60.65, 52.82, 

52.19, 47.63, 45.74, 32.96, 32.43, 25.69, 25.68. 

HRMS: [M+H]+ calculated for C21H29N5O3S+H+ 432.20639, found 432.20613. 

(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(4-(2-methoxybenzyl)piperidin-1-yl)-

methanone (21) 

51 (69 mg, 0.16 mmol) was oxidized according General procedure A. 

Flash column chromatography (20 → 70% EtOAc in pentane) afforded 

the title compound as gray gum (74 mg, 0.16 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ 8.84 (s, 1H), 7.20 (td, J = 7.8, 1.8 Hz, 1H), 7.06 

(dd, J = 7.3, 1.7 Hz, 1H), 6.92 – 6.83 (m, 2H), 4.44 – 4.33 (m, 2H), 3.82 (s, 3H), 3.30 (d, J = 6.4 Hz, 2H), 

3.19 – 2.87 (m, 2H), 2.60 (d, J = 7.1 Hz, 2H), 2.15 – 2.02 (m, 1H), 1.97 – 1.83 (m, 3H), 1.77 (s, 2H), 1.75 – 

1.59 (m, 3H), 1.46 – 1.31 (m, 2H), 1.32 – 1.14 (m, 3H), 1.18 – 1.03 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.36, 157.59, 148.09, 147.21, 130.95, 127.95, 127.59, 120.31, 110.40, 

60.69, 55.29, 47.97, 46.42, 36.73, 36.25, 32.98, 32.48, 31.36, 25.72, 25.70. 

HRMS: [M+H]+ calculated for C23H32N4O4S+H+ 461.22170, found 461.22158. 

(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(4-(4-methoxybenzyl)piperidin-1-yl)-

methanone (22) 

52 (61 mg, 0.14 mmol) was oxidized according General procedure A. 

Flash column chromatography (20 → 80% EtOAc in pentane) afforded 

the title compound as gray gum (65 mg, 0.14 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ 8.83 (s, 1H), 7.09 – 7.01 (m, 2H), 6.88 – 6.79 (m, 2H), 4.46 – 4.38 (m, 2H), 

3.79 (s, 3H), 3.30 (d, J = 6.3 Hz, 2H), 3.17 – 2.85 (m, 2H), 2.53 (d, J = 6.7 Hz, 2H), 2.17 – 2.02 (m, 1H), 

1.97 – 1.87 (m, 2H), 1.87 – 1.74 (m, 3H), 1.74 – 1.59 (m, 3H), 1.43 – 1.27 (m, 2H), 1.32 – 1.14 (m, 3H), 

1.18 – 1.04 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.47, 158.16, 148.13, 147.25, 131.56, 130.05, 113.89, 60.74, 55.35, 47.96 

(br), 46.44 (br), 41.80, 38.07, 33.02, 32.52, 32.02 (br), 31.46 (br), 25.76, 25.74. 

HRMS: [M+Na]+ calculated for C23H32N4O4S+Na+ 483.2036, found 483.2038. 
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(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(4-(4-methylbenzyl)piperidin-1-yl)-

methanone (23) 

53 (100 mg, 0.24 mmol) was oxidized according General procedure A. 

Flash column chromatography (20 → 80% EtOAc in pentane) afforded 

the title compound as gray gum (100 mg, 0.23 mmol, 93%). 
1H NMR (400 MHz, CDCl3) δ 8.84 (s, 1H), 7.13 – 7.07 (m, 2H), 7.06 – 6.99 (m, 2H), 4.50 – 4.31 (m, 2H), 

3.30 (d, J = 6.3 Hz, 2H), 3.18 – 2.84 (m, 2H), 2.55 (d, J = 6.7 Hz, 2H), 2.32 (s, 3H), 2.14 – 2.02 (m, 1H), 

1.95 – 1.86 (m, 2H), 1.86 – 1.74 (m, 3H), 1.74 – 1.57 (m, 3H), 1.43 – 1.31 (m, 2H), 1.32 – 1.16 (m, 3H), 

1.10 (qd, J = 12.1, 10.7, 3.2 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.38, 148.11, 147.19, 136.38, 135.73, 129.10, 128.97, 60.67, 47.88, 46.35, 

42.20, 37.88, 32.94, 32.45, 32.13, 31.39, 25.69, 25.67, 21.04. 

HRMS: [M+Na]+ calculated for C23H32N4O3S+Na+ 467.2087, found 467.2072. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-

methanone (24, WEN091) 

54 (20 mg, 0.046 mmol) was oxidized according General procedure 

D. Flash column chromatography (0 → 100% Et2O in pentane) 

afforded the title compound as white gum (5 mg, 0.011 mmol, 23%). 
1H NMR (500 MHz, CDCl3) δ 8.83 (s, 1H), 7.30 – 7.24 (m, 2H), 7.10 – 7.05 (m, 2H), 4.54 – 4.33 (m, 2H), 

3.30 (d, J = 6.4 Hz, 2H), 3.20 – 2.84 (m, 2H), 2.57 (d, J = 6.8 Hz, 2H), 2.09 (m, 1H), 1.95 – 1.88 (m, 2H), 

1.88 – 1.74 (m, 3H), 1.74 – 1.61 (m, 2H), 1.37 (qd, J = 12.7, 4.0, 3.2 Hz, 2H), 1.33 – 1.20 (m, 3H), 1.22 – 

1.13 (m, 1H), 1.11 (qd, J = 12.2, 11.3, 3.4 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 162.61, 148.19, 147.30, 137.98, 132.24, 130.50, 128.70, 60.79, 42.11, 37.91, 

33.09, 32.57, 25.81, 25.79. 

HRMS: [M+H]+ calculated for C22H29ClN4O3S+H+ 465.17217, found 465.17183. 

(4-(4-Bromobenzyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-

methanone (25) 

55 (47 mg, 0.098 mmol) was oxidized according General procedure 

A. Flash column chromatography (20 → 80% EtOAc in pentane) 

afforded the title compound as gray gum (43 mg, 0.084 mmol, 86%). 
1H NMR (400 MHz, CDCl3) δ 8.84 (s, 1H), 7.44 – 7.38 (m, 2H), 7.06 – 6.98 (m, 2H), 4.51 – 4.35 (m, 2H), 

3.30 (d, J = 6.4 Hz, 2H), 3.17 – 2.87 (m, 2H), 2.55 (d, J = 6.8 Hz, 2H), 2.17 – 2.03 (m, 1H), 1.96 – 1.86 (m, 

2H), 1.88 – 1.74 (m, 3H), 1.74 – 1.60 (m, 3H), 1.45 – 1.32 (m, 2H), 1.33 – 1.13 (m, 3H), 1.15 – 1.05 (m, 

2H). 
13C NMR (101 MHz, CDCl3) δ 162.49, 148.16, 147.23, 138.47, 131.58, 130.87, 120.15, 60.72, 47.85 (br), 

46.44 (br), 42.09, 37.77, 33.01, 32.50, 32.07 (br), 25.74, 25.73. 

HRMS: [M+Na]+ calculated for C22H29BrN4O3S+Na+ 531.1036 and 533.1015, found 531.1033 and 

533.1017. 

(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(4-(4-(trifluoromethyl)benzyl)piperidin-1-

yl)methanone (26) 

56 (42 mg, 0.090 mmol) was oxidized according General procedure 

A. Flash column chromatography (20 → 60% EtOAc in pentane) 

afforded the title compound as gray gum (38 mg, 0.076 mmol, 85%). 
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1H NMR (400 MHz, CDCl3) δ 8.85 (s, 1H), 7.56 (d, J = 7.9 Hz, 2H), 7.27 (d, J = 8.2 Hz, 2H), 4.53 – 4.35 

(m, 2H), 3.31 (d, J = 6.3 Hz, 2H), 3.19 – 2.86 (m, 2H), 2.66 (d, J = 7.0 Hz, 2H), 2.16 – 2.02 (m, 1H), 1.95 – 

1.84 (m, 3H), 1.84 – 1.74 (m, 2H), 1.75 – 1.59 (m, 3H), 1.40 (qd, J = 12.7, 4.0 Hz, 2H), 1.36 – 1.14 (m, 3H), 

1.16 – 1.04 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.54, 148.20, 147.26, 143.68 (q, J = 1.2 Hz), 129.46, 128.78 (q, J = 32.4 

Hz), 125.47 (q, J = 3.8 Hz), 124.33 (q, J = 272.1 Hz), 60.73, 42.52, 37.74, 33.03, 32.52, 25.74. 

HRMS: [M+H]+ calculated for C23H29F3N4O3S+H+ calculated 499.1985, found 499.2000 

(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(4-(4-ethynylbenzyl)piperidin-1-yl)-

methanone (27) 

95 (1 eq, 20 mg, 0.064 mmol) dissolved in 5 mL dry THF was added 

dropwise over the course of 15 min to an ice-cold solution of 

triphosgene (4.8 eq, 91 mg, 0.31 mmol) and Na2CO3 (4.8 eq, 33 mg, 

0.31 mmol) in 6 mL dry THF. The mixture was stirred on ice for 1.5 h, after which it was allowed to 

warm to RT. When TLC analysis showed full conversion (∼1.5 h) the mixture was dissolved with EtOAc, 

washed with water and brine, dried over MgSO4, filtrated and concentrated in vacuo. Traces of water 

were removed by co-evaporation with toluene, after which the residue was dissolved in 5 mL dry DMF. 

106 (1.6 eq, 23 mg, 0.10 mmol) and K2CO3 (5.0 eq, 44 mg, 0.32 mmol) were added and the mixture 

was stirred overnight. Water and EtOAc were added and the layers were separated. The aqueous layer 

was extracted with EtOAc, after which the combined organic layers were washed with brine, dried over 

MgSO4, filtrated and concentrated in vacuo. Flash column chromatography (30 → 50% Et2O in pentane) 

afforded the title compound (9 mg, 0.020 mmol, 31%). 
1H NMR (500 MHz, CDCl3) δ 8.83 (s, 1H), 7.43 (d, J = 8.1 Hz, 2H), 7.10 (d, J = 8.1 Hz, 2H), 4.49 – 4.39 

(m, 2H), 3.30 (d, J = 6.4 Hz, 2H), 3.06 (s, 1H), 3.17 – 2.86 (m, 2H), 2.60 (d, J = 5.8 Hz, 2H), 2.15 – 2.04 (m, 

1H), 1.95 – 1.88 (m, 2H), 1.88 – 1.77 (m, 3H), 1.70 – 1.59 (m, 2H), 1.43 – 1.38 (m, 4H), 1.33 – 1.26 (m, 

2H), 1.11 (qd, J = 12.4, 2.9 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 162.71, 147.31, 140.53, 132.36, 129.20, 120.23, 83.63, 77.13, 60.80, 42.69, 

37.84, 33.10, 32.57, 29.85, 24.13, 23.11. 

(4-(4-(tert-Butyl)benzyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-

methanone (28) 

58 (48 mg, 0.11 mmol) was oxidized according General procedure 

A. Flash column chromatography (20 → 80% EtOAc in pentane) 

afforded the title compound as gray gum (38 mg, 0.078 mmol, 74%). 
1H NMR (400 MHz, CDCl3) δ 8.84 (s, 1H), 7.35 – 7.27 (m, 2H), 7.11 – 7.03 (m, 2H), 4.46 – 4.38 (m, 2H), 

3.30 (d, J = 6.4 Hz, 2H), 3.16 – 2.87 (m, 2H), 2.56 (d, J = 6.9 Hz, 2H), 2.16 – 2.02 (m, 1H), 1.96 – 1.88 (m, 

2H), 1.88 – 1.74 (m, 3H), 1.74 – 1.59 (m, 3H), 1.45 – 1.31 (m, 2H), 1.31 (s, 9H), 1.29 – 1.14 (m, 3H), 1.17 

– 1.04 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.45, 149.15, 148.14, 147.25, 136.44, 128.81, 125.37, 60.74, 53.56, 47.96 

(br), 46.49 (br), 42.17, 37.87, 34.48, 33.02, 32.51, 32.13, 31.48 (br), 25.76, 25.74. 

HRMS: [M+Na]+ calculated for C26H38N4O3S+Na+ calculated 509.2557, found 509.2553. 
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(4-([1,1'-Biphenyl]-4-ylmethyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-

yl)methanone (29) 

110 (12 mg, 0.024 mmol) was oxidized according to General 

procedure A. Flash column chromatography (50 → 100% Et2O in 

pentane) afforded the title compound as white powder (8 mg, 

0.016 mmol, 65%). 
1H NMR (500 MHz, CDCl3) δ 8.84 (s, 1H), 7.61 – 7.55 (m, 2H), 7.56 – 7.50 (m, 2H), 7.47 – 7.40 (m, 2H), 

7.34 (tt, J = 7.3, 7.3, 1.9, 1.3 Hz, 1H), 7.25 – 7.19 (m, 2H), 4.45 (s, 2H), 3.31 (d, J = 6.4 Hz, 1H), 3.21 – 2.90 

(m, 2H), 2.64 (d, J = 6.5 Hz, 2H), 2.15 – 2.03 (m, 1H), 1.95 – 1.77 (m, 4H), 1.74 – 1.60 (m, 4H), 1.41 (qd, J 

= 12.3, 4.1 Hz, 2H), 1.36 – 1.27 (m, 3H), 1.20 – 1.14 (m, 1H), 1.11 (qd, J = 12.5, 4.6 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 162.58, 148.17, 147.32, 140.99, 139.39, 138.66, 129.63, 128.91, 127.31, 

127.28, 127.12, 60.80, 42.42, 37.99, 33.09, 32.57, 25.81, 25.79. 

HRMS: [M+H]+ calculated for C28H34N4O3S+H+ 507.2424, found 507.2424. 

(4-([1,1'-Biphenyl]-3-ylmethyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-

yl)methanone (30) 

59 (75 mg, 0.16 mmol) was oxidized according General procedure 

A. Flash column chromatography (20 → 80% EtOAc in pentane) 

afforded the title compound as colorless oil (64 mg, 0.13 mmol, 

80%). 
1H NMR (400 MHz, CDCl3) δ 8.83 (s, 1H), 7.62 – 7.54 (m, 2H), 7.48 – 7.40 (m, 3H), 7.39 – 7.31 (m, 3H), 

7.12 (dt, J = 7.5, 1.3 Hz, 1H), 4.51 – 4.35 (m, 2H), 3.30 (d, J = 6.3 Hz, 2H), 3.17 – 2.88 (m, 2H), 2.65 (d, J 

= 6.9 Hz, 2H), 2.16 – 2.01 (m, 1H), 1.95 – 1.86 (m, 3H), 1.87 – 1.77 (m, 2H), 1.74 – 1.58 (m, 3H), 1.40 (qd, 

J = 12.7, 4.2 Hz, 2H), 1.33 – 1.12 (m, 3H), 1.10 (qd, J = 12.3, 3.2 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.41, 148.12, 147.21, 141.44, 141.10, 140.02, 128.89, 128.83, 128.06, 

127.93, 127.40, 127.19, 125.18, 60.69, 47.88 (br), 46.33 (br), 42.77, 37.89, 32.96, 32.47, 32.07 (br), 31.51 

(br), 25.70, 25.69. 

HRMS: [M+Na]+ calculated for C28H24N4O3S+Na+ 529.22438, found 529.22330. 

(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(4-(3-((5-(trifluoromethyl)pyridin-2-yl)-

oxy)benzylidene)piperidin-1-yl)methanone (31) 

106 (23 mg, 0.10 mmol) was reacted with 105 (1.7 eq, 56 mg, 

0.17 mmol) according to General procedure C. The residue 

was purified by flash column chromatography (10 → 30% 

EtOAc in pentane) yielding the title compound (11 mg, 0.019 mmol, 19%). 
1H NMR (500 MHz, CDCl3) δ 8.88 (s, 1H), 8.46 – 8.42 (m, 1H), 7.92 (dd, J = 8.7, 2.3 Hz, 1H), 7.41 (t, J = 

7.9 Hz, 1H), 7.10 (d, J = 7.5 Hz, 1H), 7.04 (d, J = 8.6 Hz, 2H), 7.01 – 6.98 (m, 1H), 6.46 (s, 1H), 4.04 – 3.63 

(m, 3H), 3.31 (d, J = 6.1 Hz, 2H), 2.73 – 2.67 (m, 3H), 2.60 – 2.49 (m, 2H), 2.16 – 2.04 (m, 1H), 1.95 – 1.88 

(m, 2H), 1.74 – 1.66 (m, 2H), 1.65 – 1.54 (m, 1H), 1.35 – 1.24 (m, 2H), 1.22 – 1.16 (m, 1H), 1.12 (qd, J = 

11.9, 3.0 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 165.81, 162.74, 153.25, 147.36, 145.63, 138.75, 136.93, 136.90, 136.54, 

129.83, 126.14, 125.66, 121.90, 119.98, 111.63, 60.78, 47.36 (br), 33.09, 32.56, 29.84, 25.80, 25.78. 

HRMS: [M+H]+ calculated for C28H30F3N5O4S+H+ 590.20434, found 590.20368. 
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(3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(2-(3-((5-(trifluoromethyl)pyridin-2-yl)-

oxy)phenyl)-1-oxa-6-azaspiro[2.5]octan-6-yl)methanone (32) 

60 (9 mg, 0.016 mmol) was oxidized according General 

procedure A. Flash column chromatography (20 → 50% 

EtOAc in pentane) afforded the title compound (6 mg, 9.9 

µmol, 61%). 
1H NMR (500 MHz, CDCl3) δ 8.87 (s, 1H), 8.45 – 8.41 (m, 1H), 7.92 (dd, J = 8.7, 2.4 Hz, 1H), 7.44 (t, J = 

7.8 Hz, 1H), 7.21 (d, J = 7.7 Hz, 1H), 7.13 – 7.09 (m, 2H), 7.04 (d, J = 8.7 Hz, 1H), 4.07 (s, 1H), 4.31 – 3.54 

(m, 4H), 3.36 – 3.20 (m, 2H), 2.14 – 2.03 (m, 1H), 1.93 – 1.87 (m, 2H), 1.80 – 1.60 (m, 4H), 1.61 – 1.51 (m, 

3H), 1.31 – 1.23 (m, 3H), 1.21 – 1.04 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 165.47, 162.83, 153.45, 147.40, 145.61, 136.98, 130.00, 123.44, 121.20, 

119.55, 111.73, 63.73, 60.77, 33.09, 32.55, 25.79, 25.77. 

HRMS: [M+H]+ calculated for C28H30F3N5O5S+H+ 606.19925, found 606.19882. 

(4-([1,1'-Biphenyl]-2-ylmethyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-

yl)methanone (33) 

61 (75 mg, 0.16 mmol) was oxidized according General procedure A. 

Flash column chromatography (20 → 80% EtOAc in pentane) afforded 

the title compound as colorless oil (77 mg, 0.15 mmol, 96%). 
1H NMR (400 MHz, CDCl3) δ 8.79 (s, 1H), 7.44 – 7.38 (m, 2H), 7.38 – 7.30 

(m, 1H), 7.31 – 7.24 (m, 5H), 7.24 – 7.18 (m, 1H), 4.31 – 4.19 (m, 2H), 3.28 

(d, J = 6.4 Hz, 2H), 3.07 – 2.74 (m, 2H), 2.63 (d, J = 6.9 Hz, 2H), 2.13 – 2.00 (m, 1H), 1.95 – 1.84 (m, 2H), 

1.74 – 1.49 (m, 6H), 1.35 – 1.09 (m, 3H), 1.18 – 1.02 (m, 4H). 
13C NMR (101 MHz, CDCl3) δ 162.28, 148.03, 147.04, 142.36, 141.75, 137.01, 130.27, 129.87, 129.27, 

128.22, 127.37, 126.97, 126.20, 60.62, 47.78 (br), 46.18 (br), 39.15, 37.26, 32.92, 32.42, 32.09 (br), 31.18 

(br), 25.68, 25.65. 

HRMS: [M+Na]+ calculated for C28H24N4O3S+Na+ 529.22438, found 529.22325. 

(4-((6-Chloropyridin-3-yl)methyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-

yl)methanone (34) 

62 (50 mg, 0.12 mmol) was oxidized according General procedure A. 

Flash column chromatography (20 → 80% EtOAc in pentane) 

afforded the title compound as white solid (13 mg, 0.028 mmol, 24%). 
1H NMR (400 MHz, CDCl3) δ 8.85 (s, 1H), 8.52 (dd, J = 2.5, 0.7 Hz, 1H), 7.61 (dd, J = 8.3, 2.5 Hz, 1H), 

7.09 (dd, J = 8.2, 0.7 Hz, 1H), 4.51 – 4.37 (m, 2H), 3.31 (d, J = 6.4 Hz, 2H), 3.23 – 2.92 (m, 2H), 2.75 (d, J 

= 7.2 Hz, 2H), 2.23 – 2.05 (m, 2H), 1.95 – 1.86 (m, 2H), 1.86 – 1.75 (m, 2H), 1.74 – 1.59 (m, 3H), 1.43 (qd, 

J = 12.7, 4.2 Hz, 2H), 1.36 – 1.22 (m, 3H), 1.20 – 1.04 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.53, 157.75, 148.44, 147.64, 147.29, 136.38, 130.06, 124.65, 60.80, 

43.94, 36.36, 33.08, 32.55, 25.78, 25.74. 

HRMS: [M+H]+ calculated for C21H28ClN5O3S+H+ 466.16741, found 466.16649. 
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(4-((5-Chloropyridin-2-yl)methyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-

yl)methanone (35) 

63 (100 mg, 0.23 mmol) was oxidized according General procedure 

A. Flash column chromatography (20 → 80% EtOAc in pentane) 

afforded the title compound as white solid (100 mg, 0.22 mmol, 93%). 
1H NMR (400 MHz, CDCl3) δ 8.85 (s, 1H), 8.20 (dd, J = 2.4, 0.6 Hz, 1H), 7.46 (dd, J = 8.1, 2.5 Hz, 1H), 

7.29 (dd, J = 8.1, 0.7 Hz, 1H), 4.58 – 4.36 (m, 2H), 3.31 (d, J = 6.4 Hz, 2H), 3.21 – 2.87 (m, 2H), 2.60 (d, J 

= 7.0 Hz, 2H), 2.17 – 2.03 (m, 1H), 1.96 – 1.87 (m, 2H), 1.87 – 1.75 (m, 3H), 1.76 – 1.60 (m, 3H), 1.39 (qd, 

J = 12.8, 3.4 Hz, 2H), 1.37 – 1.14 (m, 3H), 1.11 (qd, J = 11.6, 3.3 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.60, 150.09, 149.74, 148.23, 147.27, 139.46, 133.76, 124.16, 60.74, 

38.97, 37.61, 33.05, 32.53, 25.76. 

HRMS: [M+H]+ calculated for C21H28ClN5O3S+H+ 466.16741, found 466.16652. 

3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazole (36) 

1H-1,2,4-triazole-3-thiol (1 eq, 2.00 g, 19.8 mmol) was dissolved in 70 mL dry DMF 

and (bromomethyl)cyclohexane (1 eq, 2.76 mL, 19.8 mmol) was added carefully. 

K2CO3 (0.73 eq, 2.00 g, 14.4 mmol) was added and the mixture was stirred for 6 h, during which it 

turned light purple and finally white and cloudy. The mixture was diluted with EtOAc and washed with 

water. The aqueous layer was extracted with EtOAc, after which the combined organic layers were 

washed with brine, dried over MgSO4, filtrated and concentrated in vacuo. Flash column 

chromatography (20 → 40% EtOAc in pentane) afforded the title compound as white crystalline solid 

(3.43 g, 17.4 mmol, 88%). 
1H NMR (400 MHz, CDCl3) δ 13.13 (s, 1H), 8.20 (s, 1H), 3.08 (d, J = 7.0 Hz, 2H), 1.91 – 1.80 (m, 2H), 1.76 

– 1.61 (m, 3H), 1.69 – 1.52 (m, 1H), 1.31 – 1.05 (m, 3H), 0.98 (qd, J = 11.7, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 157.29, 147.61, 39.96, 37.84, 32.49, 26.22, 25.95. 

(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(3-phenylpyrrolidin-1-yl)methanone (39) 

36 (51 mg, 0.26 mmol) was reacted with 3-phenylpyrrolidine (1.4 eq, 55 

µL, 0.37 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (0 → 25% EtOAc in pentane) 

yielding the title compound as a white crystalline solid (79 mg, 0.21 mmol, 82%). HPLC showed 

presence of a single product (rt = 6.81 min). NMR showed two products which are probably 

conformationally restricted isomers (ratio ∼1:1), as reported before for similar compounds (data not 

published).  
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Conformer 1: 
1H NMR (500 MHz, CDCl3) δ 8.83 (s, 1H), 7.38 – 7.31 (m, 2H), 7.30 – 7.23 (m, 3H), 4.44 (dd, J = 11.9, 7.6 

Hz, 1H), 4.24 (ddd, J = 11.5, 8.1, 2.9 Hz, 1H), 4.09 – 3.99 (m, 1H), 3.98 – 3.86 (m, 1H), 3.50 – 3.39 (m, 

1H), 3.05 (d, J = 6.8 Hz, 2H), 2.45 – 2.30 (m, 1H), 2.17 – 2.00 (m, 1H), 1.92 – 1.86 (m, 2H), 1.78 – 1.70 (m, 

2H), 1.70 – 1.56 (m, 2H), 1.35 – 0.96 (m, 3H), 0.96 – 0.85 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.51, 147.17, 147.09, 140.22, 128.82, 127.27, 127.08, 55.99, 49.73, 45.05, 

38.82, 37.91, 33.90, 32.64, 26.26, 26.07. 

Conformer 2: 
1H NMR (500 MHz, CDCl3) δ 8.82 (s, 1H), 7.38 – 7.31 (m, 2H), 7.30 – 7.23 (m, 3H), 4.13 (dd, J = 12.0, 7.6 

Hz, 1H), 3.98 – 3.86 (m, 1H), 3.78 – 3.71 (m, 1H), 3.68 (dd, J = 11.9, 9.5 Hz, 1H), 3.50 – 3.39 (m, 1H), 3.02 

– 2.89 (m, 2H), 2.45 – 2.30 (m, 1H), 2.17 – 2.00 (m, 1H), 1.84 – 1.78 (m, 2H), 1.70 – 1.56 (m, 4H), 1.35 – 

0.96 (m, 5H). 
13C NMR (126 MHz, CDCl3) δ 163.51, 147.17, 147.09, 139.92, 128.82, 127.18, 127.03, 54.43, 48.66, 42.05, 

38.82, 37.83, 32.55, 31.07, 26.28, 25.98. 

3-((Cyclohexylmethyl)thio)-N-methyl-N-phenyl-1H-1,2,4-triazole-1-carboxamide (40) 

36 (50 mg, 0.25 mmol) was reacted with N-methylaniline (1.5 eq, 41 µL, 0.38 

mmol) according to General procedure C. The residue was purified by flash 

column chromatography (0 → 20% EtOAc in pentane) yielding the title 

compound as a white crystalline solid (65 mg, 0.20 mmol, 78%). 
1H NMR (400 MHz, CDCl3) δ 8.62 (s, 1H), 7.40 – 7.28 (m, 2H), 7.32 – 7.24 (m, 1H), 7.16 – 7.09 (m, 2H), 

3.51 (s, 3H), 2.56 (d, J = 7.0 Hz, 2H), 1.78 – 1.59 (m, 5H), 1.45 – 1.30 (m, 1H), 1.30 – 1.05 (m, 3H), 0.85 

(qd, J = 13.6, 12.8, 4.0 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.21, 152.91, 148.62, 146.71, 143.58, 129.53, 127.56, 126.18, 40.62, 

38.41, 37.32, 32.48, 26.30, 25.95. 

N-Benzyl-3-((cyclohexylmethyl)thio)-N-methyl-1H-1,2,4-triazole-1-carboxamide (41) 

36 (50 mg, 0.25 mmol) was reacted with N-methylbenzylamine (1.5 eq, 51 

µL, 0.38 mmol) according to General procedure C. The residue was purified 

by flash column chromatography (10 → 20% EtOAc in pentane) yielding the 

title compound as gray oil (74 mg, 0.22 mmol, 85%). 
1H NMR (500 MHz, CDCl3) δ 8.78 (s, 1H), 7.40 – 7.26 (m, 5H), 5.23 – 4.48 (m, 2H), 3.49 – 2.60 (m, 5H), 

2.11 – 1.39 (m, 5H), 1.33 – 1.04 (m, 4H), 1.03 – 0.64 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.60, 149.72, 135.91, 128.84, 127.98, 54.46, 38.67, 37.79, 32.54, 26.28, 

26.04. 

3-((Cyclohexylmethyl)thio)-N-methyl-N-phenethyl-1H-1,2,4-triazole-1-carboxamide (42) 

36 (51 mg, 0.26 mmol) was reacted with N-methylphenethylamine (1.4 

eq, 50 mg, 0.37 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (15 → 20% EtOAc in pentane) 

yielding the title compound as a yellowish oil (41 mg, 0.11 mmol, 44%). 
1H NMR (500 MHz, CDCl3) δ 8.80 – 8.30 (m, 1H), 7.32 – 7.25 (m, 2H), 7.25 – 7.20 (m, 1H), 7.25 – 7.07 

(m, 2H), 4.11 – 3.57 (m, 2H), 3.37 – 3.06 (m, 3H), 3.04 (d, J = 6.9 Hz, 2H), 2.99 (t, J = 7.6 Hz, 2H), 1.91 – 

1.84 (m, 2H), 1.76 – 1.69 (m, 2H), 1.69 – 1.57 (m, 2H), 1.33 – 1.06 (m, 3H), 1.00 (qd, J = 12.1, 3.4 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.30, 149.38, 138.07, 128.86, 128.80, 126.85, 52.81 (br), 38.89, 37.97, 

36.76 (br), 33.81 (br), 32.67, 26.35, 26.11. 
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3-((Cyclohexylmethyl)thio)-N-methyl-N-(3-phenylpropyl)-1H-1,2,4-triazole-1-carboxamide (43) 

36 (20 mg, 0.10 mmol) was reacted with 66 (1.5 eq, 32 mg, 0.15 mmol) 

according to General procedure C. The residue was purified by flash 

column chromatography (15 → 20% EtOAc in pentane) yielding the title 

compound as a colorless oil (16 mg, 0.043 mmol, 43%). 
1H NMR (500 MHz, CDCl3) δ 8.71 (s, 1H), 7.32 – 7.25 (m, 2H), 7.23 – 7.16 (m, 3H), 3.87 – 3.41 (m, 2H), 

3.38 – 3.06 (m, 3H), 3.04 (d, J = 6.8 Hz, 2H), 2.70 – 2.63 (m, 2H), 2.09 – 2.00 (m, 2H), 1.92 – 1.84 (m, 2H), 

1.77 – 1.69 (m, 2H), 1.69 – 1.62 (m, 1H), 1.65 – 1.57 (m, 1H), 1.25 – 1.09 (m, 3H), 1.00 (qd, J = 12.4, 3.4 

Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 149.39, 136.02, 128.65, 128.35, 126.30, 50.93, 38.90, 37.98, 36.65, 32.99, 

32.73, 30.45, 29.83, 26.37, 26.14. 

3-((Cyclohexylmethyl)thio)-N-methyl-N-(4-phenylbutyl)-1H-1,2,4-triazole-1-carboxamide (44) 

36 (30 mg, 0.15 mmol) was reacted with N-methyl-4-

phenylbutylamine (1.5 eq, 36 mg, 0.22 mmol) according to General 

procedure C. The residue was purified by flash column 

chromatography (10 → 20% EtOAc in pentane) yielding the title compound as a gray oil (30 mg, 0.078 

mmol, 51%). 
1H NMR (400 MHz, CDCl3) δ 8.71 (s, 1H), 7.33 – 7.24 (m, 2H), 7.23 – 7.14 (m, 3H), 3.81 – 3.44 (m, 2H), 

3.28 – 3.06 (m, 3H), 3.04 (d, J = 6.8 Hz, 2H), 2.66 (t, J = 7.3 Hz, 2H), 1.93 – 1.84 (m, 2H), 1.77 – 1.65 (m, 

5H), 1.69 – 1.56 (m, 1H), 1.31 – 1.08 (m, 5H), 1.00 (qd, J = 11.7, 3.3 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 149.31, 141.88, 128.50, 128.46, 126.04, 51.07, 38.85, 37.92, 35.61, 32.70, 

29.81, 28.42, 26.34, 26.10.  

(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(indolin-1-yl)methanone (45) 

36 (55 mg, 0.28 mmol) was reacted with indoline (1.4 eq, 43 µL, 0.38 mmol) 

according to General procedure C. The residue was purified by flash column 

chromatography (0 → 10% EtOAc in pentane) yielding the title compound 

(yield not determined). 
1H NMR (400 MHz, CDCl3) δ 8.86 (s, 1H), 8.02 (d, J = 8.1 Hz, 1H), 7.30 – 7.20 (m, 2H), 7.16 – 7.07 (m, 

1H), 4.57 (t, J = 8.3 Hz, 2H), 3.21 (t, J = 8.3 Hz, 2H), 3.06 (d, J = 6.8 Hz, 2H), 1.96 – 1.85 (m, 2H), 1.80 – 

1.59 (m, 4H), 1.31 – 1.10 (m, 3H), 1.02 (qd, J = 12.0, 3.3 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.70, 147.09, 146.19, 142.16, 132.05, 127.70, 125.19, 124.97, 117.56, 

51.29, 38.88, 37.94, 32.69, 28.73, 26.31, 26.10. 

(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(isoindolin-2-yl)methanone (46) 

36 (50 mg, 0.25 mmol) was reacted with isoindoline (1.5 eq, 43 µL, 0.38 mmol) 

according to General procedure C. The residue was purified by flash column 

chromatography (0 → 20% EtOAc in pentane) yielding the title compound 

as a white crystalline solid (76 mg, 0.22 mmol, 88%). 
1H NMR (400 MHz, CDCl3) δ 8.88 (s, 1H), 7.35 – 7.21 (m, 4H), 5.34 (s, 2H), 5.02 (s, 2H), 3.08 (d, J = 6.8 

Hz, 2H), 1.99 – 1.90 (m, 2H), 1.82 – 1.73 (m, 2H), 1.77 – 1.64 (m, 2H), 1.36 – 1.12 (m, 3H), 1.04 (qd, J = 

12.0, 3.3 Hz, 2H). 
13C NMR (75 MHz, CDCl3) δ 163.84, 147.23, 146.73, 136.55, 134.29, 127.94, 122.63, 122.53, 55.55, 54.87, 

38.92, 38.00, 32.72, 26.32, 26.14. 
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(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(3,4-dihydroisoquinolin-2(1H)-yl)-methanone (47) 

36 (50 mg, 0.25 mmol) was reacted with 1,2,3,4-tetrahydroisoquinoline (1.5 

eq, 50 µL, 0.38 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (10 → 20% EtOAc in pentane) 

yielding the title compound as a gray oil (83 mg, 0.23 mmol, 92%). 
1H NMR (400 MHz, CDCl3) δ 8.73 (s, 1H), 7.26 – 7.02 (m, 4H), 5.28 – 4.64 (m, 2H), 4.29 – 3.73 (m, 2H), 

3.09 – 2.99 (m, 4H), 1.96 – 1.87 (m, 2H), 1.80 – 1.60 (m, 3H), 1.33 – 1.09 (m, 4H), 1.02 (qd, J = 12.0, 3.3 

Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.59, 148.60, 147.37, 147.36, 147.34, 134.07, 132.27, 128.83, 127.10, 

126.66, 126.34, 38.81, 37.88, 32.66, 29.74, 26.30, 26.07.  

(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(3-phenylpiperidin-1-yl)methanone (48) 

36 (51 mg, 0.26 mmol) was reacted with 3-phenylpiperidine (1.2 eq, 50 

µL, 0.30 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (0 → 100% EtOAc in pentane) 

yielding the title compound (59 mg, 0.15 mmol, 59%). 
1H NMR (400 MHz, CDCl3) δ 8.76 (s, 1H), 7.43 – 7.35 (m, 2H), 7.38 – 7.31 (m, 2H), 7.35 – 7.24 (m, 1H), 

5.94 (s, 1H), 4.44 – 4.32 (m, 1H), 3.72 – 3.45 (m, 2H), 3.08 – 2.95 (m, 1H), 2.90 (d, J = 6.8 Hz, 2H), 2.53 – 

2.44 (m, 1H), 2.11 – 1.97 (m, 1H), 1.95 – 1.86 (m, 1H), 1.84 – 1.75 (m, 1H), 1.78 – 1.60 (m, 5H), 1.59 – 

1.49 (m, 1H), 1.36 – 1.06 (m, 4H), 1.00 (qd, J = 11.7, 3.2 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 163.48, 163.34, 149.53, 147.61, 147.37, 138.14, 128.91, 127.12, 126.74, 

56.23, 43.67, 42.94, 38.77, 38.64, 37.77, 37.75, 32.68, 32.57, 32.55, 27.95, 26.35, 26.32, 26.11, 26.08, 

25.73, 19.44. 

(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(4-phenylpiperidin-1-yl)methanone (49) 

36 (50 mg, 0.25 mmol) was reacted with 4-phenylpiperidine (1.5 eq, 61 

mg, 0.38 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (0 → 20% EtOAc in pentane) 

yielding the title compound as a white crystalline solid (50 mg, 0.13 mmol, 

51%). 
1H NMR (400 MHz, CDCl3) δ 8.72 (s, 1H), 7.37 – 7.29 (m, 2H), 7.28 – 7.19 (m, 3H), 5.02 – 4.45 (m, 2H), 

3.19 – 3.06 (m, 2H), 3.03 (d, J = 6.8 Hz, 2H), 2.83 (tt, J = 12.1, 3.9 Hz, 1H), 2.01 – 1.77 (m, 5H), 1.80 – 

1.58 (m, 4H), 1.31 – 1.08 (m, 4H), 0.99 (qd, J = 11.8, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.46, 148.42, 147.45, 144.82, 128.75, 126.82, 126.78, 47.12 (br), 42.61, 

38.84, 37.91, 33.27, 32.69, 26.33, 26.10. 

(4-Benzylpiperidin-1-yl)(3-((cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)methanone (50) 

36 (50 mg, 0.25 mmol) was reacted with 4-benzylpiperidine (1.5 eq, 67 

µL, 0.38 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (0 → 20% EtOAc in pentane) 

yielding the title compound as a white crystalline solid (76 mg, 0.19 mmol, 75%). 

Analytical data on next page. 
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1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.32 – 7.25 (m, 2H), 7.24 – 7.18 (m, 1H), 7.16 – 7.12 (m, 2H), 

4.80 – 4.25 (m, 2H), 3.02 (d, J = 6.8 Hz, 2H), 2.99 – 2.88 (m, 2H), 2.58 (d, J = 7.1 Hz, 2H), 1.93 – 1.86 (m, 

2H), 1.86 – 1.79 (m, 1H), 1.79 – 1.57 (m, 5H), 1.37 (qd, J = 12.9, 4.2 Hz, 2H), 1.30 – 1.09 (m, 4H), 0.99 

(qd, J = 12.1, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.28, 148.31, 147.32, 139.76, 129.12, 128.42, 126.22, 46.71 (br), 42.91, 

38.80, 38.09, 37.84, 32.65, 32.01, 29.75, 26.32, 26.08. 

(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(4-(2-methoxybenzyl)piperidin-1-yl)-methanone 

(51) 

36 (1.7 eq, 461 mg, 2.34 mmol) was reacted with 90 (1 eq, 275 mg, 1.34 

mmol) according to General procedure C. The residue was purified by 

flash column chromatography (0 → 20% EtOAc in pentane) yielding the 

title compound as a colorless oil (417 mg, 0.97 mmol, 72%). 
1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.20 (td, J = 7.8, 1.8 Hz, 1H), 7.06 (dd, J = 7.4, 1.8 Hz, 1H), 6.92 

– 6.83 (m, 2H), 4.71 – 4.30 (m, 2H), 3.82 (s, 3H), 3.02 (d, J = 6.8 Hz, 2H), 3.00 – 2.86 (m, 2H), 2.59 (d, J = 

7.1 Hz, 2H), 1.94 – 1.80 (m, 3H), 1.77 – 1.70 (m, 4H), 1.70 – 1.58 (m, 2H), 1.37 (qd, J = 12.4, 4.2 Hz, 2H), 

1.30 – 1.09 (m, 3H), 1.00 (qd, J = 12.0, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.24, 157.64, 148.35, 147.33, 130.98, 128.23, 127.53, 120.30, 110.41, 

55.32, 38.83, 37.88, 37.00, 36.44, 32.68, 32.16, 26.36, 26.11. 

(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(4-(4-methoxybenzyl)piperidin-1-yl)-methanone 

(52) 

36 (1.5 eq, 264 mg, 1.34 mmol) was reacted with 91 (1 eq, 183 mg, 

0.89 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (20% EtOAc in pentane) 

yielding the title compound as a gray oil (157 mg, 0.37 mmol, 41%). 
1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.09 – 7.01 (m, 2H), 6.87 – 6.79 (m, 2H), 4.71 – 4.36 (m, 2H), 

3.79 (s, 3H), 3.02 (d, J = 6.8 Hz, 2H), 2.99 – 2.86 (m, 2H), 2.52 (d, J = 6.9 Hz, 2H), 1.94 – 1.85 (m, 2H), 

1.85 – 1.69 (m, 6H), 1.69 – 1.59 (m, 1H), 1.41 – 1.27 (m, 2H), 1.30 – 1.09 (m, 3H), 1.00 (qd, J = 12.0, 3.2 

Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.27, 158.06, 148.31, 147.32, 131.78, 130.01, 113.80, 55.30, 47.31, 41.98, 

38.81, 38.24, 37.84, 32.65, 31.97, 26.33, 26.08. 

(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(4-(4-methylbenzyl)piperidin-1-yl)-methanone 

(53) 

36 (1.5 eq, 680 mg, 3.45 mmol) was reacted with 92 (1 eq, 435 mg, 

2.30 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (0 → 20% EtOAc in pentane) 

yielding the title compound as a yellow oil (305 mg, 0.74 mmol, 32%). 
1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.15 – 7.07 (m, 2H), 7.06 – 6.99 (m, 2H), 4.73 – 4.29 (m, 2H), 

3.01 (d, J = 6.8 Hz, 2H), 2.99 – 2.88 (m, 2H), 2.54 (d, J = 6.9 Hz, 2H), 2.32 (s, 3H), 1.95 – 1.85 (m, 2H), 

1.85 – 1.79 (m, 1H), 1.79 – 1.69 (m, 4H), 1.69 – 1.58 (m, 2H), 1.36 (qd, J = 12.5, 4.7 Hz, 2H), 1.29 – 1.09 

(m, 3H), 0.99 (qd, J = 11.9, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.24, 148.27, 147.30, 136.62, 135.63, 129.06, 128.98, 47.27 (br), 42.43, 

38.78, 38.12, 37.82, 32.62, 31.99, 26.30, 26.06, 21.05. 
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(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)-methanone 

(54) 

36 (17 mg, 0.086 mmol) was reacted with 102 (1.1 eq, 20 mg, 0.095 

mmol) according to General procedure C. The residue was purified 

by flash column chromatography (0 → 30% EtOAc in pentane) 

yielding the title compound as a white gum (29 mg, 0.067 mmol, 78%). 
1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.30 – 7.22 (m, 2H), 7.11 – 7.03 (m, 2H), 4.85 – 4.27 (m, 2H), 

3.02 (d, J = 6.9 Hz, 2H), 2.99 – 2.89 (m, 2H), 2.56 (d, J = 7.0 Hz, 2H), 1.94 – 1.86 (m, 2H), 1.86 – 1.76 (m, 

1H), 1.81 – 1.70 (m, 6H), 1.69 – 1.57 (m, 1H), 1.35 (qd, J = 12.5, 4.1 Hz, 2H), 1.24 – 1.08 (m, 2H), 1.00 

(qd, J = 12.0, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.40, 148.36, 147.39, 138.22, 132.08, 130.48, 128.61, 42.28, 38.87, 38.08, 

37.90, 32.71, 31.98, 29.82, 26.37, 26.13. 

(4-(4-Bromobenzyl)piperidin-1-yl)(3-((cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)-methanone 

(55) 

36 (1.7 eq, 233 mg, 1.18 mmol) was reacted with 93 (1 eq, 200 mg, 

0.69 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (20% EtOAc in pentane) 

yielding the title compound as a colorless oil (140 mg, 0.29 mmol, 43%). 
1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.44 – 7.37 (m, 2H), 7.06 – 6.97 (m, 2H), 4.86 – 4.26 (m, 2H), 

3.02 (d, J = 6.8 Hz, 2H), 2.99 – 2.88 (m, 2H), 2.54 (d, J = 7.0 Hz, 2H), 1.93 – 1.85 (m, 2H), 1.86 – 1.75 (m, 

1H), 1.79 – 1.69 (m, 4H), 1.69 – 1.57 (m, 2H), 1.35 (qd, J = 13.1, 4.3 Hz, 2H), 1.21 (tdd, J = 19.3, 13.7, 

10.3 Hz, 3H), 1.00 (qd, J = 12.1, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.38, 148.33, 147.36, 138.72, 131.54, 130.86, 120.07, 42.31, 38.85, 37.99, 

37.88, 32.68, 31.96, 26.35, 26.11. 

(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(4-(4-(trifluoromethyl)benzyl)piperidin-1-

yl)methanone (56) 

36 (1.5 eq, 153 mg, 0.78 mmol) was reacted with 94 (1 eq, 126 mg, 

0.52 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (20% EtOAc in pentane) 

yielding the title compound as a yellowish oil (150 mg, 0.32 mmol, 62%). 
1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.55 (d, J = 7.9 Hz, 2H), 7.30 – 7.24 (m, 2H), 4.85 – 4.26 (m, 

2H), 3.02 (d, J = 6.8 Hz, 2H), 3.00 – 2.89 (m, 2H), 2.65 (d, J = 7.2 Hz, 2H), 1.94 – 1.79 (m, 3H), 1.79 – 1.57 

(m, 6H), 1.38 (qd, J = 12.7, 4.0 Hz, 2H), 1.26 – 1.07 (m, 3H), 1.00 (qd, J = 12.0, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.43, 148.34, 147.38, 143.92 (q, J = 1.2 Hz), 129.44, 128.95 (q, J = 32.3 

Hz), 125.42 (q, J = 3.8 Hz), 124.36 (q, J = 271.7 Hz), 42.73, 38.85, 37.95, 37.89, 32.68, 31.98, 26.34, 26.11. 

(4-(4-(tert-Butyl)benzyl)piperidin-1-yl)(3-((cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)-

methanone (57) 

36 (1.5 eq, 320 mg, 1.62 mmol) was reacted with 96 (1 eq, 250 mg, 

1.08 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (0 → 20% EtOAc in 

pentane) yielding the title compound as a yellowish oil (132 mg, 0.29 mmol, 27%). 

Analytical data on next page. 
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1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.35 – 7.26 (m, 2H), 7.11 – 7.03 (m, 2H), 4.69 – 4.33 (m, 2H), 

3.73 – 3.45 (m, 2H), 3.02 (d, J = 6.9 Hz, 2H), 2.99 – 2.89 (m, 2H), 2.55 (d, J = 7.0 Hz, 2H), 1.95 – 1.86 (m, 

2H), 1.86 – 1.77 (m, 2H), 1.77 – 1.69 (m, 2H), 1.69 – 1.57 (m, 2H), 1.37 (qd, J = 12.4, 3.7 Hz, 2H), 1.31 (s, 

9H), 1.25 – 1.09 (m, 2H), 1.00 (qd, J = 11.9, 3.1 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.28, 149.01, 148.33, 147.32, 136.67, 128.79, 125.29, 47.34 (br), 43.66, 

42.37, 38.82, 38.05, 37.86, 32.67, 32.06 (br), 31.47, 26.34, 26.10. 

(4-([1,1'-Biphenyl]-4-ylmethyl)piperidin-1-yl)(3-((cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-

yl)methanone (58) 

36 (1 eq, 50 mg, 0.24 mmol) was reacted with 104 (1.2 eq, 79 mg, 

0.31 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (0 → 40% Et2O in 

pentane) afforded the title compound (20 mg, 0.042 mmol, 17%). 
1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 7.62 – 7.56 (m, 2H), 7.56 – 7.50 (m, 2H), 7.48 – 7.39 (m, 2H), 

7.39 – 7.29 (m, 1H), 7.26 – 7.17 (m, 2H), 4.78 – 4.31 (m, 2H), 3.02 (d, J = 6.8 Hz, 2H), 3.07 – 2.89 (m, 2H), 

2.63 (d, J = 7.0 Hz, 2H), 1.93 – 1.86 (m, 3H), 1.86 – 1.77 (m, 2H), 1.77 – 1.70 (m, 2H), 1.69 – 1.58 (m, 1H), 

1.40 (qd, J = 12.8, 4.2 Hz, 2H), 1.17 (m, 4H), 1.00 (qd, J = 12.2, 3.0 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.37, 148.39, 147.39, 140.99, 139.25, 138.92, 129.61, 128.88, 127.27, 

127.20, 127.09, 42.60, 38.88, 38.16, 37.90, 32.71, 32.10, 26.38, 26.14. 

(4-([1,1'-Biphenyl]-3-ylmethyl)piperidin-1-yl)(3-((cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-

yl)methanone (59) 

36 (1.5 eq, 206 mg, 1.04 mmol) was reacted with 97 (1 eq, 175 mg, 

0.70 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (10 → 30% EtOAc in 

pentane) yielding the title compound as a gray oil (280 mg, 0.59 

mmol, 85%). 
1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.61 – 7.54 (m, 2H), 7.48 – 7.39 (m, 3H), 7.38 – 7.30 (m, 2H), 

7.18 – 7.13 (m, 1H), 7.13 – 7.08 (m, 1H), 4.76 – 4.29 (m, 2H), 3.01 (d, J = 6.8 Hz, 2H), 2.98 – 2.87 (m, 2H), 

2.63 (d, J = 7.0 Hz, 2H), 1.92 – 1.82 (m, 3H), 1.82 – 1.74 (m, 2H), 1.74 – 1.67 (m, 2H), 1.68 – 1.57 (m, 2H), 

1.38 (qd, J = 12.6, 4.1 Hz, 2H), 1.28 – 1.08 (m, 3H), 0.98 (qd, J = 12.0, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.26, 148.26, 147.30, 141.36, 141.12, 140.24, 128.81, 128.79, 128.04, 

127.91, 127.35, 127.16, 125.06, 42.97, 38.76, 38.09, 37.81, 32.60, 32.01, 26.28, 26.04. 

(3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)(4-(3-((5-(trifluoromethyl)pyridin-2-yl)oxy)-

benzylidene)piperidin-1-yl)methanone (60) 

36 (21 mg, 0.11 mmol) was reacted with 105 (1.3 eq, 46 mg, 

0.14 mmol) according to General procedure C. The residue 

was purified by flash column chromatography (10 → 40%) 

yielding the title compound as gray oil (38 mg, 0.068 mmol, 64%).  
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1H NMR (400 MHz, CDCl3) δ 8.71 (s, 1H), 8.44 (m, 1H), 7.92 (dd, J = 8.7, 2.5 Hz, 1H), 7.40 (t, J = 7.9 Hz, 

1H), 7.14 – 7.07 (m, 1H), 7.07 – 6.97 (m, 3H), 6.44 (s, 1H), 4.11 – 3.54 (m, 4H), 3.03 (d, J = 6.8 Hz, 2H), 

2.71 – 2.63 (m, 2H), 2.52 (t, J = 5.9 Hz, 2H), 1.94 – 1.82 (m, 2H), 1.73 (dt, J = 11.7, 3.0 Hz, 2H), 1.71 – 

1.58 (m, 2H), 1.34 – 1.17 (m, 2H), 1.21 – 1.10 (m, 1H), 1.00 (qd, J = 11.9, 3.3 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 165.80, 163.61, 153.16, 148.36, 147.47, 145.59 (q, J = 4.5 Hz), 138.96, 

137.51, 136.86 (q, J = 3.2 Hz), 129.74, 126.17, 125.08, 121.93 (q, J = 87.1 Hz), 121.91, 119.79, 111.56, 

38.85, 37.90, 32.70, 26.34, 26.11. 

(4-([1,1'-Biphenyl]-2-ylmethyl)piperidin-1-yl)(3-((cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-

yl)methanone (61) 

36 (1.5 eq, 206 mg, 1.04 mmol) was reacted with 98 (1 eq, 175 mg, 0.70 

mmol) according to General procedure C. The residue was purified by 

flash column chromatography (10 → 30% EtOAc in pentane) yielding 

the title compound as a gray oil (220 mg, 0.46 mmol, 67%). 
1H NMR (400 MHz, CDCl3) δ 8.63 (s, 1H), 7.44 – 7.37 (m, 2H), 7.37 – 7.32 

(m, 1H), 7.32 – 7.23 (m, 5H), 7.23 – 7.19 (m, 1H), 4.58 – 4.19 (m, 2H), 3.00 (d, J = 6.7 Hz, 2H), 2.91 – 2.73 

(m, 2H), 2.62 (d, J = 7.0 Hz, 2H), 1.93 – 1.82 (m, 2H), 1.76 – 1.68 (m, 2H), 1.69 – 1.59 (m, 3H), 1.59 – 1.51 

(m, 2H), 1.25 – 1.07 (m, 5H), 0.99 (qd, J = 12.4, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.22, 148.22, 147.31, 142.44, 141.86, 137.27, 130.33, 129.95, 129.32, 

128.23, 127.37, 127.00, 126.17, 39.43, 38.79, 37.86, 37.48, 32.66, 31.90 (br), 26.33, 26.09. 

(4-((6-Chloropyridin-3-yl)methyl)piperidin-1-yl)(3-((cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-

yl)methanone (62) 

36 (1.5 eq, 155 mg, 0.78 mmol) was reacted with 99 (1 eq, 110 mg, 

0.52 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (20 → 40% EtOAc in 

pentane) yielding the title compound as a colorless oil (150 mg, 0.35 mmol, 66%). 
1H NMR (400 MHz, CDCl3) δ 8.76 – 8.71 (m, 1H), 8.54 (q, J = 2.5 Hz, 1H), 7.62 (dt, J = 8.0, 2.2 Hz, 1H), 

7.12 (dt, J = 8.3, 1.8 Hz, 1H), 4.74 – 4.33 (m, 2H), 3.04 – 2.99 (m, 2H), 3.12 – 2.92 (m, 2H), 2.77 (d, J = 

7.2 Hz, 2H), 2.20 – 2.09 (m, 1H), 1.92 – 1.82 (m, 2H), 1.80 – 1.54 (m, 6H), 1.49 – 1.34 (m, 2H), 1.31 – 1.09 

(m, 3H), 1.06 – 0.91 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.13, 156.86, 148.12, 147.56, 147.25, 136.26, 129.84, 124.52, 43.80, 

38.67, 37.63, 36.38, 32.46, 31.73 (br), 26.13, 26.11. 

(4-((5-Chloropyridin-2-yl)methyl)piperidin-1-yl)(3-((cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-

yl)methanone (63) 

36 (1.5 eq, 155 mg, 0.78 mmol) was reacted with 100 (1 eq, 110 mg, 

0.52 mmol) according to General procedure C. The residue was 

purified by flash column chromatography (20 → 40% EtOAc in 

pentane) yielding the title compound as a colorless oil (175 mg, 0.40 mmol, 77%). 
1H NMR (400 MHz, CDCl3) δ 8.74 (d, J = 1.8 Hz, 1H), 8.26 – 8.21 (m, 1H), 7.50 (dt, J = 8.2, 2.1 Hz, 1H), 

7.30 (dd, J = 8.3, 2.5 Hz, 1H), 4.73 – 4.44 (m, 2H), 3.02 (d, J = 6.9 Hz, 2H), 3.05 – 2.89 (m, 2H), 2.60 (d, J 

= 7.1 Hz, 2H), 1.93 – 1.81 (m, 3H), 1.80 – 1.54 (m, 6H), 1.46 – 1.32 (m, 2H), 1.31 – 1.09 (m, 3H), 1.05 – 

0.90 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.27, 149.72, 149.29, 148.15, 147.31, 139.59, 134.05, 124.09, 38.91, 

38.71, 37.66, 37.51, 32.50, 31.63 (br), 26.14, 26.12.  
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Methyl (3-phenylpropyl)carbamate (65) 

To an ice-cold solution of 3-phenylpropylamine (64, 84 µL, 0.59 mmol) and DIPEA 

(2 eq, 206 µL, 1.19 mmol) in DCM (5 mL), methyl chloroformate (1.5 eq, 84 µL, 0.89 

mmol) was added. The mixture was allowed to warm to RT and stirred for 2 h. After 

full reaction conversion the mixture was washed with sat. aq. NaHCO3 and brine, dried over MgSO4, 

filtrated and concentrated in vacuo. Flash column chromatography (0-30% EtOAc in pentane) afforded 

the title compound (96 mg, 0.50 mmol, 84%). 
1H NMR (400 MHz, CDCl3) δ 7.32 – 7.21 (m, 3H), 7.21 – 7.11 (m, 2H), 4.73 (s, 1H), 3.65 (s, 3H), 3.20 (q, J 

= 6.7 Hz, 2H), 2.63 (t, J = 7.7 Hz, 2H), 1.82 (p, J = 7.3 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 157.25, 141.51, 128.54, 128.45, 126.07, 52.10, 40.73, 33.11, 31.71. 

N-methyl-3-phenylpropylamine (66) 

To an ice-cold solution of 65 (96 mg, 0.50 mmol) in dry THF (10 mL), LiALH4 (3 eq, 1.5 

mL 1 M in THF, 1.50 mmol) was added dropwise, after which the reaction mixture was 

heated to reflux for 72 h. The mixture was cooled on ice, diluted with Et2O and quenched with water 

and 15% aq. NaOH. It was then warmed to RT, dried over MgSO4, filtrated and concentrated in vacuo. 

For flash column chromatography a solution of 10% sat. aq. NH4OH in MeOH was prepared. Elution 

with 10% of this solution in DCM afforded the title compound as yellow oil (46 mg, 0.31 mmol, 62%). 
1H NMR (400 MHz, MeOD) δ 7.32 – 7.22 (m, 2H), 7.22 – 7.11 (m, 3H), 2.70 – 2.54 (m, 4H), 2.39 (s, 3H), 

1.88 – 1.78 (m, 2H). 
13C NMR (101 MHz, MeOD) δ 143.16, 129.41, 129.36, 126.94, 51.89, 35.72, 34.40, 31.74. 

tert-Butyl 4-(2-methoxybenzyl)piperidine-1-carboxylate (79) 

N-Boc 4-methylenepiperidine (67, 1 eq, 300 µL, 1.48 mmol) was coupled to 2-

bromoanisole (68, 2 eq, 381 µL, 3.06 mmol) according to General procedure B. Flash 

column chromatography (2% EtOAc in pentane) afforded the title compound as 

colorless oil (410 mg, 1.34 mmol, 91%). 
1H NMR (400 MHz, CDCl3) δ 7.18 (td, J = 7.9, 1.8 Hz, 1H), 7.06 (dd, J = 7.3, 1.8 Hz, 1H), 6.91 – 6.81 (m, 

2H), 4.10 – 4.00 (m, 2H), 3.81 (s, 3H), 2.63 (td, J = 12.9, 2.6 Hz, 2H), 2.54 (d, J = 7.1 Hz, 2H), 1.78 – 1.62 

(m, 1H), 1.63 – 1.55 (m, 2H), 1.45 (s, 9H), 1.16 (qd, J = 12.3, 4.3 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 157.73, 155.05, 131.05, 128.83, 127.32, 120.25, 110.40, 79.26, 55.36, 44.15, 

37.27, 36.69, 32.24, 28.62. 

tert-Butyl 4-(4-methoxybenzyl)piperidine-1-carboxylate (80) 

N-Boc 4-methylenepiperidine (67, 1.5 eq, 700 µL, 3.44 mmol) was coupled to 4-

bromoanisole (69, 1 eq, 286 µL, 2.30 mmol) according to General procedure B. 

Flash column chromatography (2% EtOAc in pentane) afforded the title compound as colorless oil 

(701 mg, 2.30 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ 7.05 – 6.97 (m, 2H), 6.83 – 6.75 (m, 2H), 4.20 – 3.93 (m, 2H), 3.73 (s, 3H), 

2.65 – 2.54 (m, 2H), 2.43 (d, J = 6.8 Hz, 2H), 1.63 – 1.53 (m, 3H), 1.44 (s, 9H), 1.09 (qd, J = 12.1, 4.2 Hz, 

2H). 
13C NMR (101 MHz, CDCl3) δ 157.66, 154.48, 131.87, 129.71, 113.38, 78.77, 54.81, 41.95, 38.06, 31.69, 

28.22. 
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tert-Butyl 4-(4-methylbenzyl)piperidine-1-carboxylate (81) 

N-Boc 4-methylenepiperidine (67, 1.3 eq, 700 µL, 3.44 mmol) was coupled to 4-

iodotoluene (70, 1 eq, 293 µL, 2.25 mmol) according to General procedure B. Flash 

column chromatography (2% EtOAc in pentane) afforded the title compound as orange oil (500 mg, 

1.73 mmol, 77%). 
1H NMR (400 MHz, CDCl3) δ 7.12 – 7.05 (m, 2H), 7.05 – 6.98 (m, 2H), 4.19 – 3.94 (m, 2H), 2.68 – 2.56 

(m, 2H), 2.49 (d, J = 6.8 Hz, 2H), 2.31 (s, 3H), 1.93 – 1.77 (m, 1H), 1.72 – 1.56 (m, 2H), 1.45 (s, 9H), 1.13 

(qd, J = 12.8, 5.9 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 154.93, 137.17, 135.40, 129.04, 128.97, 79.25, 42.75, 38.30, 32.11, 28.52, 

21.06. 

tert-Butyl 4-(4-bromobenzyl)piperidine-1-carboxylate (82) 

N-Boc 4-methylenepiperidine (67, 1 eq, 300 µL, 1.48 mmol) was coupled to 1-

bromo-4-iodobenzene (71, 3.3 eq, 2.10 g, 7.42 mmol) according to General 

procedure B. Flash column chromatography (2% EtOAc in pentane) afforded the title compound as 

brown wax (230 mg, 0.65 mmol, 44%). 
1H NMR (400 MHz, CDCl3) δ 7.41 – 7.37 (m, 2H), 7.03 – 6.98 (m, 2H), 4.07 (dt, J = 13.7, 3.0 Hz, 2H), 2.62 

(td, J = 13.2, 2.6 Hz, 2H), 2.48 (d, J = 6.9 Hz, 2H), 1.73 – 1.54 (m, 3H), 1.45 (s, 9H), 1.13 (qd, J = 12.3, 4.3 

Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 154.95, 139.26, 131.42, 130.94, 119.84, 79.41, 44.00 (br), 42.61, 38.17, 

31.98, 28.57. 

tert-Butyl 4-(4-(trifluoromethyl)benzyl)piperidine-1-carboxylate (83) 

N-Boc 4-methylenepiperidine (67, 1 eq, 303 µL, 1.49 mmol) was coupled to 1-

iodo-4-(trifluoromethyl)benzene (72, 1.5 eq, 332 µL, 2.26 mmol) according to 

General procedure B. Flash column chromatography (2 → 5% EtOAc in pentane) afforded the title 

compound as brown wax (510 mg, 1.49 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 7.9 Hz, 2H), 7.25 (d, J = 7.9 Hz, 2H), 4.24 – 3.91 (m, 2H), 2.72 – 

2.54 (m, 2H), 2.59 (d, J = 7.2 Hz, 2H), 1.72 – 1.63 (m, 1H), 1.64 – 1.55 (m, 2H), 1.45 (s, 9H), 1.15 (qd, J = 

12.3, 4.3 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 154.92, 144.46 (q, J = 1.5 Hz), 129.47, 128.44 (q, J = 32.3 Hz), 125.26 (q, J 

= 3.8 Hz), 124.42 (q, J = 271.7 Hz), 79.41, 43.00, 38.10, 31.97, 28.53. 

tert-Butyl 4-(4-ethynylbenzyl)piperidine-1-carboxylate (84) 

N-Boc 4-methylenepiperidine (67, 1 eq, 300 µL, 1.48 mmol) was coupled to 1-

bromo-4-ethynylbenzene (73, 1.1 eq, 410 mg, 2.27 mmol) according to General 

procedure B. Flash column chromatography (1 → 3% EtOAc in pentane) afforded 

the title compound as colorless oil (95 mg, 0.32 mmol, 22%). 
1H NMR (400 MHz, CDCl3) δ 7.43 – 7.37 (m, 2H), 7.11 – 7.05 (m, 2H), 4.17 – 3.96 (m, 2H), 3.04 (s, 1H), 

2.62 (td, J = 12.4, 12.4, 2.8 Hz, 2H), 2.52 (d, J = 7.0 Hz, 2H), 1.72 – 1.57 (m, 1H), 1.62 – 1.54 (m, 2H), 1.45 

(s, 9H), 1.13 (qd, J = 12.5, 4.3 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 154.87, 141.28, 132.08, 129.16, 119.76, 83.71, 79.31, 76.88, 43.97 (br), 

43.08, 38.08, 31.97, 28.52. 
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tert-Butyl 4-(4-(tert-butyl)benzyl)piperidine-1-carboxylate (85) 

N-Boc 4-methylenepiperidine (67, 1 eq, 300 µL, 1.48 mmol) was coupled to 4-

tert-butyliodobenzene (74, 1.2 eq, 320 µL, 1.81 mmol) according to General 

procedure B. Flash column chromatography (1 → 2% EtOAc in pentane) afforded 

the title compound as colorless oil (285 mg, 0.86 mmol, 58%). 
1H NMR (400 MHz, CDCl3) δ 7.33 – 7.26 (m, 2H), 7.10 – 7.03 (m, 2H), 4.11 – 4.02 (m, 2H), 2.63 (td, J = 

13.2, 2.5 Hz, 2H), 2.50 (d, J = 6.8 Hz, 2H), 1.72 – 1.58 (m, 3H), 1.45 (s, 9H), 1.31 (s, 9H), 1.14 (qd, J = 12.4, 

4.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 155.04, 148.84, 137.28, 128.90, 125.23, 79.33, 44.13, 42.73, 38.24, 34.50, 

32.14, 31.55, 28.61. 

tert-Butyl 4-([1,1'-biphenyl]-3-ylmethyl)piperidine-1-carboxylate (86) 

N-Boc 4-methylenepiperidine (67, 1 eq, 300 µL, 1.48 mmol) was coupled to 3-

bromo-1,1’-biphenyl (75, 1.5 eq, 376 µL, 2.25 mmol) according to General 

procedure B. Flash column chromatography (2 → 3% EtOAc in pentane) afforded 

the title compound as yellow oil (450 mg, 1.28 mmol, 87%). 
1H NMR (400 MHz, CDCl3) δ 7.58 – 7.51 (m, 2H), 7.42 – 7.34 (m, 3H), 7.34 – 7.32 (m, 1H), 7.32 – 7.23 

(m, 2H), 7.10 – 7.02 (m, 1H), 4.19 – 3.92 (m, 2H), 2.65 – 2.49 (m, 2H), 2.53 (d, J = 7.2 Hz, 2H), 1.70 – 1.55 

(m, 3H), 1.44 (s, 9H), 1.17 – 1.04 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 154.50, 140.97, 140.95, 140.44, 128.51, 128.46, 127.85, 127.69, 127.01, 

126.90, 124.59, 78.83, 43.01, 37.96, 31.79, 28.24. 

tert-Butyl 4-([1,1'-biphenyl]-2-ylmethyl)piperidine-1-carboxylate (87) 

N-Boc 4-methylenepiperidine (67, 1 eq, 348 µL, 1.71 mmol) was coupled to 2-iodo-

1,1’-biphenyl (76, 1.3 eq, 396 µL, 2.25 mmol) according to General procedure B. Flash 

column chromatography (0 → 4% EtOAc in pentane) afforded the title compound as 

colorless oil (600 mg, 1.71 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ 7.40 – 7.33 (m, 2H), 7.32 – 7.28 (m, 1H), 7.28 – 7.21 (m, 4H), 7.21 – 7.12 

(m, 2H), 3.97 – 3.92 (m, 2H), 2.54 (d, J = 6.9 Hz, 2H), 2.51 – 2.44 (m, 2H), 1.89 – 1.79 (m, 1H), 1.56 – 1.44 

(m, 2H), 1.41 (s, 9H), 0.92 (qd, J = 12.4, 4.1 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 154.62, 142.26, 141.84, 137.55, 130.02, 129.81, 129.18, 127.95, 127.08, 

126.69, 125.77, 78.95, 41.79, 39.55, 37.54, 31.77, 28.35. 

tert-Butyl 4-((6-chloropyridin-3-yl)methyl)piperidine-1-carboxylate (88) 

N-Boc 4-methylenepiperidine (67, 1 eq, 315 µL, 1.55 mmol) was coupled to 2-

chloro-5-iodopyridine (77, 1.2 eq, 433 mg, 1.81 mmol) according to General 

procedure B. Flash column chromatography (5 → 10% EtOAc in pentane) afforded the title compound 

as white solid (482 mg, 1.55 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ 8.18 (t, J = 2.2 Hz, 1H), 7.45 (dd, J = 8.2, 2.5 Hz, 1H), 7.26 (dd, J = 8.1, 1.7 

Hz, 1H), 4.19 – 3.97 (m, 2H), 2.70 – 2.58 (m, 2H), 2.53 (d, J = 6.9 Hz, 2H), 1.93 – 1.75 (m, 1H), 1.64 – 1.56 

(m, 2H), 1.48 – 1.40 (m, 9H), 1.19 – 1.08 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 154.72, 149.98, 149.17, 139.38, 134.35, 123.85, 79.37, 39.21, 37.78, 31.68, 

28.40. 
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tert-Butyl 4-((5-chloropyridin-2-yl)methyl)piperidine-1-carboxylate (89) 

N-Boc 4-methylenepiperidine (68, 1 eq, 300 µL, 1.48 mmol) was coupled to 2-

bromo-5-chloropyridine (78, 1.5 eq, 439 µL, 2.28 mmol) according to General 

procedure B. Flash column chromatography (0 → 20% EtOAc in pentane) afforded the title compound 

as colorless oil (400 mg, 1.29 mmol, 87%). 
1H NMR (400 MHz, Chloroform-d) δ 8.50 (s, 1H), 7.58 (d, J = 8.7 Hz, 1H), 7.07 (d, J = 8.7 Hz, 1H), 4.15 

– 4.00 (m, 2H), 2.68 (d, J = 6.4 Hz, 2H), 2.00 – 1.86 (m, 1H), 1.59 (d, J = 13.1 Hz, 2H), 1.45 (s, 9H), 1.26 – 

1.13 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 158.33, 154.72, 148.05, 135.87, 129.47, 124.34, 79.15, 43.29, 42.39, 36.68, 

31.81, 28.38. 

4-(2-Methoxybenzyl)piperidine (90) 

79 (410 mg, 1.34 mmol) was dissolved in 1,4-dioxane containing 4 M HCl (10 mL) and 

the mixture was stirred for 16 h. All volatiles were removed in vacuo. The residue was 

dissolved in 5 M aq. KOH and extracted with DCM and CHCl3. The combined organic 

layers were concentrated in vacuo, affording the title compound as yellowish wax (275 mg, 1.34 mmol, 

quant.), which was used immediately in the next reaction. 

4-(4-Methoxybenzyl)piperidine (91) 

80 (273 mg, 0.89 mmol) was dissolved in 1,4-dioxane containing 4 M HCl (5 mL) 

and the mixture was stirred for 18 h. All volatiles were removed in vacuo. The 

residue was dissolved in 5 M aq. KOH and extracted with DCM. The combined organic layers were 

concentrated in vacuo, affording the title compound as yellow wax (183 mg, 0.89 mmol, quant.). 
1H NMR (400 MHz, MeOD) δ 7.09 – 7.00 (m, 2H), 6.86 – 6.77 (m, 2H), 3.76 (s, 3H), 3.11 – 3.02 (m, 2H), 

2.58 (td, J = 12.5, 2.5 Hz, 2H), 2.48 (d, J = 6.8 Hz, 2H), 1.73 – 1.65 (m, 2H), 1.65 – 1.55 (m, 1H), 1.26 – 

1.12 (m, 2H). 
13C NMR (101 MHz, MeOD) δ 158.75, 132.80, 130.65, 114.30, 55.55, 46.31, 43.07, 38.52, 32.48. 

4-(4-Methylbenzyl)piperidine (92) 

81 (500 mg, 1.73 mmol) was dissolved in 1,4-dioxane containing 4 M HCl (5 mL) and 

the mixture was stirred for 16 h. All volatiles were removed in vacuo. The residue was 

dissolved in 5 M aq. KOH and extracted with DCM. The combine organic layers were concentrated in 

vacuo, affording the title compound as orange oil (327 mg, 1.73 mmol, quant.), which was used 

immediately in the next reaction. 

4-(4-Bromobenzyl)piperidin-1-ium chloride (93) 

82 (230 mg, 0.65 mmol) was dissolved in 1,4-dioxane containing 4 M HCl (5 mL) 

and the mixture was stirred for 3 h. All volatiles were removed in vacuo. The 

resulting off-white solid was used immediately in the next reaction. 
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4-(4-(Trifluoromethyl)benzyl)piperidine (94) 

83 (250 mg, 0.73 mmol) was dissolved in 1,4-dioxane (8 mL). To this HCl (20 eq, 

3.64 mL 4 M in 1,4-dioxane) was added and the mixture was stirred for 28 h. All 

volatiles were removed in vacuo. The resulting off-white solid was dissolved in EtOAc and extracted 

with 1 M aq. HCl. The pH of the aquous layer was set to 14 with 5 M aq. NaOH, after which the aqueous 

layer was extracted with EtOAc. The combined organic layers were dried over MgSO4, filtrated and 

concentrated in vacuo, affording the title compound as off-white oil (126 mg, 0.52 mmol, 71%), which 

was used immediately in the next reaction. 

4-(4-Ethynylbenzyl)piperidin-1-ium 2,2,2-trifluoroacetate (95) 

84 (20 mg, 0.067 mmol) was dissolved in dry DCM (2 mL) and cooled on ice. TFA 

(10 eq, 51 µL, 0.67 mmol) was added dropwise, after which the mixture was 

allowed to warm to RT and stirred overnight. When TLC showed full conversion 

all volatiles were removed in vacuo. The residue was used immediately in the next reaction 

4-(4-(tert-Butyl)benzyl)piperidine (96) 

85 (270 mg, 0.81 mmol) was dissolved in 1,4-dioxane (8 mL). To this HCl (10 eq, 2.0 

mL 4 M in 1,4-dioxane, 8.1 mmol) was added and the mixture was stirred for 5 h. 

All volatiles were removed in vacuo. CHCl3 (5 mL) and 5 M aq. KOH (5 mL) were 

added to the resulting white solid and the layers were separated. The aqueous layer was extracted 

with CHCl3. The combined organic layers were concentrated in vacuo, affording the title compound 

as yellow oil (188 mg, 0.76 mmol, 93%), which was used immediately in the next reaction. 

4-([1,1'-Biphenyl]-3-ylmethyl)piperidine (97) 

86 (450 mg, 1.28 mmol) was dissolved in 1,4-dioxane containing 4 M HCl (5 mL) 

and the mixture was stirred for 21 h. All volatiles were removed in vacuo. The 

residue was dissolved in 1 M aq. HCl and washed with CHCl3. The pH of the 

aqueous layer was set to 14 with 5 M aq. KOH, after which the aquous layer was extracted with CHCl3. 

The combined organic layers were concentrated in vacuo, affording the title compound as yellow oil 

(247 mg, 0.98 mmol, 77%), which was used immediately in the next reaction. 

4-([1,1'-Biphenyl]-2-ylmethyl)piperidine (98) 

87 (600 mg, 1.71 mmol) was dissolved in 1,4-dioxane containing 4 M HCl (5 mL) and 

the mixture was stirred for 16 h. All volatiles were removed in vacuo. The residue was 

dissolved in 1 M aq. HCl and washed with CHCl3. The pH of the aqueous layer was set 

to 14 with 5 M aq. KOH, after which the aquous layer was extracted with CHCl3. The 

combined organic layers were concentrated in vacuo, affording the title compound as yellow oil (350 

mg, 1.39 mmol, 82%), which was used immediately in the next reaction. 

2-Chloro-5-(piperidin-4-ylmethyl)pyridine (99) 

88 (482 mg, 1.55 mmol) was dissolved in 1,4-dioxane containing 4 M HCl (5 mL) 

and the mixture was stirred for 21 h. All volatiles were removed in vacuo. The residue 

was dissolved in 1 M aq. HCl and washed with CHCl3. The pH of the aqueous layer was set to 14 with 

5 M aq. KOH, after which the aquous layer was extracted with CHCl3. The combined organic layers 

were concentrated in vacuo, affording the title compound as yellow oil (247 mg, 1.17 mmol, 76%), 

which was used immediately in the next reaction. 
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5-Chloro-2-(piperidin-4-ylmethyl)pyridine (100) 

89 (279 mg, 0.90 mmol) was dissolved in 1,4-dioxane containing 4 M HCl (5 mL) 

and the mixture was stirred for 16 h. All volatiles were removed in vacuo. The residue 

was dissolved in 1 M aq. HCl and washed with CHCl3. The pH of the aqueous layer 

was set to 14 with 5 M aq. KOH, after which the aquous layer was extracted with CHCl3. The combined 

organic layers were concentrated in vacuo, affording the title compound as colorless oil (190 mg, 0.90 

mmol, quant.), which was used immediately in the next reaction. 

1-Benzylpiperazine (101) 

Piperazine (6 eq, 500 mg, 5.80 mmol) was dissolved in dry THF (10 mL) and heated to 

reflux. To this benzyl chloride (1 eq, 0.11 mL, 0.97 mmol) was added dropwise, leading 

to formation of white precipitate. After refluxing for 2.5 h full conversion was confirmed using TLC and 

the mixture was cooled and filtrated. Solids were washed with THF (5 mL) and EtOAc (5 mL) after which 

the combined filtrates were concentrated in vacuo. The resulting white crystalline solid was suspended 

in 8 mL 1 M aq. KOH + 5% brine and extracted with DCM and EtOAc until the aqueous layer was clear. 

The combined organic layers were dried over MgSO4, filtrated and concentrated in vacuo. For flash 

column chromatography a 10% sat. aq. NH4OH solution in MeOH was used. Elution with 0 → 20% of 

this solution in EtOAc afforded the title compound as colorless oil (145 mg, 0.82 mmol, 85%). 
1H NMR (400 MHz, MeOD) δ 7.35 – 7.26 (m, 4H), 7.29 – 7.22 (m, 1H), 3.47 (s, 2H), 2.80 (app. t, J = 5.0 

Hz, 4H), 2.53 – 2.29 (m, 4H). 
13C NMR (101 MHz, MeOD) δ 138.35, 130.63, 129.30, 128.38, 64.48, 54.59, 46.08. 

4-(4-Chlorobenzyl)piperidine (102) 

4-(4-Chlorobenzyl)pyridine (1 eq, 1.71 mL, 9.82 mmol), PtO2 (0.04 eq, 89 mg, 0.39 

mmol) and hydrochloric acid (1 eq, 818 µL 12 M, 9.82 mmol) were added to EtOH 

(30 mL) and shaken for 24 h under 3 bar H2 in a Parr reaction vessel. Catalyst was removed by filtration 

and volatiles under reduced pressure. Flash column chromatography (5 → 15% 7 M methanolic 

ammonia in EtOAc) afforded the title compound as yellow oil (1.79 g, 8.53 mmol, 87%).  
1H NMR (400 MHz, CDCl3) δ 7.27 – 7.19 (m, 2H), 7.10 – 7.02 (m, 2H), 3.03 (dt, J = 12.6, 3.0 Hz, 2H), 2.54 

(td, J = 12.3, 2.1 Hz, 2H), 2.49 (d, J = 6.5 Hz, 2H), 1.66 (bs, 1H), 1.64 – 1.55 (m, 2H), 1.58 – 1.51 (m, 1H), 

1.13 (qd, J = 13.8, 13.3, 3.8 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 139.09, 131.58, 130.55, 128.31, 46.80, 43.22, 38.48, 33.44. 

4-([1,1'-Biphenyl]-4-ylmethyl)pyridine (103) 

In a MW vial, a solution of 4-(4-chlorobenzyl)pyridine (1 eq, 172 µL, 0.97 mmol) in 

dry 1,4-dioxane (1.5 mL) was purged with N2, to which then CsCO3 (1.7 eq, 550 mg, 

1.69 mmol), phenylboronic acid (1.6 eq, 193 mg, 1.58 mmol), Pd2(dba)3 (0.04 eq, 

34 mg, 0.037 mmol) and tricyclohexylphosphane (0.09 eq, 24 mg, 0.086 mmol) were sequentially 

added. The vial was sealed and heated to 100°C overnight. When product formation was confirmed 

with LC/MS analysis, the mixture was cooled to RT and diluted with EtOAc. Catalyst was removed by 

filtration and volatiles under reduced pressure. Flash column chromatography (30 → 60% Et2O in 

pentane) afforded the title compound (140 mg, 0.57 mmol, 59%). 
1H NMR (400 MHz, CDCl3) δ 8.54 – 8.48 (m, 2H), 7.60 – 7.48 (m, 4H), 7.47 – 7.38 (m, 2H), 7.37 – 7.29 

(m, 1H), 7.27 – 7.19 (m, 2H), 7.16 – 7.10 (m, 2H), 3.99 (s, 2H). 
13C NMR (101 MHz, CDCl3) δ 167.86, 150.04, 149.93, 140.76, 139.73, 138.00, 129.54, 128.87, 127.53, 

127.37, 127.10, 124.31, 40.94. 
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4-([1,1'-Biphenyl]-4-ylmethyl)piperidine (104) 

A solution of 103 (1 eq, 89 mg, 0.36 mmol) in EtOH (3 mL) was purged with N2, 

to which then PtO2 (0.05 eq, 4 mg, 0.018 mmol) and hydrochloric acid (1 eq, 30 

µL 12 M, 0.36 mmol) were added. The mixture was then purged with H2 (1 atm) 

and stirred for 24 h. Catalyst was removed by filtration and volatiles under reduced pressure, affording 

the title compound which was used immediately in the next reaction. 

2-(3-(Piperidin-4-ylidenemethyl)phenoxy)-5-(trifluoromethyl)pyridine (105) 

To a solution of tert-butyl 4-(3-((5-(trifluoromethyl)pyridin-2-

yl)oxy)benzylidene)piperidine-1-carboxylate58 (98 mg, 0.23 mmol) in 1.5 mL 

EtOAc, hydrochloric acid (30 eq, 572 µL 12 M, 6.86 mmol) was added 

dropwise and the mixture was stirred for two days. When TLC analysis showed full conversion the 

mixture was washed with sat. aq. NaHCO3 followed by extraction with DCM. The combined organic 

layers were dried over MgSO4, filtrated and concentrated in vacuo to afford the title compound which 

was used immediately in the next reaction. 

3-((Cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazole (106) 

36 (1.20 g, 6.08 mmol) was dissolved in 20 mL dry DCM and cooled on ice. Peracetic 

acid (5 eq, 30 mmol, 5.8 mL 35% in AcOH) was added dropwise, after which the 

mixture was allowed to warm to RT and stirred for 72 h. The mixture was diluted with 

DCM and washed with water. The aqueous layer was extracted with CHCl3 with a little MeOH, after 

which the combined organic layers were dried over MgSO4, filtrated and concentrated in vacuo. Flash 

column chromatography (0 → 6% MeOH in DCM) afforded the title compound as white crystalline 

solid (1.08 g, 4.72 mmol, 78%). 
1H NMR (400 MHz, MeOD) δ 8.70 (s, 1H), 3.31 (d, J = 6.1 Hz, 2H), 2.02 – 1.87 (m, 1H), 1.90 – 1.79 (m, 

2H), 1.75 – 1.58 (m, 3H), 1.36 – 1.12 (m, 3H), 1.11 (qd, J = 11.8, 3.4 Hz, 2H). 
13C NMR (101 MHz, MeOD) δ 162.97, 146.97, 61.81, 33.98, 33.82, 26.83. 

3-((Cyclohexylmethyl)sulfinyl)-N-methyl-N-phenyl-1H-1,2,4-triazole-1-carboxamide (107) 

40 (53 mg, 0.16 mmol) was oxidized according to General procedure D. Flash 

column chromatography (0 → 50% EtOAc in pentane) afforded the title 

compound as gray gum (42 mg, 0.12 mmol, 76%). 
1H NMR (300 MHz, CDCl3) δ 8.74 (s, 1H), 7.44 – 7.26 (m, 3H), 7.19 – 7.10 (m, 2H), 3.56 (s, 3H), 2.99 – 

2.84 (m, 1H), 2.65 – 2.50 (m, 1H), 1.98 – 1.87 (m, 2H), 1.87 – 1.77 (m, 1H), 1.77 – 1.69 (m, 2H), 1.38 – 

1.13 (m, 4H), 1.12 – 0.87 (m, 2H). 
13C NMR (75 MHz, CDCl3) δ 166.23, 148.06, 147.35, 142.62, 129.72, 128.11, 126.10, 61.01, 40.60, 32.24, 

32.01, 25.92, 25.81.  

(3-((Cyclohexylmethyl)sulfinyl)-1H-1,2,4-triazol-1-yl)(4-phenylpiperidin-1-yl)methanone (108) 

49 (38 mg, 0.099 mmol) was oxidized according General procedure D. 

Flash column chromatography (0 → 50% EtOAc in pentane) afforded the 

title compound as white powder (33 mg, 0.082 mmol, 83%). 
1H NMR (300 MHz, CDCl3) δ 8.89 (s, 1H), 7.41 – 7.29 (m, 2H), 7.28 – 7.18 

(m, 3H), 4.87 – 4.43 (m, 2H), 3.30 (dd, J = 13.0, 5.1 Hz, 1H), 3.37 – 3.05 (m, 2H), 2.99 (dd, J = 13.0, 8.7 

Hz, 1H), 2.84 (tt, J = 12.1, 3.9 Hz, 1H), 2.11 – 1.64 (m, 9H), 1.46 – 1.03 (m, 6H). 
13C NMR (75 MHz, CDCl3) δ 166.72, 148.29, 147.75, 144.48, 128.79, 126.86, 126.80, 61.33, 47.22 (br), 

42.41, 33.37, 32.60, 32.27, 29.78, 26.02, 25.97, 25.69.  
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(4-Benzylpiperidin-1-yl)(3-((cyclohexylmethyl)sulfinyl)-1H-1,2,4-triazol-1-yl)methanone (109) 

50 (51 mg, 0.128 mmol) was oxidized according General procedure D. 

Flash column chromatography (0 → 50% EtOAc in pentane) afforded 

the title compound as gray gum (42 mg, 0.101 mmol, 79%). 
1H NMR (500 MHz, CDCl3) δ 8.84 (s, 1H), 7.34 – 7.26 (m, 2H), 7.25 – 7.18 (m, 1H), 7.17 – 7.11 (m, 2H), 

4.64 – 4.30 (m, 2H), 3.28 (dd, J = 13.1, 5.2 Hz, 1H), 2.97 (dd, J = 13.0, 8.8 Hz, 1H), 3.16 – 2.89 (m, 1H), 

2.59 (d, J = 7.1 Hz, 2H), 2.08 – 2.01 (m, 2H), 2.01 – 1.92 (m, 1H), 1.91 – 1.64 (m, 7H), 1.45 – 1.06 (m, 7H). 
13C NMR (126 MHz, CDCl3) δ 166.56, 148.15, 147.62, 139.57, 129.12, 128.45, 126.27, 61.30, 46.38 (br), 

42.75, 37.93, 33.32, 32.55, 32.22, 25.99, 25.93, 25.65.  

(4-([1,1'-Biphenyl]-4-ylmethyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfinyl)-1H-1,2,4-triazol-1-

yl)methanone (110) 

58 (20 mg, 0.042 mmol) was oxidized according to General 

procedure D. Flash column chromatography (40 → 60% EtOAc in 

pentane) afforded the title compound as white powder (17 mg, 

0.035 mmol, 82%). 
1H NMR (500 MHz, CDCl3) δ 8.85 (s, 1H), 7.61 – 7.56 (m, 2H), 7.56 – 7.50 (m, 2H), 7.47 – 7.40 (m, 2H), 

7.34 (tt, J = 6.8, 1.2 Hz, 1H), 7.25 – 7.19 (m, 2H), 4.65 – 4.35 (m, 2H), 3.28 (app. dd, J = 13.0, 5.2 Hz, 1H), 

3.17 – 2.90 (m, 2H), 2.97 (app. dd, J = 13.0, 8.8 Hz, 1H), 2.64 (d, J = 6.9 Hz, 2H), 2.09 – 2.01 (m, 1H), 2.01 

– 1.93 (m, 1H), 1.92 – 1.79 (m, 3H), 1.78 – 1.64 (m, 2H), 1.48 – 1.36 (m, 2H), 1.36 – 1.20 (m, 4H), 1.21 – 

1.06 (m, 3H). 
13C NMR (126 MHz, CDCl3) δ 166.64, 147.72, 140.99, 139.33, 138.74, 129.63, 128.89, 127.29, 127.25, 

127.11, 61.40, 42.46, 38.03, 33.41, 32.62, 32.29, 26.06, 26.01, 25.73. 
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Supplementary Information 

 

 

Supplementary Scheme S2.1. Alternative synthetic route for PLA2G4E inhibitors. Reagents and conditions: i) K2CO3, 

DMF, 6 h RT; ii) AcOOH, DCM, 6 h 0°C → RT; iii) 1. 95, 101 or 105, triphosgene, Et3N or DIPEA, THF, 3 h 0°C → RT, then 

2. 106, K2CO3, DMF, o/n RT. 

 

 

 

Supplementary Scheme S2.2. Methylation of 3-phenylpropylamine. Reagents and conditions: i) Methyl 

chloroformate, DIPEA, DCM, 2 h 0°C → RT; ii) LiAlH4, THF, 0°C → reflux, 72 h. 

 

 

 

Supplementary Scheme S2.3. Synthesis of 4-benzylpiperidine derivatives. Reagents and conditions: i) 1. 67, 9-BBN, 

THF, 6 h 0°C → RT, then 2. 68-78, Pd(dppf)Cl2, K2CO3, THF/DMF/H2O, o/n reflux. ii) HCl, 1,4-dioxane, o/n RT. X1, X2 = CH 

or N, X3 = I or Br. 
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Phospholipase A2ε (PLA2G4E) is a serine hydrolase that belongs to Group IV of the 

phospholipase A2 family. It has five closely related family members (A–D and F), which 

share structural similarity despite their relatively low amino acid homology (30% on 

average).1 These isozymes have PLA1, PLA2, lysophospholipase and acyltransferase activity 

in vitro, but have distinct preferences and calcium-dependencies.2,3 They are characterized 

by the presence of an N-terminal calcium-binding C2 domain (apart from PLA2G4C) and 

an unconventional Ser-Asp catalytic dyad in their lipase domain.4,5 PLA2G4E was recently 

proposed to be the enzyme responsible for the Ca2+-dependent biosynthesis of N-

acylphosphatidylethanolamines (NAPEs) in the brain.6 It acts as an N-acyltransferase (NAT) 

transferring the sn-1 O-acyl substituent from phosphatidylcholine (PC) to the free amine 

of phosphatidylethanolamine (PE) (Figure 3.1).6,7 

NAPEs are an underexplored class of lipids with both structural and signaling 

functionalities. NAPEs are low-abundant but widely found across species and tissues.8,9 

They provide rigidity to cellular membranes10,11, are involved in cation-dependent 

membrane fusion12 and influence the localization of membrane-interacting proteins.13,14 

In addition, NAPEs have anorectic and anti-inflammatory signaling functions.15–17 Beside 

the Ca2+-dependent pathway, Ca2+-independent NAPE biosynthesis is performed by NAT 

activity of phospholipase A1/2/acyltransferase (PLAAT) enzymes 1–5.18,19 NAPEs are 

converted into N-acylethanolamines (NAEs) either directly by NAPE-specific 

phospholipase D (NAPE-PLD) or via one of several multistep pathways (Figure 3.1).20–23 The 

first of these alternative pathways includes sn-2 ester hydrolysis to lyso-NAPEs by α/β 

hydrolase domain-containing protein 4 (ABHD4) or other PLA2-type enzymes.24 Lyso-

NAPEs are then converted to NAEs by PLD-type activity of glycerophosphodiesterase 4 

(GDE4) or GDE7.21,25 Alternatively, ABHD4 hydrolyzes the sn-1 ester producing 

glycerophospho-NAEs (GP-NAEs), which are then converted to NAEs by GDE1.26 Third, 

NAEs can be biosynthesized via PLC-type hydrolysis of NAPEs to phospho-NAEs and 

sequential dephosphorylation.24,27 Of note, plasmalogen-type NAPEs (pNAPEs) bear an sn-

1 ether, which cannot be hydrolyzed by ABHD4. Metabolism of pNAPEs to NAEs is 

therefore restricted to the other three pathways (Figure 3.1B).23 NAEs are a diverse family 

of signaling lipids that are involved in a plethora of physiological functions, depending on 

their N-acyl substituent, including inflammation, nociception and satiety.28–32 N-

Arachidonoylethanolamine (AEA or anandamide) is an endocannabinoid, regulating 

neurotransmission, memory formation, fertility and stress, among others, via activation of 

cannabinoid receptor 1 (CB1).32–36 The activity of NAEs is terminated by fatty acid amide 

hydrolase (FAAH) or N-acylethanolamine acid amidase (NAAA).37,38 Following acute brain 

ischemia both NAPEs and NAEs are dramatically increased, which is suggested to have a 

neuroprotective effect.39–41 Since elevated intracellular calcium concentrations are a 

hallmark of ischemia42, PLA2G4E activity might be pivotal in this response. Potent and 

selective inhibitors of PLA2G4E would therefore be valuable tools to elucidate the role of 

PLA2G4E in both basal and pathophysiological NAPE production. 
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In Chapter 2, compound screening and a hit optimization program led to the identification 

of WEN091 as an inhibitor of PLA2G4E. In this chapter, the biochemical profile of WEN091 

was further explored in both in vitro and cellular assays. 

 

 

 

Figure 3.1. Pathways of NAPE and pNAPE metabolism. A) Acyl transfer from a donor lipid such as phosphatidylcholine 

(PC) to phosphatidylethanolamine (PE) by PLA2G4E or phospholipase/acyltransferase (PLAAT) 1–5 produces N-acyl-PE 

(NAPE), which is metabolized to N-acylethanolamine (NAE) either via direct phospholipase D (PLD) activity by NAPE-

specific PLD (NAPE-PLD) or one of three multistep pathways involving sequential PLA1, PLA2, PLC, PLD and 

dephosphorylation reactions. B) Plasmalogen-type NAPE (pPE) are produced from plasmenylethanolamine (pPE). 

Metabolism of pNAPE is restricted to three possible pathways. ABHD4: α/β hydrolase domain-containing protein 4, 

PLA2s: PLA2-type enzymes, GDE: glycerophosphodiesterase, PTPN22: protein tyrosine phosphatase non-receptor type 

22, SHIP1: Src homology 2 domain-containing inositol 5’ phosphatase 1, FAAH: fatty acid amide hydrolase, NAAA: NAE-

hydrolyzing acid amidase, AC: acid ceramidase, PA: phosphatidic acid, LPA: lysophosphatidic acid, GP-NAE: 

glycerophospho-NAE, Gro3P: glycerol-3-phosphate, DAG: diacylglycerol, EA: ethanolamine, FFA: free fatty acid, pPA: 

plasmenic acid. R = saturated, mono- or polyunsaturated fatty acyl. 
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Results 

Activity on human and mouse PLA2G4E and related enzymes 

Competitive activity-based protein profiling (cABPP) is a powerful chemical biology 

technique to assess the activity and selectivity of enzyme inhibitors in complex proteomes. 

Competitive ABPP makes use of fluorescently tagged activity-based probes (ABPs), such 

as fluorophosphonate-tetramethylrhodamine (FP-TAMRA) that reacts in a covalent 

manner with the nucleophilic serine in the active site of serine hydrolases. Here, cABPP was 

used to determine the activity of WEN091 on recombinant human PLA2G4E expressed in 

human embryonic kidney 293 (HEK293T) cells. In brief, lysates from HEK293T cells 

overexpressing recombinant human or mouse PLA2G4E were preincubated with various 

concentrations of WEN091 or vehicle for 30 min at room temperature followed by 50 nM 

FP-TAMRA for 5 min. Proteins were resolved by molecular weight using sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent in-gel 

fluorescence scanning allowed quantification of enzyme labeling and inhibition thereof by 

WEN091. WEN091 inhibited hPLA2G4E, with an apparent half maximal inhibitory 

concentration (IC50) of 10 nM (pIC50 ± SEM = 8.01 ± 0.02) (Figure 3.2A–C). Preliminary 

experiments indicated that WEN091 was also active on mouse PLA2G4E (pIC50 = 6.87 ± 

0.07) (Supplementary Figure S3.1). Next, the inhibitory activity of WEN091 was 

investigated using a liquid chromatography-mass spectrometry (LC-MS)-based natural 

 

 

 

Figure 3.2. WEN091 is a potent inhibitor of PLA2G4E. A) Chemical structure of WEN091. B) Representative gel excerpts 

of cABPP experiments on hPLA2G4E overexpression lysate, using FP-TAMRA. C) Inhibition curve and pIC50 value 

corresponding to the cABPP experiment in B. Data presented as mean ± SEM (N = 2). D–F) Dose-dependent inhibition 

by WEN091 of NAPE formation from 1,2-dipalmitoyl-PC and 1,2-dioleoyl-PE in human (D) or murine (E) PLA2G4E-

overexpression lysate or mouse brain proteome (F). Methyl arachidonoyl-FP (MAFP) was used as control. Bars represent 

mean ± SEM of conversion rate determined using LC-MS/MS (N = 2). 
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substrate assay. In line with the gel-based cABPP assay results, WEN091 dose-dependently 

inhibited N-palmitoyl-sn-1,2-dioleoylphosphatidylethanolamine biosynthesis by 

recombinant human and mouse PLA2G4E and mouse brain homogenate, with pIC50 values 

of 6.87 ± 0.02 (hPLA2G4E), 7.09 ± 0.08 (mPLA2G4E) and 7.02 ± 0.01 (mouse brain proteome) 

(Figure 3.2D–F and Supplementary Figure S3.2). Altogether, these data indicate that 

WEN091 is a potent inhibitor of PLA2G4E.  

 

To determine WEN091’s selectivity over the other Group IV phospholipase members, a 

gel-based competitive ABPP assay was deployed (Figure 3.3A, B). Of note, the inhibition 

values determined using this approach are apparent IC50 and apparent selectivity values 

that can only be used to compare compounds that have been tested under identical 

conditions. WEN091 showed inhibitory activity on mouse PLA2G4B (pIC50 = 6.65 ± 0.11) 

and mPLA2G4D (pIC50 = 5.85 ± 0.06), but no activity on human PLA2G4C (pIC50 < 5.0). 

Activity on PLA2G4A and F could not be determined due to lack of expression in the  

 

 

 

Figure 3.3. WEN091 is selective over other PLA2G4 enzymes and enzymes involved in NAPE metabolism. A) 

Representative gel excerpts of cABPP experiments on mPLA2G4B, hPLA2G4C or mPLA2G4D overexpression lysate, 

using FP-TAMRA. B) Inhibition curves of WEN091 on PLA2G4B–D corresponding to the cABPP experiments in A). Data 

presented as mean ± SEM (N = 3). C) Activity of WEN091 (10 µM) on NAPE-PLD in a fluorogenic substrate (PED6) assay 

on overexpression lysate. NAPE-PLD inhibitor LEI-401 (10 µM) was used as control.43 Data presented as mean ± SEM (N 

= 2, n = 2). D) Displacement of radiolabeled ligand [3H]CP55,9940 from CB1 and CB2 receptors by WEN091 (10 µM) in 

overexpression lysate. Data presented as relative mean of DMSO control (100%) ± SEM (N = 3, n = 3). E–F) 

Representative gel excerpts of cABPP experiments on hPLAAT2, hPLAAT4, hPLAAT5 (E) or hPLAAT3 (F) overexpression 

lysate, using MB064 as ABP and pan-PLAAT inhibitor LEI-301 (10 µM) as control.44 G) Inhibition curves of WEN091 on 

hPLAAT2–5 corresponding to the cABPP experiments in E–F). Data presented as mean ± SEM (N = 2). 

  

CB1 CB2

0

50

100

Sp
e

ci
fi

c 
[3

H
]C

P
5

5
9

4
0

 b
in

d
in

g 
(%

)

-8 -7 -6 -5 -4
0

50

100

log[WEN091] (M)

R
e

si
d

u
al

 e
n

zy
m

e
 a

ct
iv

it
y 

(%
)

mPLA2G4B hPLA2G4C

mPLA2G4D

DM
SO

M
ock

LE
I-4

01

W
EN091

0

50

100

R
e

la
ti

ve
 N

A
P

E-
P

LD
 a

ct
iv

it
y 

(%
)

-10 -9 -8 -7 -6 -5 -4

0

50

100

log[WEN091] (M)

R
e

si
d

u
al

 e
n

zy
m

e
 a

ct
iv

it
y 

(%
)

hPLAAT2 hPLAAT3

hPLAAT4 hPLAAT5

[WEN091] (µM)

V
eh

.

0
.1

1 1
0

mPLA2G4B -

hPLA2G4C -

mPLA2G4D -

Coomassie -

Coomassie -

Coomassie -

A B

[WEN091] (µM)

V
eh

.

LE
I-

3
0

1

0
.0

0
1

0
.0

1

0
.1

1 1
0

3
0

hPLAAT2 -

Coomassie -

hPLAAT4 -

Coomassie -

hPLAAT5 -

Coomassie -

E [WEN091] (µM)

V
eh

.

LE
I-

3
0

1

1 1
0

3
0

hPLAAT3 -

Coomassie -

F

C

G

D



Chapter 3 

96 

 

Table 3.1. Inhibition values of WEN091 on PLA2G4 enzymes and enzymes involved in NAPE metabolism. Inhibition 

values determined using gel-based cABPP (PLA2G4B–D, N = 3, PLAAT2–5, N = 2), PED6 assay (NAPE-PLD, N = 2, n = 

2) or [3H]CP55,940 displacement assay (CB1/2, N = 3, n = 3) on overexpression lysate. Data reported as pIC50 ± SEM. 

When <50% inhibition or displacement was observed at 10 µM, % residual activity is reported.  

 

Enzyme PLA2G4B PLA2G4C PLA2G4D PLAAT2 PLAAT3 PLAAT4 PLAAT5 NAPE-PLD CB1 CB2 

Inhibition 

value 

6.65 

± 0.11 

104 

± 26% 

5.85 

± 0.06 

6.46 

± 0.07 

5.05 

± 0.02 

6.28 

± 0.05 

7.03 

± 0.07 

94 

± 10% 

57 

± 3% 

82 

± 4% 

 

HEK293T cells. WEN091 showed no activity on NAPE-hydrolyzing enzyme NAPE-PLD in a 

biochemical fluorescence-based assay45 and did not potently bind to cannabinoid CB1 and 

CB2 receptors in a radiometric displacement assay46 (Figure 3.3C–D, Table 3.1). In addition, 

activity on the PLAAT enzymes was assessed in a competitive gel-based ABPP assay.44 At 

10 nM (the hPLA2G4E IC50), WEN091 showed no significant inhibitory activity on PLAAT2–

5, but at higher concentrations these enzymes were inhibited (Figure 3.3E–G, Table 3.1). 

The activity on PLAAT1 could not be determined due to lack of expression in the HEK293T 

cells. Thus, WEN091 is a potent inhibitor of NAPE biosynthesis with a >10-fold preference 

for inhibition of the Ca2+-dependent pathway of NAPE formation. 

The selectivity of WEN091 over other serine hydrolases in mouse brain proteome was 

determined using gel-based cABPP (Figure 3.4). WEN091 appeared to be a selective 

PLA2G4E inhibitor at 10 and 100 nM (Figure 3.4), but inhibited several enzymes at higher 

concentrations, including α/β hydrolase domain-containing protein 6 (ABHD6), 

diacylglycerol lipase α (DAGLα), FAAH, acyl protein thioesterases 1 and 2 (LyPLA1/2) and 

carboxylesterases (CES) (Table 3.2). Using competitive chemical proteomics, which makes 

use of LC-MS/MS to accurately identify probe targets, the identity of the serine hydrolase 

off-targets was confirmed (Table 3.2, Supplementary Figure S3.3). 

 

 

 

Figure 3.4. In vitro activity of WEN091 on mouse brain enzymes. Representative gel images of cABPP experiments 

on mouse brain membrane or cytosol proteome using FP-TAMRA or MB064. Several labeled serine hydrolases are 

indicated.  
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Table 3.2. Inhibition values of WEN091 on mouse brain enzymes. pIC50 values determined by cABPP experiments on 

mouse brain membrane or cytosol proteome (30 min, RT) using FP-TAMRA or MB064 (20 min, RT). Data presented as 

mean ± SEM (N = 3). The third column shows inhibition of these enzymes by WEN091 (1 µM, 30 min, 37°C) as 

determined in a chemical proteomics experiment with FP-biotin (4 µM, 60 min, RT). Data presented as ratios of 

quantified peptides between WEN091 and DMSO-treated samples (preliminary, N = 1). Minimal ratio was manually set 

to 0.05. 

Enzyme pIC50 ± SEM 

Ratio 

WEN091/DMSO 

ABHD6 7.89 ± 0.02 ≤ 0.05 

ABHD12 6.53 ± 0.04 ≤ 0.05 

ABHD16a 6.33 ± 0.04 0.12 

CES 9.06 ± 0.03 ≤ 0.05 

DAGLα 6.51 ± 0.04 ≤ 0.05 

DDHD2 7.34 ± 0.04 0.07 

FAAH 6.52 ± 0.04 ≤ 0.05 

KIAA1363 < 5.0 1.38 

LyPLA1/2 8.27 ± 0.04 ≤ 0.05 

MAGL 5.89 ± 0.07 0.08 

NTE 6.48 ± 0.06 0.31 

 

Profiling the cellular activity of WEN091  

Next, the cellular activity profile of WEN091 was determined in mouse Neuro-2a cells 

using gel-based cABPP.43,47–49 At 10 and 100 nM, WEN091 inhibited ABHD6 (pIC50 = 8.56 

± 0.05), FAAH (pIC50 = 8.17 ± 0.07) and LyPLA1/2 (pIC50 = 7.83 ± 0.08, Figure 3.5 and Table 

3.3). In addition, WEN091 partially inhibited DDHD domain-containing protein 2 (DDHD2) 

and neuropathy target esterase (NTE) (pIC50 = 7.14 ± 0.08 and 7.13 ± 0.10, respectively). 

These results indicated that WEN091 was able to cross the plasma membrane and inhibit 

intracellular enzymes. Compared to the mouse brain in vitro assay, the activity on FAAH 

was increased approximately 50 times, whereas the activity on DDHD2 and LyPLA1/2 was 

slightly reduced (approximately 2 and 3 times, respectively, Table 3.2 and Table 3.3). In line 

with the chemical proteomics results, WEN091 inhibited several other serine hydrolases at 

higher concentrations, including ABHD12, ABHD16a and DAGLβ. PLA2G4E activity could 

not be detected in this assay. Thus, WEN091 is a cellular active inhibitor, but has several 

serine hydrolase off-targets in living cells. 
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Figure 3.5. Cellular activity of WEN091 on Neuro-2a enzymes. Representative gel images of cABPP experiments on 

Neuro-2a cells using FP-TAMRA or MB064. Several labeled serine hydrolases are indicated. 

 

Table 3.3. Inhibition values of WEN091 on Neuro-2a enzymes. Values determined by cABPP experiments on Neuro-

2a cells using FP-TAMRA or MB064. Data presented as mean ± SEM (N = 3). 

Enzyme ABHD6 ABHD12 ABHD16a DAGLβ DDHD2 FAAH LyPLA1/2 NTE 

pIC50  

± SEM 

8.56  

± 0.05 

7.01  

± 0.04 

6.62  

± 0.07 

6.72  

± 0.25 

7.14  

± 0.08 

8.17  

± 0.07 

7.83  

± 0.08 

7.13  

± 0.10 

 

To determine the functional effect of WEN091 in living cells, recombinant hPLA2G4E was 

transiently overexpressed in Neuro-2a cells. Cells were harvested 24 h after transfection, 

lysed and the lipids were extracted. Targeted LC-MS/MS analysis revealed increased levels 

of NAPEs, lyso-NAPEs and NAEs, and to a lesser extent of plasmalogen-type NAPEs 

(pNAPEs) compared to mock-transfected cells (Figure 3.6A and Supplementary Figure S3.4). 

All analyzed NAPE levels were increased at least 4-fold, with N-palmitoyl (16:0) and N-

oleoyl (18:1) species showing the largest increase up to 50-fold. NAE levels were all 

increased at least 2-fold, except N-docosahexaenoylethanolamine (DHEA, 22:6), which was 

not changed. N-stearoylethanolamine (SEA, 18:0) and N-docosatetraenoylethanolamine 

(DEA, 22:4) showed the largest accumulation of over 10-fold. Overexpression did not affect 

levels of lyso-pNAPEs, free fatty acids (FFAs) and glycerides. These results demonstrated 

that overexpressed PLA2G4E and NAPE-metabolizing enzymes are present and 

catalytically active in the Neuro-2a cells.  

Next, the cells were treated with WEN091 or WEN258 (8 h, starting 24 h after 

transfection). WEN258 is a structural analog of WEN091 with a similar cellular selectivity 

profile but no activity on PLA2G4E (Figure 3.7, see also Chapter 4) and was used as a 

control-compound. WEN091 dose-dependently lowered NAPE and lyso-NAPE levels up 

to ± 50% compared to DMSO-treated cells, whereas WEN258 did not (Figure 3.6B, C for 

a cross-sectional selection of lipids and Supplementary Figure S3.5 for the full panel). Of 

note, levels of some NAPEs were increased after WEN258 treatment, which might be due 

to inhibition of a NAPE-metabolizing enzyme. Interestingly, the levels of N-
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docosahexaenoyl (N-22:6)-lyso-NAPEs were not increased upon PLA2G4E overexpression 

(Supplementary Figure S3.4B), but were by both WEN091 and WEN258 treatment (Figure 

3.6C and Supplementary Figure S3.6). This may suggest that N-22:6 lyso-NAPEs are 

biosynthesized via a PLA2G4E-independent pathway and/or that these lipids are rapidly 

metabolized by a common off-target of WEN091 and WEN258. Treatment with the 

inhibitors showed no significant effect on lyso-pNAPE levels, suggesting these lipids are 

metabolized independently of PLA2G4E and other targets of the compounds. Furthermore, 

WEN091 did not significantly modulate NAE levels, but WEN258 increased these (Figure 

3.6D). This might be explained by inhibition of FAAH by both compounds (Table 3.3 and 

Figure 3.7), suggesting combined inhibition of PLA2G4E and FAAH by WEN091 balances 

NAE levels. Finally, both compounds decreased GP-PEA, FFA and 2-AG levels, confirming 

PLA2G4E-independent activity of the inhibitors (Supplementary Figure S3.7). To conclude, 

WEN091 is an inhibitor of PLA2G4E that lowered intracellular (lyso)-NAPE production, but 

has several off-targets that modulate other lipid species. 

 

 

Figure 3.6. Lipid levels in Neuro-2a cells overexpressing PLA2G4E and following treatment with WEN091. A) 

Volcano plot of relative lipid levels in PLA2G4E-transfected vs. mock-transfected Neuro-2a cells (24 h p.t.). Statistical 

significance calculated for each lipid using a two-tailed t-test with Holm-Sidak multiple comparison correction. B-D) 

Effect of inhibitor or control compound treatment (8 h) on the levels of several NAPEs (B), lyso-NAPEs (C) and NAEs (D) 

in PLA2G4E-overexpressing Neuro-2a cells (24 h p.t.), expressed as relative levels compared to vehicle-treated cells 

(mean ± SEM, N = 5). Statistical significance calculated for each lipid using one-way ANOVA with Dunnett’s multiple 

comparison correction. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 3.7. Selectivity profile of WEN091 and WEN258. Included are serine hydrolases identified in Neuro-2a cells 

and (human orthologs of) enzymes involved in mouse NAPE metabolism for which inhibition data of both inhibitors 

was obtained and that are inhibited at least 50% by 10 µM of inhibitor. For complete data of WEN258, see Chapter 4. 

Discussion and Conclusion 

In Chapter 2, WEN091 was identified as the first potent inhibitor of PLA2G4E. Here, its 

activity was confirmed on the mouse ortholog, showing high potency in gel-based cABPP 

and biochemical assays using recombinant mPLA2G4E and endogenous PLA2G4E in 

mouse brain. WEN091 was cellular active and inhibited the formation of NAPEs and lyso-

NAPEs in PLA2G4E-overexpressing Neuro-2a cells, but did not affect NAE levels. It was 

selective over the cannabinoid receptors and NAPE-PLD, but unexpectedly inhibited 

PLAAT2–5, albeit at 10-fold higher concentration. PLA2G4E and PLAATs bear no structural 

or sequence similarities and belong to different protein classes (serine and cysteine 

hydrolases, respectively), but they have similar biosynthetic activity. This suggests that the 

active sites of these two enzyme families have evolved in convergent evolutionary 

pathways to recognize similar phospholipids as substrates. This may potentially explain 

why both NAPE-producing enzyme families also interact with WEN091. In line, WEN091 

inhibited phospholipase PLAAT3 less effectively than principal acyltransferases PLAAT2, 

PLAAT4 and PLAAT5.18 Previously, selective PLAAT inhibitors that do not cross-react with 

PLA2G4E were reported.44,50 Combining this tool set with WEN091 may allow to 

investigate the activity of PLA2G4E and NAPEs in various tissues under normal and 

pathological conditions (e.g. ischemia or inflammation).17,39 This will increase the 

understanding of the (patho)physiological role of PLA2G4E, PLAATs and their products, 

which may provide new therapeutic opportunities.8,40,51  

Overexpression of PLA2G4E in Neuro-2a cells resulted in elevated levels of NAPEs, 

lyso-NAPEs, GP-NAEs and NAEs, which confirms that the formation of the (lyso)-NAPEs by 

PLA2G4E is the rate-limiting step in biosynthetic pathways of these signaling lipids. In line 

with previous findings6, PLA2G4E overexpression resulted in increased levels of all NAPE 

species analyzed. The greater increase in N-16:0 and N-18:1 species reflects the relative 

abundance of these lipid chains in PC, suggesting limited substrate preference of 

PLA2G4E.52 Treatment with control compound WEN258 increased the levels of some 

NAPEs, which could be the result of inhibition of NAPE-metabolizing enzymes (e.g. ABHD4 

or FAAH). As WEN091 and WEN258 share a similar off-target profile, this could indicate 

that the effect of WEN091 on NAPE levels is underestimated due to inhibition of other 

enzymes. 
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The elevated levels of lyso-NAPEs and GP-PEA in PLA2G4E-overexpressing cells could be 

the result of ABHD4 activity in these cells, which has been reported before.53 Treatment 

with WEN091 or WEN258 decreased GP-PEA levels, indicating both compounds inhibited 

ABHD4, which is in line with WEN091’s chemical proteomics results (Supplementary Figure 

S3.3). In contrast, lyso-NAPE levels were in general lowered by WEN091, but not affected 

by WEN258. This suggests the existence of an ABHD4-independent biosynthesis pathway 

for these lipids. Previously, Ca2+-dependent N-acylation of lyso-PE in ischemic tissue has 

been suggested.54 This activity might be attributed to PLA2G4E, leading to the hypothesis 

that PLA2G4E is responsible for the direct biosynthesis of both NAPEs and lyso-NAPEs in 

these cells (Figure 3.8). N-22:6 NAPE levels were elevated by PLA2G4E overexpression, but 

N-22:6 lyso-NAPEs were not. Treatment with WEN091 or WEN258 increased N-22:6 lyso-

NAPE levels, possibly through inhibition of their degradation by ABHD4. This might 

suggest that these specific species are biosynthesized in a PLA2G4E-independent manner. 

Further research is needed to dissect the specific metabolic pathways of the individual lipid 

species. Both WEN091 and WEN258 lowered the levels of 2-AG and FFAs. The cABPP 

results showed that WEN091 inhibited 2-AG-producing enzyme DAGLβ, but WEN258 did 

not. Both compounds, however, inhibited ABHD6, which was previously reported to have 

diacylglycerol lipase activity in Neuro-2a (see also Chapter 6).53 Thus, these results may 

indicate that ABHD6 is responsible for tonic 2-AG levels in these cells. As many enzymes 

are involved in FFA production (including PLA2G4A, ABHD4, ABHD6 and FAAH), inhibition 

of one or more of these enzymes by both compounds can account for the observed 

changes. 

 

 

Figure 3.8. Putative updated overview of lyso-NAPE biosynthesis pathways. This work suggests the existence of 

ABHD4-independent NAPE-hydrolytic activity, which could be attributed to secretory PLA2s (sPLA2s) or other 

unidentified PLA2-type enzymes, or to direct biosynthesis of lyso-NAPEs from lyso-PE by PLA2G4E. R = saturated, mono- 

or polyunsaturated fatty acyl. 
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Triazole urea-based inhibitors have been leveraged for targeting multiple enzymes within 

the serine hydrolase superfamily, including ABHD6, DAGLα, DDHD2 and LyPLA1/2.47,55–58 

The cellular selectivity of azole urea-based inhibitors was previously shown to deviate from 

the biochemical profile49,59, as was observed with WEN091 in this study. Tuning the 

reactivity of the urea and the interactions of the azole with the active site is likely important 

to obtain selectivity.60 Further improvement of the selectivity profile of WEN091 using 

these parameters is required to investigate the effects of acute PLA2G4E inhibition in 

cellular and in vivo systems (see Chapter 4). 
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Experimental procedures 

General remarks 

All reagents and chemicals were obtained from Bio-Rad or Thermo Fisher Scientific, solvents from 

Sigma-Aldrich and used without further purification, unless otherwise noted. Activity-based probes 

were purchased from Thermo Fisher Scientific (FP-TAMRA) or synthesized in-house (MB064)61 

(Chemical structures shown in Supplementary Figure S3.8). WEN091 was synthesized as described in 

Chapter 2. 

Plasmids 

The full-length cDNA of wild type human PLA2G4E (GenScript Biotech), murine PLA2G4B, hPLA2G4C, 

mPLA2G4D (Source BioScience), hPLAAT2–5 and hNAPE-PLD (kindly provided by Prof. Natsuo Ueda) 

were cloned into pcDNA™3.1(+) expression vectors in-frame with a C-terminal FLAG tag. Plasmids 

were isolated from transformed Escherichia coli XL-10 using a Qiagen Plasmid Midi kit and stored at 

4°C in TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0). The sequence was determined (Macrogen) and 

verified using CLC Main Workbench. 

Cell culture 

HEK293T (human embryonic kidney) and Neuro-2a (murine neuroblastoma) cells (ATCC) were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich D6546) with additional heat-

inactivated newborn calf serum (10% (v/v), Avantor Seradigm), L-Ala-L-Gln (2 mM, Sigma-Aldrich), 

penicillin and streptomycin (both 200 µg/mL, Duchefa Biochemie) at 37°C, 7% CO2. Medium was 

refreshed every 2–3 days and cells were passaged twice a week at 70–80% confluence by aspirating 

the medium, thorough pipetting in fresh medium and seeding to appropriate density. Cell cultures 

were regularly tested for mycoplasma and discarded after 2–3 months. 

Overexpression lysate preparation 

One day prior to transfection, 107 HEK293T cells were seeded to a 15 cm dish. For transfection, medium 

was replaced with 13 mL fresh medium. Per 15 cm dish, 20 µg pcDNA™3.1(+) plasmid was dissolved 

in 1 mL serum-free DMEM and mixed with 1 mL serum-free DMEM containing 60 µg 

polyethyleneimine (PEI, Polysciences). The mixture was incubated for 15 min and added dropwise to 

the cells. 24 h p.t., medium was replaced with 25 mL fresh medium. 72 h p.t., medium was aspirated, 

cells were washed with Dulbecco’s PBS (DPBS, Sigma-Aldrich D8537, RT) and harvested in DPBS (RT) 

by thorough pipetting. Cells were centrifuged (3000 × g, 15 min), pellets were flash-frozen in liquid 

N2 and stored at −80°C until further use.  

Cell pellets were thawed on ice, homogenized in 2 mL ice-cold lysis buffer (50 mM Tris-HCl, 2 

mM DTT, 1 mM MgCl2, 5 U/mL Benzonase® (Santa Cruz Biotechnology, Inc.), pH 8.0 with additional 

3 mM CaCl2 for hPLA2G4E) per 15 cm cell culture dish using a Sonics® Vibra-Cell VCX 130 probe 

sonicator equipped with a 2 mm microtip (3 × 10 s on/10 s off, 20% amplitude). After incubation on 

ice for 30 min, the insoluble (“membrane”) fraction was separated from the soluble (“cytosol”) fraction 

by ultracentrifugation (105 × g, 35 min, 4°C, Beckman-Coulter ultracentrifuge, Ti70.1 rotor). The pellet 

was resuspended in 1 mL ice-cold storage buffer (50 mM Tris-HCl, 2 mM DTT, pH 8.0 with additional 

3 mM CaCl2 for hPLA2G4E) per 15 cm plate and homogenized by passing through an insulin needle. 

After determination of the protein concentration using a Quick Start™ Bradford Protein Assay, the 

samples were diluted to 1.0 mg/mL (hPLA2G4E, mPLA2G4B, hPLA2G4C and mPLA2G4D) or 0.5 mg/mL 

(mPLA2G4E) in ice-cold storage buffer, aliquoted to single-use volumes, flash-frozen in liquid N2 and 

stored at −80°C until use. 
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mPLA2G4E plasmids were cloned as described before6. 48 h p.t., medium was aspirated, cells were 

washed with PBS and harvested by scraping in PBS. After centrifugation the pellet was resuspended 

in lysis buffer (50 mM Tris-HCl, 0.5% IGEPAL CA-630, pH 8.0) and sonicated. Insoluble proteins were 

removed by ultracentrifugation (105 × g, 15 min), after which the supernatant was aliquoted, flash-

frozen in liquid N2 and stored at −80°C until use. 

hPLAAT2–5, hNAPE-PLD and CB1/2 overexpression and lysate preparation was performed as 

described before.44,46 

Mouse brain lysate preparation 

For ABPP experiments, mouse brains were harvested from surplus C57Bl/6J mice (8–14 weeks old) that 

were killed by cervical dislocation, according to guidelines approved by the ethical committee of 

Leiden University (AVD1060020171144), immediately flash-frozen in liquid N2 and stored at −80°C 

until use. Upon preparation, intact brains were thawed on ice and homogenized in 6 mL ice-cold lysis 

buffer (20 mM HEPES, 2 mM DTT, 250 mM sucrose, 1 mM MgCl2, 25 U/mL Benzonase®, pH 6.8) using 

a Wheaton™ dounce homogenizer (DWK Life Sciences) and incubated on ice for 1 h. Cell debris was 

removed by low-speed centrifugation (170 × g, 5 min, 4°C), after which the supernatant was subjected 

to ultracentrifugation to separate insoluble (“membrane”) and soluble (“cytosol”) fractions (105 × g, 

35 min, 4°C, Beckman-Coulter ultracentrifuge, Ti70.1 rotor). The pellet was resuspended in ice-cold 

storage buffer (20 mM HEPES, 2 mM DTT, pH 6.8) and homogenized by passing through an insulin 

needle. The protein concentrations of both fractions were determined using a Quick Start™ Bradford 

Protein Assay and samples were diluted to 2.0 mg/mL (membrane) or 1.0 mg/mL (cytosol) using ice-

cold storage buffer, aliquoted to single-use volumes, flash-frozen in liquid N2 and stored at −80°C 

until use. 

For Ca-NAT activity assays, mouse brains were harvested from male C57Bl/6J mice (10 weeks old) 

which were anesthetized with isoflurane and killed by cervical dislocation, according to guidelines 

approved by The Scripps Research Institute-Institutional Animal Care and Use Committee Office, 

immediately flash-frozen in liquid N2 and stored at −80°C until use. Upon preparation, intact brains 

were thawed on ice and homogenized in 5 volumes (v/w) ice-cold lysis buffer (50 mM Tris-HCl, 320 

mM sucrose, pH 8.0) using a dounce homogenizer. Ultracentrifugation (105 × g, 15 min) yielded the 

cytosol fraction as supernatant, after which the pellet was washed with 50 mM Tris-HCl, 1 M NaCl (pH 

8.0) and centrifuged again. The resulting pellet was resuspended in 50 mM Tris-HCl (pH 8.0) and used 

as membrane fraction. Fractions were aliquoted, flash-frozen in liquid N2 and stored at −80°C until 

use. 

Activity-based protein profiling 

HEK293T or mouse brain lysates were thawed on ice. 19.5 µL lysate was incubated with 0.5 µL inhibitor 

solution in DMSO (Sigma-Aldrich) for 30 min (RT), followed by addition of 0.5 µL probe in DMSO 

(hPLA2G4E: FP-TAMRA, 50 nM, 5 min; mPLA2G4E: FP-TAMRA, 100 nM, 5 min; mPLA2G4B, hPLA2G4C, 

mPLA2G4D: FP-TAMRA, 500 nM, 20 min; hPLAAT2, hPLAAT3: MB064, 250 nM, 20 min; hPLAAT4, 

hPLAAT5: MB064, 500 nM, 20 min; mouse brain: FP-TAMRA, 500 nM, 20 min or MB064, 250 nM, 20 

min, RT. Final DMSO concentration 5% (v/v)). The reaction was quenched by addition of 7 µL 4× 

Laemmli sample buffer (240 mM Tris, 8% (w/v) SDS, 40% (v/v) glycerol, 5% (v/v) β-mercaptoethanol 

(Sigma-Aldrich), 0.04% bromophenol blue) and incubation for 15 min at RT. 10 µL sample was resolved 

on 8% (hPLA2G4E), 10% (mPLA2G4E, mPLA2G4B, hPLA2G4C, mPLA2G4D, mouse brain) or 15% 

(hPLAAT2–5) acrylamide SDS-PAGE gels (180V, 75 min) and the gel was imaged on a Bio-Rad 

Chemidoc MP using Cy3/TAMRA settings (ex. 532/12 nm, em. 602/50 nm). Coomassie Brilliant Blue 
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R250 staining was used for total protein loading correction. Images were analyzed using Bio-Rad 

Image Lab 6. IC50 calculations were performed in GraphPad Prism 7. 

In vitro NAPE production assay 

HEK293T overexpression lysate (diluted to 40 µL 0.1 mg/mL in assay buffer (50 mM Tris-HCl, 2 mM 

DTT, 3 mM CaCl2, 0.1% IGEPAL CA-630, pH 8.0)) or mouse brain membrane proteome (diluted to 40 

µL 2.0 mg/mL in assay buffer) were incubated with inhibitor in DMSO (30 min, 37°C), followed by 

treatment with sn-1,2-dipalmitoylphosphatidylcholine (DPPC, Avanti Polar Lipids) and sn-1,2-

dioleoylphosphatidylethanolamine (DOPE, Cayman Chemicals) (final concentrations 40 µM and 75 µM, 

respectively (HEK293T), or 250 µM each (mouse brain)) for 30 (HEK293T) or 60 min (mouse brain) at 

37°C. Reactions were quenched by addition of 150 µL 2:1 MeOH:CHCl3 containing 10 pmol N-C19:1 

DOPE internal standard23, followed by 50 µL CHCl3 and 50 µL 0.9% KCl in water. After centrifugation, 

layers were separated and 100 µL of the organic layer was mixed with 50 µL MeOH. 

The sample was injected into the LC-MS system consisting of an LC/MSD (Agilent Technologies). 

Separation was performed in a Phenomenex Gemini C18 analytical column (50 mm × 4.6 mm × 5 µm) 

coupled to a Gemini C18 guard column (4 × 3 mm). The mobile phase consisted of 14 mM NH4OH in 

95:5 (v/v) H2O:MeOH (A) and 14 mM NH4OH in 60:35:5 iPrOH:MeOH:H2O (B). The elution method 

started with 0.1 mL/min 90% A for 5 min, followed by 0.4 mL 100% B for 6.5 min and final equilibration 

with 0.5 mL/min 90% A for 2 min. Lipids were detected with electrospray ionization (ESI) operating in 

negative ion mode and MS acquisition in selected ion monitoring mode (m/z 980.8 and 1020.8 for N-

C16:0 DOPE product and N-C19:1 DOPE internal standard, respectively). 

NAPE-PLD activity assay 

The activity of hNAPE-PLD was measured in a fluorogenic surrogate substrate assay based on N-((6-

(2,4-dinitrophenyl)amino)hexanoyl)-2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-

pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (PED6) as 

described before, with minor alterations.45 Fluorescence measurements were performed in a BMG 

LABTECH CLARIOstar® plate reader, scanning every 2 minutes for 1 h (37°C, ex. 485 nm, em. 535 nm, 

gain 1054). The slope of t = 2 min to t = 6 min was used as the enzymatic rate (RFU/min), which was 

normalized to generate IC50 curves in GraphPad Prism 9. All measurements were performed in N = 2, 

n = 2 or N = 2, n = 4 for controls and only accepted when Z’ ≥ 0.6. 

CB1/2 assay 

The [3H]CP55,940 displacement assay was performed as described before.46 

Chemical proteomics 

Sample preparation 

Mouse brain membrane or cytosol proteome (500 µL, 2.0 mg/mL in 50 mM Tris-HCl, 2 mM DTT, 3 mM 

CaCl2, pH 8.0) was incubated with DMSO or 1 µM WEN091 in DMSO for 30 min (37°C), followed by 

labeling of residual enzyme activity with 4 µM FP-biotin for 60 min (RT). Labeling of heat-denatured 

proteome was used as control. Reactions were quenched by protein precipitation in 2.5 mL 4:1 

MeOH/CHCl3. The mixture was centrifuged (5000 × g, 15 min, 4°C), after which the pellet was washed 

with 1:1 MeOH/CHCl3 (3 × 1 mL) and then probe sonicated in 2.5 mL 4:1 MeOH/CHCl3 and pelleted 

again (5000 × g, 15 min, 4°C). The pellet was redissolved in 500 µL 50 mM Tris-HCl, 6 M urea, 2% (w/v) 

SDS, 10 mM DTT, pH 8.0, reduced using Tris(2-carboxyethyl)phosphine (TCEP) (10 mM, 30 min, 37°C) 

and methylated with iodoacetamide (20 mM, 30 min, 25°C in the dark). Biotinylated proteins were 

enriched by sequential addition of 140 µL 10% (w/v) SDS, 5.5 mL PBS and 20 µL PBS-washed avidin-



Chapter 3 

106 

 

agarose beads (Sigma-Aldrich) and shaking (1.5 h, 25°C). Beads were pelleted (1000 × g, 2 min), 

washed sequentially with 0.2% (w/v) SDS in PBS (3 × 10 mL), PBS (3 × 10 mL) and 100 mM 

triethylammonium bicarbonate (3 × 10 mL) and transferred to an Eppendorf LoBind® tube. On-bead 

digestion was performed using Promega Sequencing Grade trypsin (500 ng) in 100 mM 

triethylammonium bicarbonate. Resulting peptides were labeled with either 4% formaldehyde (“light”) 

or 13C-labeled deuterated formaldehyde (“heavy”) (0.15% final concentration) in combination with 

NaBH3CN (22.2 mM, 1h, RT). The reaction was quenched by addition of 1% NH4OH and 5% formic 

acid (final concentrations 0.23% and 0.5%, respectively), after which the light and heavy-labeled 

samples were combined for analysis. 

LC-MS/MS analysis 

4 µL was injected into the LC-MS/MS system, consisting of an Agilent 1200 HPLC coupled to an LTQ 

Orbitrap Velos. Separation was performed on an in-house packed tip column (Phenomenex Gemini 5 

µm C18, 150 × 0.1 mm), using a linear gradient of CH3CN in 0.1% formic acid with a flow rate of 300 

nL/min. Each full-scan mass spectrum (350–2000 m/z) was followed by top 20 data-dependent MS/MS 

scans. Dynamic exclusion was used with an exclusion list of 500 and a repeat time of 20 s. 

MS/MS spectra were searched against a FASTA file of serine hydrolases assembled from the 

mouse UniProt database (retrieved Nov 9, 2012) with the ProLuCID algorithm using a target-decoy 

approach, in which each protein sequence was reversed and concatenated to the normal database. 

Search parameters were set to a 50-ppm precursor mass tolerance, with carbamidomethylation of 

cysteine residues (+57.0215 Da) as a static modification and oxidation of methionine residues 

(+15.9949 Da) as a variable modification. In addition, methylation of lysine residues and N-termini 

(light: +28.0313 Da, heavy: +34.06312 Da) was specified as static modification. Search results were 

filtered with DTASelect 2.0.47, limiting to tryptic peptides and applying a peptide FDR < 1%, and for 

serine hydrolase annotations (both reviewed and unreviewed). Ratios of peak areas were quantified 

using CIMAGE software by generating a MS1 chromatogram (± 10 ppm) using a retention time 

window of ± 10 min centered on the time the peptide was selected for fragmentation. Computation 

filters included a co-elution correlation score R2 ≥ 0.8 and an isotopic envelope correlation score R2 > 

0.8. Proteins only detected in either light or heavy-labeled samples were manually given a maximal or 

minimal ratio of 5 or 0.05, respectively. 

Cellular ABPP assay 

Two days prior to the experiment, Neuro-2a cells were seeded to 12-wells plates (∼0.25 ∙ 106 cells per 

well). Before the experiment was started, medium was aspirated. Medium with DMSO or inhibitor in 

DMSO (0.25% (v/v) DMSO) was added and cells were incubated for 30 min at 37°C. Then medium was 

aspirated and cells were washed with DPBS (RT). Cells were harvested in ice-cold DPBS by thorough 

pipetting and centrifuged (1000 × g, 6 min, RT). Pellets were flash-frozen in liquid N2 and stored at 

−80°C until further use. 

Cell pellets were thawed on ice and lysed in 50 µL lysis buffer (20 mM HEPES, 2 mM DTT, 250 

mM sucrose, 1 mM MgCl2, 25 U/mL Benzonase®, pH 6.8). After incubation on ice for 20 min, the 

protein concentration was determined using Quick Start™ Bradford Protein Assay and the samples 

were diluted to 2.0 mg/mL using storage buffer (20 mM HEPES, 2 mM DTT, pH 6.8). 19.5 µL of this 

whole lysate was incubated with FP-TAMRA (500 nM) or MB064 (2 µM) in DMSO (20 min, RT). 

Reactions were then quenched with 7 µL 4× Laemmli sample buffer and proteins were resolved and 

images analyzed as described under Activity-based protein profiling. 
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Targeted lipidomics 

Sample preparation 

One day prior to transfection, Neuro-2a cells were seeded to 6-cm dishes (∼1.8 ∙ 106 cells per dish). 

Upon transfection, medium was replaced with 2 mL fresh medium. Per dish, 1 µg PLA2G4E or mock 

plasmid was dissolved in 100 µL serum-free DMEM and mixed with 100 µL serum-free DMEM 

containing 5 µg polyethyleneimine (PEI, Polysciences). The mixture was incubated for 15 min and 

added dropwise to the cells. After 24 h, cells were harvested or inhibitor treatment was started. For 

harvest, medium was removed and cells were washed with 500 µL DPBS (RT) and harvested in 1250 

µL DPBS by thorough pipetting. 1000 µL of the cell suspension was centrifuged (1000 × g, 5 min) in 

Eppendorf® Safe-Lock tubes and the pellet was flash-frozen in liquid N2 and stored at −80°C until 

further use. The remaining 250 µL was used for cell count (Trypan Blue). For inhibitor experiments, 

inhibitor in DMSO was diluted in DMEM (0.25% (v/v) DMSO) to prepare treatment medium. Medium 

was replaced with 2 mL treatment medium per dish and cells were incubated for 8 h (37°C). Cells were 

harvested as described above. 

Lipid extraction 

Pellets were thawed on ice. To each sample 10 µL internal standard mix (reference lipids N-

heptadecanoyl (17:0)-1,2-dioleoyl (18:1)-sn-glycero-3-phosphoethanolamine, N-heptadecanoyl-1-

oleoyl-2-lyso-sn-glycero-3-phosphoethanolamine, N-heptadecanoyl-1-(1-enyl-stearoyl) (p18:0)-2-

stearoyl (18:0)-sn-glycero-3-phosphoethanolamine, N-heptadecanoyl-1-(1-enyl-stearoyl)-2-lyso-sn-

glycero-3-phosphoethanolamine (all synthesized in-house), N-palmitoyl (16:0) ethanolamine-d4, N-

stearoyl ethanolamine-d3, N-oleoyl ethanolamine-d4, N-linoleoyl (18:2) ethanolamine-d4, N-

arachidonoyl (20:4) ethanolamine-d8, N-docosahexaenoyl (22:6) ethanolamine-d4 and 2-

arachidonoylglycerol-d8 (Cayman Chemical Company)) was added, followed by 100 µL extraction 

buffer (0.2 M citric acid, 0.1 M Na2HPO4, pH 4) and 1000 µL extractant (1:1 (v/v) MTBE:BuOH). Samples 

were mixed in a Next Advance Bullet Blender® Blue tissue homogenizer (5 min, 90% speed, RT) and 

centrifuged (16,000 × g, 10 min, 4°C). 950 µL of the organic layer was transferred to clean, pre-cooled 

tubes and concentrated in a SpeedVac Vacuum Concentrator (Thermo Fisher Scientific). 50 µL 

reconstitution solution (1:1 (v/v) BuOH:CH3CN) was added and the samples were agitated for 15 min, 

after which they were centrifuged (16,000 × g, 10 min, 4°C). 40 µL was transferred into autosampler 

vials with inserts. Samples were kept at 7°C in the autosampler for less than 24 h before analysis. 

Quality control (QC) samples were simultaneously prepared using blank cell pellets. 

LC-MS/MS analysis 

10 µL of sample was analyzed using a Shimadzu LC system hyphenated with a SCIEX QTRAP® 6500+ 

mass spectrometer. Separation was performed on a Acquity BEH C8 column (2.1 × 50 mm, 1.7 µm) 

(Waters Corporation) maintained at 40°C, with the eluent flow rate set to 0.4 mL/min. The mobile 

phase consisted of 2 mM NH4HCO2, 10 mM formic acid in water (A), CH3CN (B) and isopropanol (C). 

Initial gradient conditions were 20% B, 20% C for 1 min, followed by linear increase to 40% B, 20% C 

over the course of 1 min, which was held for 5 min. It was then linearly increased to 40% B, 50% C 

over the course of 1 min, which was held for 2.5 min. The system returned to initial conditions and 

was re-equilibrated for 1.5 min. Electrospray ionization (ESI)-MS acquisition was carried out in positive 

and negative mode with the following ESI parameters: source temperature: 600°C, nebulizer gas: 50 

L/min, heater gas: 50 L/min, curtain gas: 30 L/min, collision gas: medium, ion spray voltage: ±4500 V. 

Selected reaction monitoring (SRM) was used for data acquisition. Peak detection and integration 

were carried out in SCIEX OS software. Relative lipid levels were calculated as the ratio of analyte peak 
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to corresponding internal standard. QC samples were regularly injected during the measurements to 

evaluate the quality of the data, including blank effect (BE), retention time shifts and relative standard 

deviation (RSD) calculated for analyte present in the QC samples. Metabolites with BE ≤ 40% and RSD 

≤ 30% were included for further analysis. Metabolites with 15% ≤ RSD ≤ 30% were reported, but 

should be interpreted with caution. Relative lipid levels were corrected for cell count and normalized 

to mock-transfected cells or DMSO-treated cells. Relative levels were transferred to GraphPad Prism 

8 for statistical analysis. Each lipid was tested for equality between treatment and control groups using 

one-way ANOVA with Dunnett’s multiple comparison correction.   
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Supplementary information 

 

Supplementary Figure S3.1. Inhibition of mouse PLA2G4E by WEN091. Excerpt of cABPP gel on mPLA2G4E-

overexpressing HEK293T lysate and corresponding inhibition curve and pIC50 value (preliminary, N = 1). 

 

 

Supplementary Figure S3.2. Inhibition curves of WEN091 in NAPE production assay. Graph corresponding to Figure 

3.2D–F. Curves generated from conversion rates of Ca-NAT activity assay on overexpression lysate and mouse brain 

proteome (MBP). Data presented as mean ± SEM (N = 2). 

 

 

Supplementary Figure S3.3. Activity of WEN091 in chemical proteomics experiment. Mouse brain membrane or 

cytosol enzymes identified by LC-MS/MS in pulldown experiment with FP-biotin (4 µM, 60 min, RT) after pretreatment 

with WEN091 (1 µM, 30 min, 37°C). Bars represent ratios of quantified peptides between WEN091 and DMSO-treated 

samples (N = 1). Maximal and minimal ratios were manually set to 5 and 0.05, respectively. 

-10 -9 -8 -7 -6 -5 -4

0

50

100

log[WEN091] (M)

R
e

si
d

u
al

 n
o

rm
al

iz
e

d
 a

ct
iv

it
y 

(%
)

pIC50 = 6.87 0.07

[WEN091] (µM) 0 0
.0

0
1

0
.0

0
3

0
.0

1

0
.0

3

0
.1

0
.3

1 1
0

mPLA2G4E -

-9 -8 -7 -6 -5

0

50

100

log[WEN091] (M)

R
e

si
d

u
al

 n
o

rm
al

iz
e

d
 a

ct
iv

it
y 

(%
)

MBP: pIC50 = 7.02 0.01

hPLA2G4E: pIC50 = 6.87 0.02

mPLA2G4E: pIC50 = 7.09 0.08

Sl
c1

6
a3

D
p

p
6

P
la

2
g6

C
m

a1
P

rs
s3

Lo
n

p
1

D
p

p
4

A
co

t3
P

re
p

l
Fa

sn
A

b
h

d
5

D
p

p
8

D
p

p
7

A
p

e
h

A
co

t1
Tr

y4
Tr

y5
D

p
p

9
P

n
p

la
8

A
co

t2
A

ig
1

P
ga

p
1

P
rs

s2
P

rc
p

G
ls

Tp
p

2
Q

rs
l1

A
ch

e
H

tr
a1

La
ct

b
Se

rh
l

D
d

h
d

1
C

lp
p

Sc
p

ep
1

P
af

ah
1

b
2

A
co

t5
P

p
m

e
1

P
rs

s1
Tr

y1
0

R
b

b
p

9
P

la
t

H
tr

a2
Se

ra
c1

P
re

p
P

ar
l

Ia
h

1
B

p
h

l
A

co
t6

P
af

ah
1

b
3

N
ce

h
1

C
ts

a
M

cp
t4

P
la

1
a

Es
d

P
la

2
g1

5
2

2
1

0
0

1
0

C
0

4
R

ik
A

b
h

d
1

0
H

tr
a4

P
n

p
la

7
P

p
t2

Lc
at Lp

l
A

b
h

d
1

1
P

n
p

la
6

Li
p

e
A

b
h

d
4

A
b

h
d

1
6

a
B

ch
e

M
gl

l
D

d
h

d
2

A
b

h
d

1
2

C
es

1
c

Fa
ah

C
es

2
g

P
la

2
g7

D
ag

lb
Ly

p
la

2
A

b
h

d
1

3
D

ag
la

C
e

s1
d

A
b

h
d

2
C

e
s1

b
A

b
h

d
1

7
b

P
af

ah
2

A
b

h
d

3
Ly

p
la

1
A

b
h

d
6

A
b

h
d

1
7

a
A

b
h

d
1

7
c

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

R
at

io
W

EN
0

9
1/

D
M

SO

P
la

1
a

Si
ae

P
la

2
g6

P
rs

s3
H

tr
a2

Q
rs

l1
A

co
t3

P
re

p
l

A
p

e
h

P
re

p
P

rs
s2

D
p

p
7

A
co

t1
Fa

sn
D

p
p

8
D

p
p

9
P

rc
p

Tr
y4

Tr
y5

A
co

t2
P

af
ah

1
b

2
P

rs
s1

Ia
h

1
Tr

y1
0

P
p

m
e

1
A

co
t4

H
tr

a1
P

af
ah

1
b

3
D

d
h

d
1

Se
rh

l
G

ls
R

b
b

p
9

2
2

1
0

0
1

0
C

0
4

R
ik

A
ig

1
A

ch
e

N
ce

h
1

A
b

h
d

4
P

la
2

g1
5

Es
d

C
ts

a
A

b
h

d
1

0
C

es
2

e
A

b
h

d
1

2
C

es
1

c
Fa

ah
A

b
h

d
6

C
es

2
g

Li
p

e
P

la
2

g7
C

e
s2

b
Ly

p
la

2
Lc

at
C

e
s1

d
M

gl
l

P
n

p
la

6
C

e
s1

b
D

d
h

d
2

A
b

h
d

1
6

a
P

af
ah

2
Lp

l
A

b
h

d
1

1
B

ch
e

Ly
p

la
1

P
p

t2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

R
at

io
W

EN
0

9
1/

D
M

SO

membrane

cytosol



Chapter 3 

114 

 

 

Supplementary Figure S3.4. Lipid level changes in Neuro-2a cells overexpressing PLA2G4E. Relative lipid levels in 

hPLA2G4E-transfected Neuro-2a cells expressed as percentage compared to mock-transfected cells (24 h p.t.). For 

individual NAPEs (A) parentheses indicate that the absolute sn configuration of the O-acyls was not determined. Data 

expressed as mean ± SEM (N = 5). Statistical significance calculated for each lipid using a two-tailed t-test with Holm-

Sidak multiple comparison correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. PEA: N-palmitoylethanolamine, 

POEA: N-palmitoleoylethanolamine, SEA: N-stearoylethanolamine, OEA: N-oleoylethanolamine, LEA: N-linoleoyl-

ethanolamine, α-LnEA: N-α-linolenoylethanolamine, AEA: N-arachidonoylethanolamine, DEA: N-docosatetraenoyl-
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ethanolamine, DHEA: N-docosahexaenoylethanolamine (synaptamide), PA: palmitoic acid, ALA: α-linolenic acid, DGLA: 

dihomo-γ-linolenic acid, ETA: eicosatrienoic acid (mead acid), AA: arachidonic acid, EPA: eicosapentaenoic acid, DTA: 

docosatetraenoic acid (adrenic acid), DPA: docosapentaenoic acid, DHA: docosahexaenoic acid, 2-AG: 2-arachidonoyl-

glycerol, 2-AGE: 2-arachidonyl glyceryl ether (noladin ether). 

 

 

Supplementary Figure S3.5. Relative levels of NAPE species in Neuro-2a cells following inhibitor treatment. Levels 

determined in PLA2G4E-overexpressing Neuro-2a cells (24 h p.t.) treated with WEN091, WEN258 or vehicle (8 h) 

expressed as percentage compared to DMSO-treated cells (mean ± SEM, N = 5). Lipid notation as follows: {sn-1 O-acyl}-

{sn-2 O-acyl}-PE-N{N-acyl}. Parentheses indicate that the absolute sn configuration of the O-acyls was not determined. 

Statistical significance calculated for each lipid using one-way ANOVA with Dunnett’s multiple comparison correction. 

*p < 0.05, **p < 0.01. 
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Supplementary Figure S3.6. Relative levels of lyso-NAPE species in Neuro-2a cells following inhibitor treatment. 

Levels determined in PLA2G4E-overexpressing Neuro-2a cells (24 h p.t.) treated with WEN091, WEN258 or vehicle (8 

h) expressed as percentage compared to DMSO-treated cells (mean ± SEM, N = 5). Lipid notation as follows: {O-acyl}-

lyso-PE-N{N-acyl}. Statistical significance calculated for each lipid using one-way ANOVA with Dunnett’s multiple 

comparison correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Supplementary Figure S3.7. Relative levels of lipid species in Neuro-2a cells following inhibitor treatment. Levels 

of (A) pNAPEs, (B) lyso-pNAPEs, (C) NAEs, (D) FFAs, (E) GP-NAEs and (F) glycerides determined in PLA2G4E-

overexpressing Neuro-2a cells (24 h p.t.) treated with WEN091, WEN258 or vehicle (8 h) expressed as percentage 

compared to DMSO-treated cells (mean ± SEM, N = 5). Statistical significance calculated for each lipid using one-way 

ANOVA with Dunnett’s multiple comparison correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Supplementary Figure S3.8. Chemical structures of the two activity-based probes used in this study. Commercially 

available broad-spectrum serine hydrolase probe FP-TAMRA and in-house synthesized tetrahydrolipstatin-based lipase 

probe MB064. 
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Phospholipase A2ε (PLA2G4E) is a serine hydrolase that belongs to the Group IV or 

cytosolic phospholipases A2 (cPLA2).1,2 This family is involved in phospholipid metabolism, 

with each of the six members (PLA2G4A–F) having specific PLA1, PLA2, lyso-PLA or 

acyltransferase activities, calcium-dependency and expression pattern.1,3 Recently, 

PLA2G4E was identified as a calcium-dependent N-acyltransferase (Ca-NAT) capable of 

producing N-acylphosphatidylethanolamines (NAPEs).4,5 

In humans, two isoforms of PLA2G4E have been identified. The canonical isoform (868 

amino acids, 100 kDa) has an N-terminal C2 domain, which is truncated in the alternative 

splicing product (834 amino acids, 97 kDa).5 This C2 domain is characteristic of the PLA2G4 

family and functions as a calcium-dependent lipid-binding domain.6,7 In contrast to other 

PLA2G4 enzymes, PLA2G4E has an additional C-terminal polybasic (PB) domain which is 

also involved in lipid-binding.5,8 These positively charged amino acids (KKKRLK) are able to 

bind phosphatidylinositide phosphates (PIPs), which localizes the enzymes to the 

membranes of the clathrin-independent endocytic machinery. Here, PLA2G4E is involved 

in tubule formation required for major histocompatibility complex (MHC) class I protein 

recycling.8 Both the C2 and PB domain are needed for catalytic activity and correct cellular 

distribution.5 In the catalytic domain, a Ser-Asp catalytic dyad, characteristic of the PLA2G4 

family, is responsible for the N-acyltransferase activity.2,4 The nucleophilic serine of 

PLA2G4E preferentially cleaves the sn-1 ester of phosphatidylcholine (PC), which leads to 

the release of lyso-PC. The acyl chain is subsequently transferred to the amine of 

phosphatidylethanolamine (PE), thereby producing NAPEs. 

NAPEs are a low-abundant class of phospholipids that have both structural and 

signaling functions.9 They control membrane dynamics by supporting their structural 

integrity and inducing membrane fusion10–12, and regulate the localization of intracellular 

membrane-interacting proteins.13 They have inhibitory effects on food-intake14,15 and 

inflammation16 and are highly elevated during ischemia and stress, which is suggested to 

be a cytoprotective mechanism.17–19 Furthermore, NAPEs are the precursors to 

N-acylethanolamines (NAEs) through the hydrolytic activity of NAPE-specific 

phospholipase D (NAPE-PLD).20 NAEs are a class of lipids with highly diverse signaling 

functions, including satiety, nociception and anxiety.21–24 Activity of NAEs is terminated by 

fatty acid amide hydrolase (FAAH) (Figure 4.1).25 

 

 

 

Figure 4.1. Schematic overview of biosynthesis and degradation of NAPEs and NAEs. Alternative pathways are not 

depicted. PE: phosphatidylethanolamine, PC: phosphatidylcholine, NAPE: N-acylphosphatidylethanolamine, NAE: 

N-acylethanolamine, FFA: free fatty acid, PLA2G4E: phospholipase A2 Group IV E, PLAATs: phospholipase A/ 

acyltransferases, NAPE-PLD: NAPE-specific phospholipase D, FAAH: fatty acid amide hydrolase. 
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The calcium-dependent activity of PLA2G4E is currently hypothesized to be the major 

pathway of NAPE biosynthesis.26,27 Additionally, NAPEs are also synthesized calcium-

independently by N-acyltransferase activity of phospholipases/acyltransferases (PLAATs) 

1–5.28,29 Acute, selective inhibition of PLA2G4E would help elucidate the physiological roles 

of these two pathways. In Chapter 3, WEN091 was identified as a potent inhibitor of 

PLA2G4E that was able to reduce production of NAPEs in cells overexpressing PLA2G4E. 

However, biological profiling revealed off-target activity on NAE-degrading enzyme FAAH, 

which may complicate the interpretation of downstream signaling events. In this chapter, 

the synthesis and biochemical profiling of novel analogues of WEN091 are described with 

a focus on their selectivity profile. 

Results 

Design and synthesis of PLA2G4E inhibitors 1–38 

WEN091 is an irreversible, covalent PLA2G4E inhibitor that belongs to the class of triazole 

ureas. The electrophilic carbonyl of the urea acts as a warhead by carbamoylating the 

catalytic serine of PLA2G4E (Chapter 2). The triazole functions as a leaving group, while the 

amine group that is covalently bound to the enzyme is referred to as the staying group. In 

this chapter, 38 new analogues of WEN091 were synthesized to further explore the 

structure-activity relationships on PLA2G4E and FAAH (Figure 4.2). Previously, it was shown 

that irreversible inhibitors with high intrinsic reactivity may bind in a non-specific manner 

to other members of the same enzyme family (e.g. FAAH).30,31 The reactivity of the triazole 

urea was, therefore, investigated in compounds 1–3 (Table 4.1) and the steric and 

electronic properties of the leaving group were modulated in compounds 4–31 (Table 4.1–

Table 4.3). In addition, the role of the staying group was further explored in compounds 

32–38 (Table 4.4) (Figure 4.2). 

 

 

Figure 4.2. Optimization strategy for improving WEN091’s selectivity profile. The structure of WEN091 is depicted 

with parts of the molecule that were investigated in this chapter highlighted. 

 

Based on WEN091, a similar synthesis plan was deployed for compounds 1–16 and 28–

31 (Scheme 4.1A). Briefly, optimized staying group 4-(4-chlorobenzyl)piperidine (39, see 

Chapter 2) was coupled to different substituted triazole or pyrazole leaving groups (40–

Staying group
Conformation
Steric properties

Triazole
Electronic properties
Interactions nitrogens

Sulfone linker
Linker length
Role sulfone

Lipophilic substituent
Steric and electronic properties



Chapter 4 

122 

 

58) using triphosgene, yielding triazole or pyrazole ureas 2, 3, 59–75. Subsequent 

oxidation of the thioether in compound 2 to sulfoxide afforded compound 1. Oxidation of 

the thioether in 59–75 to sulfone afforded inhibitors 4–16 and 28–31 (Scheme 4.1A). 

Variations in the triazole leaving group of compounds 1, 2 and 7–16 were introduced 

by substitution of 1,2,4-triazole-3-thiol (76) with various commercial and tailor-made 

organohalides, leading to compounds 40 and 45–54 (Supplementary Scheme S4.1). The 

triazole amide leaving group 41 of inhibitor 3 was synthesized by reacting 1,2,4-triazole-

3-carboxylic acid (77) with thionyl chloride, followed by substitution with N-methyl-

cyclohexylamine (78, Supplementary Scheme S4.2). Incorporation of caged hydrocarbons 

in compounds 4–6 requested a different approach (Scheme 4.1B, see also Chapter 6). 

Adamantanecarboxylic acid (79) and the methyl esters 80 and 81 were reduced with LiAlH4. 

Triflation of the resulting alcohols (82–84) and subsequent substitution with potassium 

thioacetate afforded thioacetates 85–87. These were reduced using LiAlH4 and oxidized 

with molecular bromine, forming disulfides 88–90. Lithiation of 1-(pyrrolidin-1-ylmethyl)-

1H-1,2,4-triazole (synthesized according to literature)32 using n-BuLi followed by careful 

addition of disulfides 88–90 led to the formation of the desired thioethers, while the 

pyrrolidin-1-ylmethyl protecting groups were removed immediately by the liberated thiols, 

providing triazole thioether building blocks 42–44. The byproduct formed in this reaction 

was easily removed after treatment with NaBH4 in ethanol. For pyrazole building blocks 56 

and 57, the respective aminopyrazole was diazotized using in situ-generated nitrous acid, 

followed by immediate substitution with 4-(trifluoromethoxy)benzyl mercaptan (91, 

Supplementary Scheme S4.3). Each of these azole building blocks was reacted with staying 

group 39, forming 2, 3 and 59–75, and oxidized as depicted in Scheme 4.1A. 

Sulfonamide variants 17–27 were obtained by a one-pot oxidative chlorination–

substitution reaction between triazole urea thioether 62 and desired aniline analogues 92–

102 (Scheme 4.2, Supplementary Scheme S4.4).  

Variations of the 4-(4-chlorobenzyl)piperidine staying group were introduced in 

inhibitors 32–38. The staying groups in compounds 32–37 were synthesized by a Horner-

Wadsworth-Emmons olefination of piperidinones 103–105 or pyrrolidinone 106 using 

diethyl (4-chlorobenzyl)phosphonate (107), providing 108–111 (Scheme 4.3). 

Hydrogenation of 110 and 111 over palladium on carbon yielded 112 and 113. 108–113 

were deprotected to yield the amines 114–119. For compound 38, Grignard reaction of 4-

chlorophenylmagnesium bromide (120) with isonipecotic acid ethyl ester 121 and 

subsequent acidic dehydration afforded amine 122 (Supplementary Scheme S4.5). All 

amine building blocks were coupled to triazole sulfone leaving group 123 in the 

triphosgene-mediated urea formation, yielding 32–38. 
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Scheme 4.1. Synthetic routes towards PLA2G4E inhibitors 2, 4–16 and 28–31. A) General synthetic scheme of 2–16 

and 28–31. Reagents and conditions: i) 4 bar H2, PtO2, HCl, EtOH, o/n RT; ii) 1. 39, triphosgene, Et3N or DIPEA, 3 h 

0°C → RT, then 2. 40–58, K2CO3, DMF, o/n RT; iii) AcOOH, DCM, 6 h 0°C → RT. B) Synthesis of adamantane-containing 

triazole building blocks for 4–6. Reagents and conditions: iv) LiAlH4, THF, 0.5 h reflux; v) 1. Tf2O, pyr, DCM, 45 min 

−15°C → RT, then 2. AcSK, 18-Crown-6, CH3CN, 72 h RT; vi) 1. LiAlH4, THF, 1.5 h RT → 50°C, then 2. Br2, DCM/H2O, RT; 

vii) 1. 1-(pyrrolydin-1-ylmethyl)-1H-1,2,4-triazole, n-BuLi, THF, 21 h −80°C → RT, then 2. NaBH4, EtOH, 5 min RT. 42–44 

were treated as described in reaction ii and iii to generate the final compounds. 1-Ad: adamant-1-yl, 2-Ad: adamant-2-yl. 

 

 

 

 

Scheme 4.2. Synthetic route towards PLA2G4E inhibitors 17–27. Reagents and conditions: i) BnBr, DMF, 6 h RT;  

ii) 4 bar H2, PtO2, HCl, EtOH, o/n RT; iii) 1. 39, triphosgene, DIPEA, THF, 3 h 0°C → RT, then 2. 45, K2CO3, DMF, o/n RT; 

iv) 1. 62, HCl, NaOCl, 1,4-dioxane/H2O, 2 h −10°C, then 2. 92–100, or DIPEA and 101–102, o/n −10°C → RT. 

 

 

A

B
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Scheme 4.3. Synthetic routes towards PLA2G4E inhibitors 32–37. Reagents and conditions: i) KOtBu or NaH, THF, 

o/n −10°C → RT; ii) TFA, DCM, o/n RT; iii) 1. 114–119, triphosgene, DIPEA, THF, 3 h 0°C → RT, then 2. 123, K2CO3, DMF, 

o/n RT; iv) 1 atm H2, Pd/C, EtOAc, 5 h RT. 

Biochemical evaluation and structure-activity relationships of 1–38 

The activity of 1–38 was tested in a gel-based competitive activity-based protein profiling 

(cABPP) assay. This technique assesses the activity and selectivity of a small molecule on 

multiple enzymes in a biologically relevant context in one experiment. Fluorophosphonate-

tetramethylrhodamine (FP-TAMRA) was used as an activity-based probe to measure 

PLA2G4E and FAAH activity.33,34 Briefly, lysate of human embryonic kidney (HEK293T) cells 

overexpressing recombinant hPLA2G4E was treated with inhibitor at different 

concentrations or vehicle (30 min) and the remaining enzyme activity was labeled with FP-

TAMRA (50 nM, 5 min). The proteins were resolved on molecular weight by sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and in-gel fluorescence scanning 

allowed the quantification of residual enzyme activity and determination of the apparent 

half-maximal inhibitory concentration (IC50). The inhibitory potency of the compounds on 

FAAH was determined in a similar manner by using mouse brain proteome.35 

Sulfone linker and small lipophilic substituents are preferred structural elements for 

PLA2G4E inhibition 

Optimization of the triazole leaving group of WEN091 was started by investigating the 

role of the sulfone linker between the triazole and the aliphatic substituent (Table 4.1). The 

decreased potency of sulfoxide, thioether and amide variants 1–3 demonstrated the 

important role of the sulfone. In contrast, activity on FAAH was less strongly affected and 

1 and 2 showed a slightly increased activity on FAAH. The apparent selectivity (app. sel.) 

of 1 for PLA2G4E over FAAH, defined as the ratio of the respective apparent IC50 values, 

was calculated to be 5-fold, whereas that of WEN091 was 32-fold (Table 4.1). This 

suggested that the sulfone improves binding to PLA2G4E either through direct interactions 

with the active site or through its inductive effect on the triazole. Inhibitors with bulky 

adamantyl substituents (4–6) showed markedly reduced activity on FAAH, but the activity 

on PLA2G4E was also lower, indicating smaller lipophilic groups were favored in both 

enzymes. 
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Table 4.1. Structure-activity relationships of PLA2G4E inhibitors 1–6. Activity determined with gel-based cABPP on 

PLA2G4E-overexpressing HEK293T membranes or mouse brain proteome (N ≥ 2). Apparent selectivity (app. sel.) =  

IC50 (PLA2G4E)/IC50 (FAAH) = 10
pIC

50
(PLA2G4E)−pIC

50
(FAAH)

. 

 

  pIC50 ± SEM  

ID R PLA2G4E FAAH App. sel. 

WEN091 
 

8.01 ± 0.02 6.52 ± 0.04 32 

1 

 

7.69 ± 0.01 6.98 ± 0.08 5 

2 
 

< 5.0 6.93 ± 0.09 < 1 

3 

 

5.15 ± 0.39 6.42 ± 0.04 < 1 

4 

 

7.12 ± 0.01 5.26 ± 0.08 72 

5 

 

7.40 ± 0.19 < 5.0 > 251 

6 

 

7.25 ± 0.20 < 5.0 > 177 

para-Substituted benzyl groups provided highest potency and selectivity 

Next, the electronic properties of the leaving group were investigated by substituting the 

cyclohexylmethyl of WEN091 with various aromatic groups (Table 4.2). 7, which contains 

a benzyl group, was a slightly less potent inhibitor than WEN091. Compounds with ether 

substituents on the para position of the benzyl group (8–11) were tolerated and showed 

both increasing potency on PLA2G4E and selectivity over FAAH with increasing size and 

lipophilicity. 12, which contains a polar 4-pyridine-N-oxide, showed decreased activity on 

PLA2G4E. This suggested that a lipophilic pocket is available in the active site of PLA2G4E, 

but not in FAAH. Trifluoromethoxy-substituted compound 9 demonstrated over 800-fold 

higher activity on PLA2G4E (pIC50 = 8.1) than on FAAH (pIC50 = 5.2), which makes it the 

most potent and selective PLA2G4E inhibitor identified in this study. Compound 13, with 

an ethylene linker between the sulfone and the phenyl, had slightly lower potency on 

PLA2G4E, which was similar with para (14, 16) and further decreased with meta (15) 

substitutions on the phenyl ring. These compounds, however, did not show increased 

selectivity over FAAH (e.g. 16: app. sel. 79-fold), indicating they did not have similar 

PLA2G4E-specific interactions as compounds 9 and 11. 

Compounds 17–27 (Table 4.3), which contain a sulfonamide instead of a sulfone, were 

synthesized, based on the structures of 8, 9 and 11. It was hypothesized that a weaker 

electron-withdrawing effect of the sulfonamide could decrease the reactivity of the urea, 
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thereby reducing inhibitory potency on FAAH and improving the selectivity. Sulfonamides 

17 and 18 were equally potent on PLA2G4E to 8 (pIC50 = 7.0). Sulfonamides 19 and 21, 

however, showed a 10-fold decrease in potency on PLA2G4E compared to sulfones 9 and 

11, respectively, while methylated sulfonamide 20 showed an even larger reduction (pIC50 

= 6.4). 17, 19 and 21 had a lower activity on FAAH than their respective sulfone 

counterparts, but the apparent selectivity window of 19 and 21 was not improved (19: app. 

sel. 148-fold, 21: 100-fold). Compounds with lipophilic but electron-withdrawing 

substituents on the para position of the phenyl ring (22, 23) had lower potency on 

PLA2G4E compared to the ones with electron-donating ether groups (17, 21). Inhibitors 

24 and 25, with bulkier substituents, also showed a decreased potency (pIC50 < 7.0), while 

26 and 27, with a methylene linker between the sulfonamide and the phenyl, were 

tolerated but did not have an improved selectivity over FAAH (26: app. sel. 123-fold, 27: 

60-fold).  

 

Table 4.2. Structure-activity relationships of PLA2G4E inhibitors 7–16. Activity determined with gel-based cABPP on 

PLA2G4E-overexpressing HEK293T membranes or mouse brain proteome (N ≥ 2). Apparent selectivity (app. sel.) = IC50 

(PLA2G4E)/IC50 (FAAH) = 10
pIC

50
(PLA2G4E)−pIC

50
(FAAH)

. 

 

  pIC50 ± SEM  

ID R PLA2G4E FAAH App. sel. 

WEN091 
    

8.01 ± 0.02 6.52 ± 0.04 32 

7 
    

7.23 ± 0.04 7.39 ± 0.06 < 1 

8 
    

7.06 ± 0.05 6.43 ± 0.05 4 

9 

(IK015)     
8.10 ± 0.02 5.18 ± 0.18 832 

10 
    

7.67 ± 0.03 6.49 ± 0.14 15 

11 
    

8.03 ± 0.04 5.35 ± 0.05 479 

12 
    

5.44 ± 0.07 5.46 ± 0.03 1 

13 

    

7.73 ± 0.05 7.06 ± 0.08 5 

14 

    

7.76 ± 0.19 5.99 ± 0.04 59 

15 

    

7.18 ± 0.05 6.65 ± 0.10 3 

16 

    

7.84 ± 0.15 5.94 ± 0.12 79 
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Table 4.3. Structure-activity relationships of PLA2G4E inhibitors 17–31. Activity determined with gel-based cABPP 

on PLA2G4E-overexpressing HEK293T membranes or mouse brain proteome (N ≥ 2). Apparent selectivity (app. sel.) = 

IC50 (PLA2G4E)/IC50 (FAAH) = 10
pIC

50
(PLA2G4E)−pIC

50
(FAAH)

. 

 

  pIC50 ± SEM  

ID R PLA2G4E FAAH App. sel. 

8 
 

7.06 ± 0.05 6.43 ± 0.05 4 

17 
 

7.01 ± 0.07 5.70 ± 0.15 20 

18 

 

7.04 ± 0.07 6.17 ± 0.07 7 

9 
 

8.10 ± 0.02 5.18 ± 0.18 832 

19 

(WEN222)  
7.04 ± 0.05 4.87 ± 0.10 148 

20 

 

6.38 ± 0.03 6.02 ± 0.07 2 

11 
 

8.03 ± 0.04 5.35 ± 0.05 479 

21 
 

7.08 ± 0.04 5.08 ± 0.10 100 

22 
 

6.58 ± 0.04 4.98 ± 0.36 40 

23 
 

6.66 ± 0.05 4.94 ± 0.12 52 

24 

 

6.74 ± 0.04 < 5.0 > 54 

25 

 

6.21 ± 0.04 < 5.0 > 16 

26 

 

7.13 ± 0.03 5.04 ± 0.13 123 

27 

 

6.76 ± 0.03 4.98 ± 0.17 60 

28 
 

8.07 ± 0.02 6.42 ± 0.09 45 

29 
 

5.24 ± 0.06 < 5.0 > 1 

30 

(WEN258)  
< 5.0 < 5.0 NA 

31 
 

< 5.0 < 5.0 NA 
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Next, the role of the triazole in inhibitor binding and reactivity was investigated (Table 4.3). 

1,2,3-Triazole urea 28 was a more potent PLA2G4E inhibitor than its 1,2,4-triazole 

counterpart 8, but it also had a higher activity on FAAH compared to 9. Pyrazole ureas 29 

and 30 showed greatly diminished activity on both PLA2G4E and FAAH. This might be 

explained by the higher pKa of pyrazole (14.236, compared to 10.1 for 1,2,4-triazole37) and 

corresponding lower leaving group ability, or by loss of interactions between the third 

nitrogen and residues in the active sites. Compound 31, which contains a small methyl 

substituent on the C5 position of the 1,2,4-triazole, had completely abolished activity on 

both PLA2G4E and FAAH (pIC50 < 5.0), possibly induced by a detrimental steric clash of the 

methyl group with the enzymes. 

 

Table 4.4. Structure-activity relationships of PLA2G4E inhibitors 32–38. Activity determined with gel-based cABPP 

on PLA2G4E-overexpressing HEK293T membranes or mouse brain proteome (N ≥ 2). Apparent selectivity (app. sel.) = 

IC50 (PLA2G4E)/IC50 (FAAH) = 10
pIC

50
(PLA2G4E)−pIC

50
(FAAH)

. 

 

   pIC50 ± SEM  

ID R  PLA2G4E FAAH App. sel. 

9 
 

 
8.10 ± 0.02 5.18 ± 0.18 832 

32 
 

 
7.23 ± 0.02 5.03 ± 0.04 158 

33 

 

 
6.35 ± 0.04 6.19 ± 0.04 1 

34 
 

 
5.95 ± 0.06 < 5.0 > 8 

35 
 

 
6.47 ± 0.10 < 5.0 > 29 

36 

 

 

6.30 ± 0.03 5.63 ± 0.02 5 

37 

 

 

6.69 ± 0.04 4.64 ± 0.06 112 

38 

 

 

< 5.0 < 5.0 NA 
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Variations of the benzylpiperidine staying group did not improve selectivity 

In Chapter 2, a 4-(4-chlorobenzyl)piperidine staying group was found to provide inhibitors 

with a high potency on PLA2G4E. To improve the selectivity profile of the inhibitors, the 

conformational and steric properties of this staying group in compound 9 were further 

explored (Table 4.4). 32, which has a conformationally restricted staying group, was less 

potent on PLA2G4E than 9, while its activity on FAAH was similar. 33–35 showed a further 

decreased activity (pIC50 < 6.5), indicating methyl substituents on the 2- or 3-position of 

the piperidine were not tolerated in PLA2G4E’s active site. However, 2-methylpiperidine 33 

was a more potent FAAH inhibitor than 32. Johnson et al. have previously described 

benzylpyrrolidine ureas to be less potent FAAH inhibitors than benzylpiperidine urea 

analogs.38 In this study, however, benzylpyrrolidine 36 did not show reduced activity on 

FAAH compared to benzylpiperidine 9, while benzylpyrrolidine 37 showed only little 

reduction. Instead, both 36 and 37 showed a larger decrease in potency on PLA2G4E, 

leading to an app. sel. of 5-fold and 112-fold, respectively. 38, which contains an additional 

phenyl group, was completely inactive on both PLA2G4E and FAAH (pIC50 < 5.0), indicating 

both active sites cannot accommodate this bulky structure. 

 

 

Figure 4.3. Activity of 9, 19 and 30 on PLA2G4B–E and enzymes involved in NAPE metabolism. A) Representative 

gel excerpts of cABPP experiments with 9, 19 and 30 on PLA2G4E overexpression lysate. B) Corresponding inhibition 

curves and pIC50 values. Data presented as mean ± SEM (N ≥ 2). C) At 10 µM, 9, 19 and 30 show less than 50% inhibition 

(compared to vehicle) of other PLA2G4 family members. Data presented as mean ± SEM of cABPP experiments on 

overexpression lysate (N = 2). D) At 10 µM, 9, 19 and 30 show less than 50% inhibition (compared to vehicle) of NAPE-

PLD. Data presented as mean ± SEM of fluorigenic substrate (PED6) assays on overexpression lysate (N = 2, n = 2). 

E) Inhibition curves of 9, 19 and 30 on PLAAT family members. Data presented as mean ± SEM of cABPP experiments 

on overexpression lysate (N = 2). 
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Table 4.5. Inhibition values of 9, 19 and 30 on PLA2G4B–E and enzymes involved in NAPE metabolism. Inhibition 

values obtained from cABPP experiments (PLA2G4B–E, PLAAT2–5) or PED6 substrate assay (NAPE-PLD) on 

overexpression lysate, corresponding to Figure 4.3. Data presented as pIC50 ± SEM. When pIC50 could not be determined 

within the used concentration range, mean % inhibition ± SEM is reported (N ≥ 2). 

 PLA2G4B PLA2G4C PLA2G4D PLAAT2 PLAAT3 PLAAT4 PLAAT5 NAPE-PLD 

9 39 ± 5% 26 ± 5% 38 ± 11% 7.10 ± 0.11 18 ± 2% 6.49 ± 0.11 7.05 ± 0.10 1 ± 5% 

19 13 ± 5% 25 ± 6% 28 ± 4% 5.99 ± 0.08 12 ± 3% 5.75 ± 0.08 6.43 ± 0.21 44 ± 3% 

30 29 ± 4% 10 ± 12% 41 ± 3% 5.20 ± 0.11 17 ± 24% 28 ± 5% 49 ± 3% 17 ± 11% 

Biological profiling of 9, 19 and 30 

In vitro selectivity over related enzymes 

Compounds 9 and 19 were selected for further biological characterization, because 9 was 

the most potent PLA2G4E inhibitor with the highest selectivity over FAAH and 19 is a close 

structural analog of 9 with lower lipophilicity (Supplementary Table S4.1). Analog 30 was 

selected as a potential control compound that would inhibit the off-targets of compound 

9, but not PLA2G4E (Figure 4.3). 9, 19 and 30 did not bind the CB1 and CB2 receptors 

(Supplementary Table S4.2) and did not inhibit NAPE-PLD, PLA2G4B, PLA2G4C or PLA2G4D 

(Figure 4.3C-D, Table 4.5). Of note, the activity on PLA2G4A and PLA2G4F could not be 

determined due to a lack of expression of the proteins in HEK293T cells. Surprisingly, 9 and 

19 did inhibit the N-acyltransferases PLAAT2, PLAAT4 and PLAAT5 with submicromolar 

activity, but not phospholipase PLAAT3 (Figure 4.3E, Table 4.5).29,39,40 30 only inhibited 

PLAAT2 with IC50 < 10 µM. PLAATs are structurally distinct from PLA2G4E, but their active 

sites may share common structural features that not only recognize similar endogenous 

substrates, but also the same synthetic inhibitors.  

The selectivity of 9 and 19 and control compound 30 over other serine hydrolases was 

assessed with cABPP on mouse brain lysate (Figure 4.4). 9 and 19 displayed in general 

good selectivity (>30-fold) over the other identified hydrolases. Both inhibited one 

unidentified serine hydrolase (∼70–80 kDa) with a similar IC50 value as for PLA2G4E and 

α/β hydrolase domain-containing protein 6 (ABHD6) at approximately four times higher 

concentration (9: pIC50 (ABHD6) = 7.4, 19: pIC50 (ABHD6) = 6.5, Table 4.6). ABHD12, 

monoacylglycerol lipase (MAGL), diacylglycerol lipase α (DAGLα) and acyl protein 

thioesterases 1 and 2 (LyPLA1 and 2) were inhibited at concentrations ≥ 1 µM. 30 had a 

similar off-target profile as 9, albeit slightly less potent on most enzymes (Table 4.6). In 

conclusion, 9 and 19 are selective inhibitors of NAPE-producing enzymes regardless 

whether these proteins can be activated by calcium ions or not. 

Cellular activity on Neuro-2a serine hydrolases 

Finally, compounds 9, 19 and 30 were also assessed on their cellular activity. Briefly, Neuro-

2a cells were treated with increasing concentrations of the inhibitors (30 min), harvested 

and lysed, and the remaining enzyme activity was determined by gel-based cABPP (Figure 

4.5). In general, the inhibitors maintained their overall selectivity profile, albeit that ABHD6   
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Figure 4.4. In vitro activity of 9, 19 and 30 on mouse brain serine hydrolases. Representative gel images of cABPP 

experiments on mouse brain membrane proteome. Names of identified off-targets of these inhibitors are indicated. 

Unidentified off-target indicated with *. 

 

Table 4.6. In vitro pIC50 values of 9, 19 and 30 on mouse brain serine hydrolases. Inhibition values obtained from 

cABPP experiments on mouse brain membrane proteome using FP-TAMRA and MB064, corresponding to Figure 4.4. 

When pIC50 could not be determined within the used concentration range, % inhibition at 10 µM is reported. Data 

reported as mean ± SEM (N ≥ 2). Inhibition of unidentified ∼70-80 kDa protein could not reliably be quantified. 

 

 ABHD6 ABHD12 ABHD16a DAGLα DDHD2 FAAH LyPLA1/2 MAGL NTE 

9 
7.43  

± 0.02 

6.37  

± 0.06 

5.96  

± 0.02 

5.98  

± 0.15 

6.14  

± 0.03 

5.18  

± 0.18 

6.73  

± 0.05 

5.95  

± 0.04 

5.04  

± 0.11 

19 
6.48 

± 0.05 

6.34 

± 0.07 

4.65 

± 0.18 

5.48 

± 0.10 

5.83 

± 0.06 

4.87 

± 0.10 

5.82 

± 0.21 

5.13 

± 0.09 

5.30 

± 0.08 

30 
7.10 

± 0.04 

5.41 

± 0.05 

4.90 

± 0.23 

4.89 

± 0.20 

4.98 

± 0.24 
0 ± 5% 

5.71 

± 0.16 

5.24 

± 0.10 
9 ± 4% 

 

 

and FAAH inhibition by 9 and 30 was 10- to 100-fold increased compared to the mouse 

brain lysate (Table 4.6 and Table 4.7). Interestingly, 19 also showed increased activity on 

FAAH, but not on ABHD6.  
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Figure 4.5. Cellular activity of 9, 19 and 30 on Neuro-2a serine hydrolases. Representative gel images of cABPP 

experiments on Neuro-2a cells. Names of identified off-targets of the inhibitors are indicated. 

 

Table 4.7. Cellular pIC50 values of 9, 19 and 30 on Neuro-2a serine hydrolases. Inhibition values obtained from cABPP 

experiments on Neuro-2a cells using FP-TAMRA and MB064, corresponding to Figure 4.5. When pIC50 could not be 

determined within the used concentration range, % inhibition at 10 µM is reported. Data reported as mean ± SEM 

(N ≥ 2). 

 ABHD6 ABHD12 ABHD16a DAGLβ DDHD2 FAAH LyPLA1/2 NTE 

9 8.40 ± 0.03 6.97 ± 0.09 6.43 ± 0.10 5.96 ± 0.19 6.08 ± 0.06 7.29 ± 0.14 6.91 ± 0.06 6.44 ± 0.08 

19 6.48 ± 0.07 6.13 ± 0.06 3 ± 14% 8 ± 9% 22 ± 10% 6.74 ± 0.05 5.49 ± 0.08 5.20 ± 0.06 

30 8.67 ± 0.05 6.39 ± 0.10 6.04 ± 0.03 7 ± 19% 5.50 ± 0.07 6.50 ± 0.14 6.42 ± 0.07 4.69 ± 0.18 

Discussion and conclusions 

In this study, 9 (IK015) and 19 (WEN222) were identified by gel-based cABPP as the most 

potent and selective PLA2G4E inhibitors identified to date. Interestingly, the NAPE-

producing enzymes PLAAT2, PLAAT4 and PLAAT5 were also inhibited by 9 and 19, which 

suggests that these compounds are general inhibitors of NAPE-biosynthesis. As such, they 

could be used to study the inhibition of NAPE biosynthesis on membrane integrity41, 

inflammatory responses16, NAE production26 or in response to ischemic stress42 in an acute 

- 250 -

- 130 -

- 100 -

- 70 -

- 55 -

- 35 -

- 25 -

kDa

FP-TAMRA

Inhibitor 9 19 30

[Inhibitor] (nM) 0 1 10 100 1000 104 0 1 10 100 300 1000 104 0 1 10 100 1000 104

Coomassie -

- NTE

- FAAH

- ABHD6

- LyPLA1/2

- LyPLA1/2

- ABHD6

- ABHD12

- ABHD16a

- DAGLβ

- DDHD2

- 250 -

- 130 -

- 100 -

- 70 -

- 55 -

- 35 -

- 25 -

kDa

MB064

Inhibitor 9 19 30

[Inhibitor] (nM) 0 1 10 100 1000 104 0 1 10 100 300 1000 104 0 1 10 100 1000 104

Coomassie -



Optimization of WEN091 towards selective PLA2G4E inhibitors 

133 

 

setting. Although 9 and 19 do not specifically inhibit the Ca2+-dependent pathway, pan-

PLAAT inhibitor LEI-301 can be used in conjunction to dissect these two pathways.43 30 

was not active on PLA2G4E in vitro, but showed a similar off-target profile to 9 and 19 in 

both mouse brain proteome and Neuro-2a cells. It is anticipated that 30 (WEN258) can 

therefore be used as a control compound in biological experiments to distinguish off-

target activities from PLA2G4E mediated effects (see Chapter 3). 

In general, compounds loose activity in cellular systems due to restricted membrane 

permeability.44 In contrast, 9 showed increased FAAH activity in an intact cellular system 

compared to lysates. This was previously also observed with the FAAH inhibitor 

BIA 10-2474.31 The increased inhibition was also observed for ABHD6, but not for other 

enzymes, such as ABHD12 and ABHD16a. ABHD12, ABHD16a and FAAH are all reported 

to be localized in the endoplasmic reticulum45,46, suggesting that (subcellular) compound 

accumulation is not sufficient to explain the increased cellular potency. Further studies are 

required to explain this phenomenon. While 19 demonstrated activity on several lipases in 

mouse brain proteome, it was less active on most serine hydrolases in Neuro-2a cells (Table 

4.6 and Table 4.7). Its high topological polar surface area (tPSA = 104 Å², Supplementary 

Table S4.1), which impairs cell permeability, may explain this effect.47,48 The different 

cellular activity profiles of compounds 9 and 19 indicate that biochemical activity does not 

always reflect the cellular activity even within one chemical series. To our knowledge, there 

is currently no cellular system available that exhibits endogenous PLA2G4E activity. This 

complicates the evaluation of PLA2G4E inhibitors. A cellular target engagement assay 

using overexpressed PLA2G4E would be a first step to link the biochemical activity of these 

inhibitors to their cellular effects (see Chapter 5).    

Finally, 9 is a useful first chemical tool compound to study the biological role of 

PLA2G4E in vitro, but a better understanding of its molecular interactions with PLA2G4E 

and PLAAT2–5, obtained e.g. via co-crystallization or cryo-EM experiments, may lead to 

the discovery of advanced inhibitors that are specific for Ca2+-dependent NAPE 

biosynthesis. Projecting forward, rapid metabolism of the compound (i.e. hydrolysis of the 

urea by carboxyl esterases) may pose a problem for in vivo studies.49 Reducing the intrinsic 

reactivity of the urea or discovery of alternative scaffolds may address this problem. 

Furthermore, brain-active inhibitors preferentially have tPSA < 90 Å² and cLogP 1–3.48 

Therefore, the physico-chemical properties should be taken into careful consideration for 

the optimization of the next generation of PLA2G4E inhibitors. 
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Experimental procedures 

General remarks 

All chemicals and reagents were purchased from Thermo Fisher Scientific or Bio-Rad, unless noted 

otherwise. Activity-based probes were purchased from Thermo Fisher Scientific (FP-TAMRA) or 

synthesized in-house (MB064) (chemical structures in Chapter 3 Supplementary Figure S3.8). Inhibitors 

were synthesized in-house as described below. 

Plasmids 

The full-length cDNA of wild type human PLA2G4E (GenScript Biotech), murine PLA2G4B, hPLA2G4C, 

mPLA2G4D (Source BioScience), hPLAAT2, hPLAAT3, hPLAAT4, hPLAAT5 and hNAPE-PLD (kindly 

provided by Prof. Natsuo Ueda) were cloned into a pcDNA™3.1(+) expression vector in-frame with a 

C-terminal FLAG tag. Plasmids were isolated from transformed Escherichia coli XL-10 using a Qiagen 

Plasmid Midi kit and stored at 4°C in TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0). The sequence was 

determined (Macrogen) and verified using CLC Main Workbench. 

Cell culture 

HEK293T (human embryonic kidney, ATCC) cells were cultured in DMEM (Sigma-Aldrich, D6546) with 

additional heat-inactivated new-born calf serum (10% (v/v), Avantor Seradigm), L-Ala-L-Gln (2 mM, 

Sigma-Aldrich), penicillin and streptomycin (both 200 µg/mL, Duchefa Biochemie) at 37°C, 7% CO2. 

Medium was refreshed every 2–3 days and cells were passaged twice a week at 70–80% confluence 

by aspirating the medium, thorough pipetting in fresh medium and seeding to appropriate density. 

Cell cultures were regularly tested for mycoplasma and discarded after 2–3 months. 

Transient transfection 

One day prior to transfection 107 HEK293T cells were seeded to a 15 cm dish. Upon transfection 

medium was aspirated and replaced by 13 mL fresh medium. Plasmid DNA (20 µg per 15 cm dish) 

and PEI (60 µg per 15 cm dish) were separately dissolved in 1 mL DMEM without serum, mixed, 

incubated for 15 min and added dropwise to the cells. 24 h p.t. medium was replaced by 25 mL fresh 

medium. 72 h p.t. medium was aspirated and the cells were washed with RT Dulbecco’s PBS, harvested 

in PBS and centrifuged (3000 × g, 15 min, RT). Cell pellets were flash-frozen in liquid N2 and stored at 

−80°C until use. 

Overexpression lysate preparation 

PLA2G4B–E overexpression and lysate preparation was performed as described in Chapter 3. Sample 

preparation of PLAAT2–5, NAPE-PLD and CB1/2 was performed as described before.43,50 

Mouse brain lysate preparation 

Mouse brains were harvested and lysate was prepared as described in Chapter 3. 

Activity-based protein profiling 

Gel-based ABPP on PLA2G4B–E, PLAAT2–5 and mouse brain proteome was performed as described 

in Chapter 3. 

NAPE-PLD activity assay 

The PED6 assay was performed as described in Chapter 3. 
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CB1/2 

The [3H]CP55,940 displacement assay was performed as described before.50 

Cellular activity assay 

Neuro-2a cellular ABPP was performed as described in Chapter 3. 

Organic synthesis 

General remarks 

All reagents were purchased from Sigma-Aldrich, Acros Organics, Merck and Fluorochem and used 

without further purification. Solvents were purchased from Sigma-Aldrich, VWR Chemicals or 

Honeywell Riedel-de Haën, common salts from Sigma-Aldrich or Chem-Lab and used without further 

purification. Moisture-sensitive reactions were carried out in solvents dried over heat-activated 

molecular sieves (4 Å, Sigma-Aldrich), using flame-dried glassware under an atmosphere of N2. TLC 

analysis was performed on Merck silica gel 60 F254 aluminum TLC plates, on which compounds were 

visualized under 254 or 366 nm UV light and using KMnO4 (30 mM KMnO4, 180 mM K2CO3 in water) 

or ninhydrin (7.5 mM ninhydrin, 10% (v/v) AcOH in EtOH) stains. Flash column chromatography was 

performed using SiO2 (Macherey-Nagel, 60 M) as stationary phase.  

NMR spectra were recorded on a Bruker AV-400 MHz or AV-500 MHz spectrometer at 400 MHz 

(1H) and 101 MHz (13C) or 500 MHz (1H) and 126 MHz (13C) respectively, using CDCl3 or MeOD 

(Eurisotop) as solvent. Chemical shifts are reported in ppm with TMS (1H CHCl3, δ 0.00) or solvent 

resonance (1H MeOD, δ 3.31; 13C MeOD, δ 49.00; 13C CHCl3, δ 77.16) as internal standard. Data are 

reported as follows: chemical shift δ (ppm), multiplicity (s = singlet, d = doublet, t = triplet, p = pentet, 

dd = doublet of doublets, td = triplet of doublets, qd = quartet of doublets, dt = doublet of triplets, 

bs = broad singlet (1H), br = broad (13C), m = multiplet), coupling constants J (Hz) and integration. 

HPLC-MS analysis was performed on a Finnigan Surveyor HPLC system equipped with a Macherey-

Nagel NUCLEODUR C18 Gravity, 5 µm, 50×4.6 mm column followed by a Thermo Scientific LTQ 

Orbitrap XL spectrometer, using H2O/CH3CN + 1% TFA as mobile phase. All compounds used for 

biological experiments were ≥95% pure based on LC-MS UV absorbance. 

General procedure A 

Peracetic acid (5–10 eq, 36–40% in AcOH) was added to a solution of triazole urea thioether (1 eq) in 

DCM (20–30 mL/mmol) and the mixture was stirred for at least 4 h. Upon reaction completion, the 

mixture was diluted with DCM, washed with water and brine and concentrated in vacuo. 

General procedure B 

4 M HCl in 1,4-dioxane (35 eq) was diluted to 1 M in DCM and cooled to −10°C. To this a 15% NaOCl 

solution in water (21 eq) was added carefully and the mixture was stirred for 1 h, during which it turned 

bright yellow. 62 (1 eq) dissolved in DCM (10 mL/mmol) was added dropwise and the mixture was 

stirred for 1 h. Desired substituted aniline (35 eq) was added dropwise, after which the dark suspension 

was stirred for 1 h before it was allowed to warm to RT and stirred overnight or until full conversion 

was confirmed on TLC. The reaction was quenched with 0.1 M aq. HCl, after which the aqueous layer 

was extracted with EtOAc. The combined organic layers were washed with brine, dried over MgSO4, 

filtrated and concentrated in vacuo. 

General procedure C 

Initial steps of the reaction were carried out as described in General procedure B. After addition of 62 

the mixture was stirred for 70 min at −10°C followed by 1 h at RT. The reaction was then cooled back 
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to −10°C and partially quenched by addition of DIPEA (20 eq, 450 µL). Desired substituted 

benzylamine (15 eq) dissolved in 2 mL DCM was added carefully and the mixture was stirred for 1 h, 

before being allowed to warm to RT and stirred for another 42 h. The mixture was diluted with EtOAc 

and the reaction was quenched with 0.1 M aq. HCl, after which the layers were separated. The organic 

layer was washed with 0.1 M aq. HCl and brine, dried over MgSO4, filtrated and concentrated in vacuo. 

General procedure D 

To an ice-cold solution of triphosgene (3 eq) and Na2CO3 or DIPEA (3 eq) in dry THF (5–10 mL) a 

solution of (substituted) 4-benzylpiperidine (1 eq) in dry THF (5–10 mL) was added dropwise (< 1 

mL/min). The mixture was stirred on ice for 1 h, followed by 2 h at RT. The mixture was then diluted 

with EtOAc and washed with 1 M aq. HCl and brine, dried over MgSO4, filtrated and concentrated in 

vacuo. Water was removed by co-evaporation with toluene. The resulting oil was dissolved in dry DMF 

(2–5 mL), triazole thioether (1 eq) and K2CO3 (3 eq) were added and the reaction mixture was stirred 

overnight. The mixture was diluted with EtOAc, washed with water and brine, dried over MgSO4, 

filtrated and concentrated in vacuo. 

General procedure E 

To an ice-cold solution of LiAlH4 (1.5 eq) in dry THF (20 mL/g of thioacetate) a solution of thioacetate 

(1 eq) in dry THF (10 mL/g of thioacetate) was added dropwise. The reaction mixture was allowed to 

warm to RT and stirred for 30 min, followed by 1 h at 50°C. The reaction was cooled and quenched by 

addition of 0.1 M aq. HCl on an ice bath. Solids were removed by filtration and washed with DCM. 

Combined filtrates were concentrated in vacuo. The resulting yellow oil was dissolved in DCM (20 

mL/g of thioacetate) and added to a suspension of silica powder (5 g/g of thioacetate) in water (2.5 

mL/g of thioacetate). 1 M Br2 in DCM was added until the mixture started to color. Solids were 

removed by filtration. The filtrate was dried over Na2SO4, filtrated and concentrated in vacuo. Silica 

plug purification with pentane provided the disulfide. 

General procedure F 

1H-1,2,4-Triazole-3-thiol or sodium 1H-1,2,3-triazole-4-thiolate (1–1.1 eq), desired organohalide (1 

eq) were dissolved in dry DMF (2–10 mL/mmol of triazole). To reactions with 1H-1,2,4-triazole-3-thiol 

K2CO3 (1–2 eq) was added. The mixture was stirred for at least 3 h. When full conversion was confirmed 

using TLC analysis EtOAc and water were added and the layers were separated. The aqueous layer was 

extracted with EtOAc, after which the combined organic layers were washed with brine, dried over 

MgSO4, filtrated and concentrated in vacuo. 

General procedure G 

A solution of 1-(pyrrolidin-1-ylmethyl)-1H-1,2,4-triazole (2 eq) in dry THF (10 mL/mmol of triazole) 

was degassed by N2 purging and cooled to −80°C. n-BuLi (2.3 M in THF, 2.2 eq) was added portion 

wise, after which the reaction mixture was stirred at −80°C for 30 min followed by 90 min at −30 to 

−25°C during which a white precipitate formed. The mixture was then cooled to −80°C and a solution 

of disulfide (1 eq) in dry THF (3 mL/mmol of disulfide) was added portion wise. The reaction was stirred 

for ≥ 3 h at −75°C, after which it was allowed to warm to RT and stirred overnight. Volatiles were 

removed under reduced pressure, after which the concentrate was diluted in DCM and washed with 

water. The organic layer was concentrated in vacuo. The residue was brought onto a silica gel column 

and washed with pentane and DCM. The product was then eluted using 1:1 DCM:MeOH. The fractions 

containing product were combined and concentrated in vacuo. 
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The product was treated with NaBH4 in EtOH (20 eq) and stirred for 5 min. Volatiles were removed 

under reduced pressure, after which the residue was dissolved in DCM and washed with water and 

brine. The organic layer was concentrated in vacuo. The residue was dispersed in 5 M aq. KOH and 

extracted with chloroform. The pH of the aqueous layer was lowered to 7 using 12 M aq. HCl, after 

which it was again extracted with chloroform. The combined organic layers were dried over Na2SO4, 

filtrated and concentrated in vacuo yielding the triazole thioether, which was used without further 

purification. 

General procedure H 

Diethyl 4-chlorobenzylphosphonate (1.2 eq) was dissolved in dry THF (2–3 mL/mmol of ketone) and 

cooled to −10°C. To this, freshly prepared 1 M KOtBu in dry THF (1.5 eq) was added dropwise over 

the course of 10 min, upon which the mixture turned yellow and cloudy. The mixture was stirred for 

1–3 h keeping the temperature below 5°C. Desired Boc-protected piperidinone or pyrrolidinone (1 eq) 

was dissolved in dry THF (1–2 mL/mmol) and added dropwise, upon which the color of the mixture 

slightly changed. The mixture was then allowed to warm to RT and stirred overnight. When full 

conversion was confirmed using TLC analysis, the reaction mixture was poured into ice-cold water and 

stirred for 1–2 h. The mixture was then extracted with EtOAc. The combined organic layers were 

washed with brine, dried over MgSO4, filtrated and concentrated in vacuo. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-

methanone (WEN091) 

The title compound was synthesized as described in Chapter 2. 

 

 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfinyl)-1H-1,2,4-triazol-1-yl)-methanone 

(1) 

2 (7 mg, 0.016 mmol) was oxidized according General procedure A, 

but only 2 eq of AcOOH were used. Flash column chromatography (40 

→ 100% EtOAc in pentane) afforded the title compound (2 mg, 4.5 

µmol, 28%). 
1H NMR (500 MHz, CDCl3) δ 8.84 (s, 1H), 7.30 – 7.23 (m, 2H), 7.11 – 7.03 (m, 2H), 4.68 – 4.29 (m, 2H), 

3.28 (dd, J = 13.0, 5.2 Hz, 1H), 3.19 – 2.82 (m, 2H), 2.97 (dd, J = 13.0, 8.8 Hz, 1H), 2.56 (d, J = 6.8 Hz, 

2H), 2.06 – 2.00 (m, 2H), 2.02 – 1.91 (m, 1H), 1.86 – 1.72 (m, 3H), 1.68 (m, 2H), 1.47 – 1.22 (m, 6H), 1.26 

– 1.06 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 147.73, 138.07, 130.51, 128.69, 61.43, 42.17, 37.98, 32.33, 30.46, 29.85, 

26.09, 26.03. 

HRMS: [M+H]+ calculated for C22H29ClN4O2S+H+ 449.1773, found 449.1774. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((cyclohexylmethyl)thio)-1H-1,2,4-triazol-1-yl)-methanone (2) 

39 (1.1 eq, 20 mg, 0.095 mmol) was reacted with 40 (17 mg, 0.086 

mmol) according to General procedure D. The residue was purified by 

flash column chromatography (0 → 30% EtOAc in pentane) yielding 

the title compound as a white gum (29 mg, 0.067 mmol, 78%). 

Analytical data on next page. 
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1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.30 – 7.22 (m, 2H), 7.11 – 7.03 (m, 2H), 4.85 – 4.27 (m, 2H), 

3.02 (d, J = 6.9 Hz, 2H), 2.99 – 2.89 (m, 2H), 2.56 (d, J = 7.0 Hz, 2H), 1.94 – 1.86 (m, 2H), 1.86 – 1.76 (m, 

1H), 1.81 – 1.70 (m, 6H), 1.69 – 1.57 (m, 1H), 1.35 (qd, J = 12.5, 4.1 Hz, 2H), 1.24 – 1.08 (m, 2H), 1.00 

(qd, J = 12.0, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.40, 148.36, 147.39, 138.22, 132.08, 130.48, 128.61, 42.28, 38.87, 38.08, 

37.90, 32.71, 31.98, 29.82, 26.37, 26.13. 

HRMS: [M+H]+ calculated for C22H29ClN4OS+H+ 433.18234, found 433.28218. 

1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N-cyclohexyl-N-methyl-1H-1,2,4-triazole-3-

carboxamide (3) 

39 (1.1 eq, 111 mg, 0.53 mmol) was reacted with 41 (1 eq, 100 mg, 

0.48 mmol) according to General procedure D. Flash column 

chromatography (EtOAc in pentane) yielded two rotationally restricted 

isomers (ratio ∼1.7:1) of the title compound as slightly yellowish oil (127 mg, 0.29 mmol, 60%). 

Rotamer 1: 
1H NMR (400 MHz, CDCl3) δ 8.78 (s, 1H), 7.30 – 7.23 (m, 2H), 7.11 – 7.04 (m, 2H), 4.79 – 4.31 (m, 2H), 

3.68 (tt, J = 11.8, 3.6 Hz, 1H), 3.10 – 2.85 (m, 2H), 3.01 (s, 3H), 2.55 (d, J = 6.9 Hz, 2H), 1.90 – 1.71 (m, 

7H), 1.66 – 1.62 (m, 1H), 1.63 – 1.51 (m, 2H), 1.35 (qd, J = 12.9, 3.8 Hz, 2H), 1.24 – 1.01 (m, 3H). 
13C NMR (101 MHz, CDCl3) δ 161.50, 158.33, 148.26, 148.24, 138.12, 132.12, 130.49, 128.63, 58.12, 

42.22, 38.00, 30.95, 27.96, 25.66, 25.60. 

Rotamer 2: 
1H NMR (400 MHz, CDCl3) δ 8.76 (s, 1H), 7.30 – 7.23 (m, 2H), 7.11 – 7.04 (m, 2H), 4.79 – 4.31 (m, 2H), 

4.60 – 4.49 (m, 1H), 3.10 – 2.85 (m, 2H), 2.95 (s, 3H), 2.55 (d, J = 6.9 Hz, 2H), 1.90 – 1.71 (m, 7H), 1.51 – 

1.42 (m, 3H), 1.35 (qd, J = 12.9, 3.8 Hz, 2H), 1.24 – 1.01 (m, 3H). 
13C NMR (101 MHz, CDCl3) δ 161.14, 158.61, 148.26, 148.24, 138.13, 132.12, 130.49, 128.63, 53.45, 

42.18, 38.00, 31.23, 29.57, 25.64, 25.28. 

HRMS: [M+H]+ calculated for C23H30ClN5O2+H+ 444.21608, found 444.21616. 

(3-(((Adamant-1-yl)methyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(4-(4-chlorobenzyl)piperidin-1-yl)-

methanone (4) 

59 (30 mg, 0.062 mmol) was oxidized according to General procedure 

A. Flash column chromatography (33% EtOAc in pentane) afforded 

the title compound as a white solid (25 mg, 0.048 mmol, 81%). 
1H NMR (500 MHz, CDCl3) δ 8.82 (s, 1H), 7.29 – 7.24 (m, 2H), 7.10 – 7.06 (m, 2H), 4.55 – 4.34 (bs, 2H), 

3.25 (s, 2H), 3.18 – 2.85 (m, 2H), 2.56 (d, J = 5.1 Hz, 2H), 2.01 – 1.96 (m, 3H), 1.88 – 1.61 (m, 15H), 1.37 

(qd, J = 13.2, 4.3 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.42, 148.01, 147.32, 137.98, 132.17, 130.48, 128.65, 66.22, 47.83 (br), 

46.62 (br), 42.07, 42.00, 37.87, 36.40, 34.76, 28.38. 

HRMS: [M+H]+ calculated for C26H33ClN4O3S+H+ 517.20347, found 517.20322. 

(3-((2-(Adamant-1-yl)ethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(4-(4-chlorobenzyl)piperidin-1-yl)-

methanone (5) 

60 (25 mg, 0.050 mmol) was oxidized according to General procedure 

A. Flash column chromatography (33% EtOAc in pentane) afforded the 

title compound as a white solid (25 mg, 0.047 mmol, 94%). 
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1H NMR (500 MHz, CDCl3) δ 8.85 (s, 1H), 7.29 – 7.24 (m, 2H), 7.11 – 7.05 (m, 2H), 4.56 – 4.36 (m, 2H), 

3.41 – 3.32 (m, 2H), 3.20 – 2.86 (m, 2H), 2.57 (d, J = 6.8 Hz, 2H), 1.97 (p, J = 3.1 Hz, 3H), 1.87 – 1.52 (m, 

9H), 1.47 – 1.43 (m, 6H), 1.37 (qd, J = 13.1, 4.1 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 161.81, 148.22, 147.25, 137.97, 132.19, 130.47, 128.66, 49.54, 47.77 (br), 

46.21 (br), 42.07, 42.00, 37.87, 36.88, 35.33, 32.07, 28.51. 

HRMS: [M+H]+ calculated for C27H35ClN4O3S+H+ 531.21912, found 531.21895. 

(3-((2-(Adamant-2-yl)ethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(4-(4-chlorobenzyl)piperidin-1-yl)-

methanone (6) 

61 (28 mg, 0.056 mmol) was oxidized according to General 

procedure A. Flash column chromatography (33% EtOAc in 

pentane) afforded the title compound as a white solid (29 mg, 

0.055 mmol, 97%). 
1H NMR (500 MHz, CDCl3) δ 8.85 (s, 1H), 7.29 – 7.25 (m, 2H), 7.11 – 7.04 (m, 2H), 4.53 – 4.36 (m, 2H), 

3.41 – 3.34 (m, 2H), 3.20 – 2.87 (m, 2H), 2.61 – 2.52 (m, 2H), 2.02 – 1.92 (m, 2H), 1.91 – 1.60 (m, 16H), 

1.55 – 1.48 (m, 2H), 1.37 (qd, J = 13.1, 4.1 Hz, 2H).  
13C NMR (126 MHz, CDCl3) δ 161.89, 148.22, 147.23, 137.96, 132.18, 130.47, 128.66, 53.10, 47.98 (br), 

46.45 (br), 43.44, 42.06, 38.94, 38.16, 37.87, 31.58, 31.38, 28.07, 27.86, 24.74. 

HRMS: [M+H]+ calculated for C27H35ClN4O3S+H+ 531.21912, found 531.21893. 

(3-(Benzylsulfonyl)-1H-1,2,4-triazol-1-yl)(4-(4-chlorobenzyl)piperidin-1-yl)methanone (7) 

62 (30 mg, 0.070 mmol) was oxidized according to General procedure 

A. Flash column chromatography afforded the title compound (28 mg, 

0.063 mmol, 90%). 
1H NMR (400 MHz, CDCl3) δ 8.82 (s, 1H), 7.33 – 7.24 (m, 7H), 7.10 – 7.02 (m, 2H), 4.63 (s, 2H), 4.44 – 

3.99 (m, 2H), 3.08 – 2.78 (m, 2H), 2.68 – 2.40 (m, 2H), 1.87 – 1.70 (m, 1H), 1.86 – 1.53 (m, 2H), 1.39 – 

1.15 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 160.75, 148.12, 147.12, 137.98, 132.16, 131.12, 130.47, 129.26, 128.97, 

128.65, 126.50, 60.76, 47.90, 46.29, 42.03, 37.81, 32.12, 31.32. 

HRMS: [M+Na]+ calculated for C22H23ClN4O3S+Na+ 481.1072, found 481.1070. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-methoxybenzyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-

methanone (8) 

63 (30 mg, 0.066 mmol) was oxidized according to General 

procedure A. Flash column chromatography afforded the title 

compound (29 mg, 0.059 mmol, 90%). 
1H NMR (400 MHz, CDCl3) δ 8.82 (s, 1H), 7.30 – 7.24 (m, 2H), 7.21 – 7.15 (m, 2H), 7.10 – 7.04 (m, 2H), 

6.84 – 6.78 (m, 2H), 4.56 (s, 2H), 4.45 – 4.22 (m, 1H), 4.19 – 4.00 (m, 1H), 3.72 (s, 3H), 3.04 – 2.80 (m, 

2H), 2.54 (d, J = 7.0 Hz, 2H), 1.86 – 1.70 (m, 2H), 1.70 – 1.52 (m, 1H), 1.38 – 1.29 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 160.82, 160.35, 148.10, 147.17, 138.00, 132.34, 132.15, 130.47, 128.65, 

118.22, 114.42, 60.18, 55.33, 46.23 (br), 42.04, 37.82, 32.03 (br). 

HRMS: [M+Na]+ calculated for C23H25ClN4O4S+Na+ 511.1177, found 511.1182. 

 

  



Chapter 4 

140 

 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)sulfonyl)-1H-1,2,4-triazol-1-

yl)methanone (9, IK015) 

64 (40 mg, 0.078 mmol) was oxidized according to General 

procedure A. Flash column chromatography afforded the title 

compound (40 mg, 0.074 mmol, 94%). 
1H NMR (400 MHz, CDCl3) δ 8.85 (s, 1H), 7.39 – 7.31 (m, 2H), 7.30 – 7.21 (m, 2H), 7.21 – 7.13 (m, 2H), 

7.10 – 7.02 (m, 2H), 4.64 (s, 2H), 4.44 – 4.10 (m, 2H), 3.09 – 2.82 (m, 2H), 2.54 (d, J = 6.5 Hz, 2H), 1.86 – 

1.72 (m, 1H), 1.72 – 1.58 (m, 2H), 1.38 – 1.20 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 160.76, 150.02 (q, J = 1.8 Hz), 148.28, 147.01, 137.92, 132.77, 132.20, 

130.46, 128.67, 125.09, 121.32, 120.42 (q, J = 258.2 Hz), 59.75, 47.92 (br), 46.49 (br), 42.02, 37.81, 31.43 

(br). 

HRMS: [M+H]+ calculated for C23H22ClF3N4O4S+H+ 543.10751, found 543.10753. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-ethoxybenzyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-methanone 

(10) 

65 (40 mg, 0.085 mmol) was oxidized according to General 

procedure A. Flash column chromatography afforded the title 

compound (35 mg, 0.070 mmol, 82%). 
1H NMR (400 MHz, CDCl3) δ 8.82 (s, 1H), 7.29 – 7.23 (m, 2H), 7.20 – 7.12 (m, 2H), 7.10 – 7.03 (m, 2H), 

6.83 – 6.75 (m, 2H), 4.56 (s, 2H), 4.42 – 4.26 (m, 1H), 4.16 – 4.01 (m, 1H), 3.94 (q, J = 7.1 Hz, 2H), 3.03 – 

2.79 (m, 2H), 2.53 (d, J = 7.0 Hz, 2H), 1.85 – 1.69 (m, 1H), 1.83 – 1.56 (m, 2H), 1.36 (t, J = 7.0 Hz, 3H), 

1.33 – 1.18 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 160.76, 159.69, 148.06, 147.14, 137.98, 132.28, 132.08, 130.44, 128.59, 

117.96, 114.85, 63.52, 60.18, 47.73 (br), 46.22 (br), 41.99, 37.76, 31.99 (br), 31.35 (br), 14.80. 

HRMS: [M+H]+ calculated for C24H27ClN4O4S+H+ 503.15143, found 503.15122. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-isopropoxybenzyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-

methanone (11) 

66 (40 mg, 0.082 mmol) was oxidized according to General 

procedure A. Flash column chromatography afforded the title 

compound (33 mg, 0.064 mmol, 77%). 
1H NMR (400 MHz, CDCl3) δ 8.82 (s, 1H), 7.31 – 7.23 (m, 2H), 7.20 – 7.11 (m, 2H), 7.13 – 7.03 (m, 2H), 

6.83 – 6.74 (m, 2H), 4.56 (s, 2H), 4.47 (hept, J = 6.1 Hz, 1H), 4.42 – 4.25 (m, 1H), 4.22 – 4.03 (m, 1H), 3.07 

– 2.81 (m, 2H), 2.54 (d, J = 6.9 Hz, 2H), 1.82 – 1.70 (m, 1H), 1.85 – 1.58 (m, 2H), 1.38 – 1.22 (m, 2H), 1.28 

(d, J = 6.0 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 160.92, 158.79, 148.08, 147.21, 138.00, 132.38, 132.19, 130.49, 128.68, 

117.77, 116.07, 70.00, 60.21, 47.67 (br), 42.08, 37.89, 32.28 (br), 31.38 (br), 22.07. 

HRMS: [M+H]+ calculated for C25H29ClN4O4S+H+ 517.16708, found 517.16687. 

4-(((1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-1H-1,2,4-triazol-3-yl)sulfonyl)methyl)-pyridine 1-

oxide (12) 

67 (50 mg, 0.12 mmol) was oxidized according to General 

procedure A. Flash column chromatography afforded the title 

compound (53 mg, 0.011 mmol, 95%). 
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1H NMR (400 MHz, CDCl3) δ 8.87 (s, 1H), 8.19 – 8.11 (m, 2H), 7.31 – 7.21 (m, 4H), 7.11 – 7.03 (m, 2H), 

4.61 (s, 2H), 4.42 – 4.26 (m, 2H), 3.15 – 2.85 (m, 2H), 2.65 – 2.46 (m, 2H), 1.87 – 1.71 (m, 3H), 1.41 – 1.28 

(m, 2H). 
13C NMR (101 MHz, CDCl3) δ 160.46, 146.81, 139.68, 137.91, 132.24, 130.50, 128.71, 128.51, 124.52, 

58.49, 42.03, 37.82. 

HRMS: [M+H]+ calculated for C21H22ClN5O4S+H+ 476.11538, found 476.11525. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-(phenethylsulfonyl)-1H-1,2,4-triazol-1-yl)methanone (13) 

68 (40 mg, 0.091 mmol) was oxidized according to General procedure 

A. Flash column chromatography afforded the title compound (16 mg, 

0.033 mmol, 36%). 
1H NMR (400 MHz, CDCl3) δ 8.82 (s, 1H), 7.32 – 7.24 (m, 5H), 7.19 – 

7.14 (m, 2H), 7.10 – 7.04 (m, 2H), 4.54 – 4.33 (m, 2H), 3.80 – 3.57 (m, 2H), 3.27 – 3.13 (m, 2H), 3.13 – 

2.83 (m, 2H), 2.57 (d, J = 6.8 Hz, 2H), 1.94 – 1.68 (m, 3H), 1.37 (qd, J = 13.3, 4.1 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 161.73, 148.27, 147.15, 137.96, 136.99, 132.21, 130.49, 128.99, 128.69, 

128.52, 127.25, 55.62, 46.85 (br), 42.09, 37.90, 28.44. 

HRMS: [M+Na]+ calculated for C23H25ClN4O3S+Na+ 495.1228, found 473.1232. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-methylphenethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-

methanone (14) 

69 (40 mg, 0.088 mmol) was oxidized according to General procedure 

A. Flash column chromatography afforded the title compound (22 

mg, 0.045 mmol, 51%). 
1H NMR (400 MHz, CDCl3) δ 8.82 (s, 1H), 7.32 – 7.22 (m, 2H), 7.14 – 

6.99 (m, 6H), 4.60 – 4.27 (m, 2H), 3.76 – 3.58 (m, 2H), 3.22 – 3.09 (m, 2H), 3.09 – 2.84 (m, 2H), 2.57 (d, J 

= 6.8 Hz, 2H), 2.31 (s, 3H), 1.94 – 1.68 (m, 3H), 1.36 (qd, J = 13.2, 4.1 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 161.74, 148.26, 147.15, 137.96, 136.91, 133.87, 132.21, 130.49, 129.63, 

128.69, 128.38, 55.74, 47.84 (br), 42.09, 37.89, 28.02, 21.15. 

HRMS: [M+Na]+ calculated for C24H27ClN4O3S+Na+ 509.1385, found 509.1382. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((3-chlorophenethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-

methanone (15) 

70 (40 mg, 0.084 mmol) was oxidized according to General 

procedure A. Flash column chromatography afforded the title 

compound (32 mg, 0.063 mmol, 75%). 
1H NMR (400 MHz, CDCl3) δ 8.82 (s, 1H), 7.30 – 7.24 (m, 2H), 7.23 – 

7.19 (m, 2H), 7.18 – 7.16 (m, 1H), 7.12 – 7.01 (m, 3H), 4.51 – 4.35 (m, 2H), 3.73 – 3.61 (m, 2H), 3.20 – 

3.13 (m, 2H), 3.11 – 2.87 (m, 2H), 2.57 (d, J = 6.8 Hz, 2H), 1.89 – 1.71 (m, 3H), 1.37 (qd, J = 13.2, 4.1 Hz, 

2H). 
13C NMR (101 MHz, CDCl3) δ 161.57, 148.30, 147.05, 138.89, 137.95, 134.64, 132.16, 130.48, 130.22, 

128.75, 128.66, 127.46, 126.74, 55.17, 42.05, 37.86, 32.02, 28.18. 

HRMS: [M+H]+ calculated for C23H24Cl2N4O3S+H+ 507.1019, found 507.1016. 
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(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((3,4-dichlorophenethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-

methanone (16) 

71 (28 mg, 0.055 mmol) was oxidized according to General 

procedure A. Flash column chromatography afforded the title 

compound (12 mg, 0.023 mmol, 41%). 
1H NMR (500 MHz, CDCl3) δ 8.83 (s, 1H), 7.35 (d, J = 8.2 Hz, 1H), 

7.31 – 7.23 (m, 3H), 7.11 – 7.04 (m, 2H), 7.02 (dd, J = 8.2, 2.1 Hz, 1H), 

4.52 – 4.36 (m, 2H), 3.75 – 3.60 (m, 2H), 3.27 – 3.12 (m, 2H), 3.12 – 2.83 (m, 2H), 2.66 – 2.51 (m, 2H), 

1.91 – 1.69 (m, 3H), 1.37 (qd, J = 13.2, 4.2 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 161.63, 147.03, 137.95, 137.14, 132.93, 132.24, 131.50, 130.89, 130.64, 

130.50, 128.70, 127.99, 55.01, 42.08, 37.88, 27.73. 

HRMS: [M+Na]+ calculated for C23H23Cl3N4O3S+Na+ 563.0449, found 563.0455. 

1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N-(4-methoxyphenyl)-1H-1,2,4-triazole-3-

sulfonamide (17) 

62 (1 eq, 50 mg, 0.12 mmol) was reacted with p-anisidine (92, 50 

eq, 721 mg dissolved in 1.3 mL DCM, 5.86 mmol) according to 

General procedure B. Flash column chromatography (30 → 60% 

EtOAc in pentane) afforded the title compound as off-white gum (15 mg, 0.031 mmol, 26%). 
1H NMR (500 MHz, CDCl3) δ 8.83 (s, 1H), 7.28 – 7.23 (m, 2H), 7.21 – 7.16 (m, 2H), 7.09 – 7.04 (m, 2H), 

6.82 – 6.78 (m, 2H), 4.45 – 4.23 (m, 2H), 3.74 (s, 3H), 3.45 (s, 3H), 3.07 – 2.80 (m, 2H), 2.53 (d, J = 6.4 Hz, 

2H), 1.82 – 1.55 (m, 3H), 1.39 – 1.16 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 160.83, 158.44, 148.06, 147.28, 138.04, 132.17, 130.49, 128.67, 127.80, 

125.81, 114.61, 55.50, 47.81 (br), 46.26 (br), 42.07, 37.83, 32.05 (br), 31.39 (br). 

HRMS: [M+H]+ calculated for C22H24ClN5O4S+H+ 419.13103, found 419.13099. 

1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N-(4-methoxyphenyl)-N-methyl-1H-1,2,4-triazole-3-

sulfonamide (18) 

62 (1 eq, 50 mg, 0.12 mmol) was reacted with N-methyl-p-

anisidine (93, 35 eq, 562 mg dissolved in 2 mL DCM, 4.10 mmol) 

according to General procedure B. Flash column chromatography 

(30 → 55% EtOAc in pentane) afforded the title compound as slightly brown oil (43 mg, 0.085 mmol, 

73%). 
1H NMR (500 MHz, CDCl3) δ 8.83 (s, 1H), 7.29 – 7.23 (m, 4H), 7.18 (d, J = 8.3 Hz, 2H), 7.06 (d, J = 8.0 

Hz, 3H), 6.81 (d, J = 8.3 Hz, 2H), 4.34 (s, 2H), 3.74 (s, 3H), 3.45 (s, 3H), 3.07 – 2.80 (m, 2H), 2.53 (d, J = 

6.4 Hz, 2H), 1.82 – 1.55 (m, 3H), 1.39 – 1.16 (m, 1H). 
13C NMR (126 MHz, CDCl3) δ 161.03, 159.12, 147.82, 147.37, 137.97, 133.01, 132.01, 130.43, 128.60, 

128.55, 114.44, 55.49, 47.77 (br), 46.19 (br), 41.97, 40.03, 37.73, 31.95 (br), 31.36 (br). 

HRMS: [M+H]+ calculated for C23H26ClN5O4S+H+ 504.14668, found 504.14631. 

1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N-(4-(trifluoromethoxy)phenyl)-1H-1,2,4-triazole-3-

sulfonamide (19, WEN222) 

62 (1 eq, 50 mg, 0.12 mmol) was reacted with 4-

(trifluoromethoxy)aniline (94, 35 eq, 550 µL, 4.10 mmol) according 

to General procedure B. Flash column chromatography (25 → 40% 

EtOAc in pentane) afforded the title compound as slightly brown oil (33 mg, 0.061 mmol, 52%). 
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1H NMR (400 MHz, CDCl3) δ 8.94 (s, 1H), 8.89 (s, 1H), 7.37 – 7.31 (m, 2H), 7.32 – 7.22 (m, 2H), 7.14 – 

7.08 (m, 2H), 7.09 – 7.03 (m, 2H), 4.47 – 3.95 (m, 2H), 3.03 – 2.80 (m, 2H), 2.53 (d, J = 6.6 Hz, 2H), 1.85 

– 1.49 (m, 3H), 1.38 – 1.15 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 160.51, 148.38, 147.08, 146.90 (d, J = 1.9 Hz), 137.92, 134.33, 132.18, 

130.44, 128.65, 123.53, 122.08, 120.43 (q, J = 257.4 Hz), 47.74 (br), 46.35 (br), 41.99, 37.75, 32.03 (br), 

31.33 (br). 

HRMS: [M+H]+ calculated for C22H21ClF3N5O4S+H+ 544.10276, found 544.10268. 

1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N-methyl-N-(4-(trifluoromethoxy)phenyl)-1H-1,2,4-

triazole-3-sulfonamide (20) 

62 (1 eq, 49 mg, 0.12 mmol) was reacted with N-methyl-4-

(trifluoromethoxy)aniline (95, 10 eq, 175 µL, 1.17 mmol) 

according to General procedure C. Flash column chromatography 

(20 → 50% EtOAc in pentane) afforded the title compound as grayish gum (8 mg, 0.014 mmol, 12%). 
1H NMR (500 MHz, CDCl3) δ 8.82 (s, 1H), 7.40 – 7.33 (m, 2H), 7.32 – 7.22 (m, 2H), 7.20 – 7.14 (m, 2H), 

7.11 – 7.03 (m, 2H), 4.42 – 4.30 (m, 2H), 3.48 (s, 3H), 3.09 – 2.83 (m, 2H), 2.54 (d, J = 6.1 Hz, 2H), 1.85 – 

1.74 (m, 1H), 1.85 – 1.64 (m, 2H), 1.39 – 1.20 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 161.02, 148.40 (q, J = 1.4 Hz), 147.95, 147.33, 139.08, 137.95, 132.22, 

130.47, 128.80, 128.68, 121.74, 120.46 (q, J = 258.1 Hz), 47.85 (br), 46.35 (br), 42.06, 39.76, 37.87, 32.17 

(br), 31.45 (br). 

HRMS: [M+H]+ calculated for C23H23ClF3N5O4S+H+ 558.11841, found 558.11824. 

1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N-(4-isopropoxyphenyl)-1H-1,2,4-triazole-3-

sulfonamide (21) 

62 (1 eq, 51 mg, 0.12 mmol) was reacted with 96 (10 eq, 177 mg 

dissolved in 1 mL DCM, 1.17 mmol) according to General 

procedure C. Flash column chromatography (20 → 60% EtOAc in 

pentane) afforded the title compound as brown oil (3 mg, 6 µmol, 5%). 
1H NMR (500 MHz, CDCl3) δ 8.79 (s, 1H), 7.31 (bs, 1H), 7.30 – 7.24 (m, 2H), 7.16 – 7.10 (m, 2H), 7.08 – 

7.03 (m, 2H), 6.78 – 6.71 (m, 2H), 4.42 (hept, J = 6.1 Hz, 1H), 4.39 – 4.09 (m, 2H), 2.91 (s, 2H), 2.53 (d, J 

= 6.9 Hz, 2H), 1.82 – 1.71 (m, 1H), 1.82 – 1.56 (m, 2H), 1.36 – 1.20 (m, 2H), 1.27 (d, J = 6.1 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 161.07, 156.90, 147.30, 138.03, 132.20, 130.49, 128.69, 127.30, 125.92, 

116.43, 70.28, 68.13, 47.93 (br), 46.26 (br), 42.11, 37.91, 22.07. 

HRMS: [M+H]+ calculated for C24H28ClN5O4S+H+ 518.16233, found 518.16209. 

1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N-(4-chlorophenyl)-1H-1,2,4-triazole-3-sulfonamide 

(22) 

62 (1 eq, 49 mg, 0.12 mmol) was reacted with 4-chloroaniline (97, 

53 eq, 781 mg dissolved in 1 mL DCM, 4.10 mmol) according to 

General procedure B. Flash column chromatography (20 → 40% 

EtOAc in pentane) afforded the title compound as white solid (10 mg, 0.020 mmol, 18%). 
1H NMR (500 MHz, CDCl3) δ 8.81 (s, 1H), 8.10 (s, 1H), 7.31 – 7.24 (m, 2H), 7.24 – 7.20 (m, 4H), 7.10 – 

7.05 (m, 2H), 4.43 – 4.02 (m, 2H), 3.00 – 2.81 (m, 2H), 2.54 (d, J = 7.0 Hz, 2H), 1.84 – 1.73 (m, 1H), 1.85 

– 1.53 (m, 2H), 1.36 – 1.17 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 160.59, 148.16, 147.08, 137.97, 134.14, 132.24, 131.90, 130.49, 129.60, 

128.71, 123.79, 47.80 (br), 46.35 (br), 42.06, 37.82, 32.09 (br), 31.01 (br). 

HRMS: [M+H]+ calculated for C21H21Cl2N5O3S+H+ 494.08149, found 494.08133. 
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1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N-(4-(trifluoromethyl)phenyl)-1H-1,2,4-triazole-3-

sulfonamide (23) 

62 (1 eq, 67 mg, 0.16 mmol) was reacted with 4-

(trifluoromethyl)aniline (98, 35 eq, 650 µL diluted to 1 mL with 

DCM, 5.15 mmol) according to General procedure B. Flash column 

chromatography (20 → 40% EtOAc in pentane) afforded the title compound as off-white gum (66 mg, 

0.13 mmol, 80%). 
1H NMR (500 MHz, CDCl3) δ 8.84 (s, 1H), 7.54 – 7.49 (m, 2H), 7.43 – 7.37 (m, 2H), 7.30 – 7.24 (m, 2H), 

7.09 – 7.04 (m, 2H), 4.44 – 4.03 (m, 2H), 3.02 – 2.84 (m, 2H), 2.54 (d, J = 5.7 Hz, 2H), 1.84 – 1.72 (m, 1H), 

1.85 – 1.53 (m, 2H), 1.38 – 1.16 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 160.58, 148.35, 147.00, 139.11, 137.91, 132.25, 130.46, 128.70, 127.65 (q, 

J = 32.9 Hz), 126.75 (q, J = 3.7 Hz), 123.91 (d, J = 272.2 Hz), 120.80, 47.83 (br), 46.36 (br), 42.02, 37.79, 

32.08 (br). 

HRMS: [M+H]+ calculated for C22H21ClF3N5O3S+H+ 528.10785, found 528.10765. 

N-(3-Chloro-4-(trifluoromethoxy)phenyl)-1-(4-(4-chlorobenzyl)piperidine-1-carbonyl)-1H-1,2,4-

triazole-3-sulfonamide (24) 

62 (1 eq, 49 mg, 0.12 mmol) was reacted with 3-chloro-4-

(trifluoromethoxy)aniline (99, 14 eq, 228 µL diluted to 1 mL with 

DCM, 1.57 mmol) according to General procedure C. Flash 

column chromatography (20 → 50% EtOAc in pentane) afforded 

the title compound as white solid (8 mg, 0.014 mmol, 12%). 
1H NMR (500 MHz, CDCl3) δ 8.86 (s, 1H), 8.53 (s, 1H), 7.49 (dd, J = 2.0, 0.9 Hz, 1H), 7.30 – 7.25 (m, 2H), 

7.23 – 7.17 (m, 2H), 7.10 – 7.04 (m, 2H), 4.45 – 4.13 (m, 2H), 3.08 – 2.83 (m, 2H), 2.55 (d, J = 3.9 Hz, 2H), 

1.85 – 1.74 (m, 1H), 1.84 – 1.60 (m, 2H), 1.37 – 1.18 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 160.49, 146.95, 142.86 (q, J = 1.7 Hz), 137.91, 135.18, 132.24, 130.47, 

128.69, 128.46, 123.58, 123.53, 120.93, 47.83 (br), 46.43 (br), 42.03, 37.82, 32.07 (br), 41.44 (br). 

HRMS: [M+H]+ calculated for C22H20Cl2F3N5O4S+H+ 578.06379, found 578.06321. 

1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N,N-diphenyl-1H-1,2,4-triazole-3-sulfonamide (25) 

62 (1 eq, 50 mg, 0.12 mmol) was reacted with diphenylamine (100, 35 

eq, 578 µL dissolved in 2 mL DCM, 4.10 mmol) according to General 

procedure B. Preparative HPLC afforded the title compound as dark 

oil (5 mg, 9 µmol, 8%). 
1H NMR (500 MHz, CDCl3) δ 8.85 (s, 1H), 7.51 – 7.44 (m, 4H), 7.36 – 7.28 (m, 4H), 7.29 – 7.23 (m, 4H), 

7.09 – 7.03 (m, 2H), 4.38 – 4.23 (m, 2H), 3.01 – 2.85 (m, 2H), 2.54 (d, J = 6.9 Hz, 2H), 2.03 – 1.85 (m, 3H), 

1.83 – 1.72 (m, 1H), 1.70 – 1.55 (m, 1H). 
13C NMR (126 MHz, CDCl3) δ 162.11, 147.40, 140.82, 138.02, 132.23, 130.50, 129.49, 128.69, 128.30, 

127.80, 77.42, 77.16, 76.91, 42.11, 37.89. 

HRMS: [M+H]+ calculated for C27H26ClN5O3S 536.15176, found 536.15163. 
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1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N-(3-(trifluoromethoxy)benzyl)-1H-1,2,4-triazole-3-

sulfonamide (26) 

62 (1 eq, 50 mg, 0.12 mmol) was reacted with 3-

(trifluoromethoxy)benzylamine (101, 15 eq, 263 µL, 1.78 mmol) 

according to General procedure C. Flash column 

chromatography (5 → 50% EtOAc in pentane) afforded the title 

compound as grayish gum (13 mg, 0.023 mmol, 20%). 
1H NMR (500 MHz, CDCl3) δ 8.74 (s, 1H), 7.36 – 7.30 (m, 1H), 7.29 – 7.22 (m, 3H), 7.19 – 7.16 (m, 1H), 

7.16 – 7.10 (m, 1H), 7.11 – 7.03 (m, 2H), 5.99 – 5.80 (m, 1H), 4.41 (app. d, J = 6.2 Hz, 4H), 3.13 – 2.83 

(m, 2H), 2.56 (d, J = 6.9 Hz, 2H), 1.87 – 1.75 (m, 1H), 1.68 (s, 2H), 1.34 (qd, J = 13.3, 4.1 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 162.15, 149.53 (q, J = 1.9 Hz), 147.28, 138.47, 137.99, 132.19, 130.49, 

130.31, 128.68, 126.32, 125.74, 120.63, 120.56, 120.50 (q, J = 257.4 Hz), 47.15, 44.47, 42.07, 37.88, 31.81. 

HRMS: [M+H]+ calculated for C23H23ClF3N5O4S+H+ 558.11841, found 558.11832. 

1-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)-N-(4-(trifluoromethoxy)benzyl)-1H-1,2,4-triazole-3-

sulfonamide (27) 

62 (1 eq, 50 mg, 0.12 mmol) was reacted with 4-

(trifluoromethoxy)benzylamine (102, 15 eq, 268 µL, 1.78 mmol) 

according to General procedure C. Preparative HPLC afforded the 

title compound as colorless oil (< 1 mg, < 2 µmol, < 2%). 
1H NMR (500 MHz, CDCl3) δ 8.79 (s, 1H), 7.38 – 7.31 (m, 2H), 7.30 

– 7.26 (m, 2H), 7.21 – 7.15 (m, 2H), 7.11 – 7.04 (m, 2H), 4.50 – 4.34 (m, 2H), 4.40 (d, J = 6.2 Hz, 2H), 3.16 

– 2.85 (m, 2H), 2.57 (d, J = 6.8 Hz, 2H), 1.87 – 1.71 (m, 3H), 1.36 (qd, J = 12.4, 4.2 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 147.33, 140.58, 132.24, 130.51, 129.57, 128.71, 121.45, 47.17, 42.12, 37.92. 

HRMS: [M+H]+ calculated for C23H23ClF3N5O4S+H+ 558.11841, found 558.11810. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(4-((4-methoxybenzyl)sulfonyl)-2H-1,2,3-triazol-2-yl)-

methanone (28) 

72 (15 mg, 0.033 mmol) was oxidized according to General 

procedure A. Flash column chromatography afforded the title 

compound (9.7 mg, 0.020 mmol, 60%). 
1H NMR (400 MHz, CDCl3) δ 7.84 (s, 1H), 7.29 – 7.24 (m, 2H), 7.18 – 7.11 (m, 2H), 7.11 – 7.05 (m, 2H), 

6.86 – 6.79 (m, 2H), 4.51 (s, 2H), 4.50 – 4.41 (m, 1H), 3.76 (s, 3H), 3.70 – 3.59 (m, 1H), 3.11 – 2.94 (m, 

2H), 2.57 (d, J = 7.0 Hz, 2H), 1.90 – 1.75 (m, 2H), 1.75 – 1.54 (m, 1H), 1.40 – 1.32 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 160.48, 147.65, 147.52, 137.98, 136.53, 132.36, 132.22, 130.48, 128.70, 

118.32, 114.53, 61.75, 55.40, 48.02, 46.23, 42.09, 37.91, 32.06. 

HRMS: [M+Na]+ calculated for C23H25ClN4O4S+Na+ 511.1177, found 511.1177. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)sulfonyl)-1H-pyrazol-1-yl)-

methanone (29) 

73 (36 mg, 0.071 mmol) was oxidized according to General 

procedure A. Flash column chromatography (10 → 40% EtOAc in 

pentane) afforded the title compound as gray gum (31 mg, 0.057 

mmol, 81%). 

Analytical data on next page.  
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1H NMR (500 MHz, CDCl3) δ 8.09 (d, J = 2.7 Hz, 1H), 7.31 – 7.22 (m, 4H), 7.20 – 7.13 (m, 2H), 7.11 – 7.05 

(m, 2H), 6.64 (d, J = 2.8 Hz, 1H), 4.48 (s, 2H), 4.45 – 4.22 (m, 2H), 3.09 – 2.84 (m, 2H), 2.56 (d, J = 7.1 Hz, 

2H), 1.86 – 1.68 (m, 3H), 1.40 – 1.27 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 151.11, 149.84 (q, J = 1.9 Hz), 149.47, 138.11, 133.78, 132.60, 132.10, 

130.47, 128.62, 126.01, 121.18, 120.42 (q, J = 257.8 Hz), 108.77, 60.99, 42.11, 37.96, 29.80. 

HRMS: [M+NH4]+ calculated for C24H23ClF3N3O4S+NH4
+ 559.13881, found 559.13867. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(4-((4-(trifluoromethoxy)benzyl)sulfonyl)-1H-pyrazol-1-yl)-

methanone (30, WEN258) 

74 (28 mg, 0.055 mmol) was oxidized according to General 

procedure A. Flash column chromatography (15 → 40% EtOAc in 

pentane) afforded the title compound as white solid (25 mg, 

0.046 mmol, 84%). 
1H NMR (500 MHz, CDCl3) δ 8.31 (d, J = 0.8 Hz, 1H), 7.50 (d, J = 0.8 Hz, 1H), 7.31 – 7.23 (m, 4H), 7.23 – 

7.16 (m, 2H), 7.10 – 7.04 (m, 2H), 4.42 – 4.33 (m, 2H), 4.36 (s, 2H), 3.00 – 2.91 (m, 2H), 2.56 (d, J = 7.1 

Hz, 2H), 1.86 – 1.67 (m, 3H), 1.34 (qd, J = 12.8, 4.1 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 149.97 (d, J = 1.9 Hz), 149.28, 140.32, 138.13, 135.45, 132.56, 132.11, 

130.48, 128.63, 126.63, 122.07, 121.28, 120.45 (q, J = 257.4 Hz), 62.90, 42.19, 37.99, 31.91 (br). 

HRMS: [M+Na]+ calculated for C24H23ClF3N3O4S+Na+ 564.09421, found 564.09377. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-fluorobenzyl)sulfonyl)-5-methyl-1H-1,2,4-triazol-1-

yl)methanone (31) 

75 (49 mg, 0.107 mmol) was oxidized according General procedure 

A. Flash column chromatography (30 → 80% EtOAc in pentane) 

afforded the title compound (52 mg, 0.106 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ 7.33 – 7.21 (m, 4H), 7.10 – 7.03 (m, 2H), 7.06 – 6.96 (m, 2H), 4.56 (s, 2H), 

4.41 – 4.33 (m, 1H), 3.49 (d, J = 13.5 Hz, 1H), 2.97 – 2.83 (m, 2H), 2.67 (s, 3H), 2.61 – 2.47 (m, 2H), 1.81 

– 1.65 (m, 2H), 1.65 – 1.57 (m, 1H), 1.39 – 1.18 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 164.56, 160.61 (d, J = 296.7 Hz), 158.54, 147.97, 137.96, 132.99 (d, J = 8.5 

Hz), 132.14, 130.45, 128.63, 122.40 (d, J = 3.3 Hz), 116.05 (d, J = 21.8 Hz), 59.86, 47.98, 45.57, 41.96, 

37.78, 32.04, 31.29, 13.73. 

HRMS: [M+H]+ calculated for C24H24ClFN4O3S 491.13144, found 491.13150. 

(4-(4-Chlorobenzylidene)piperidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)sulfonyl)-1H-1,2,4-triazol-

1-yl)methanone (32) 

114 (125 mg, 0.39 mmol) was reacted with 123 (1.2 eq, 143 mg, 

0.47 mmol) according to General procedure D. The residue was 

purified by flash column chromatography (0 → 30% EtOAc in 

pentane) yielding the title compound as off-white gum (27 mg, 0.050 mmol, 13%). 
1H NMR (500 MHz, CDCl3) δ 8.89 (s, 1H), 7.38 – 7.33 (m, 2H), 7.33 – 7.28 (m, 2H), 7.21 – 7.16 (m, 2H), 

7.14 – 7.09 (m, 2H), 6.39 (s, 1H), 4.65 (s, 2H), 3.81 – 3.74 (m, 2H), 3.69 – 3.61 (m, 2H), 2.67 – 2.37 (m, 

4H). 
13C NMR (126 MHz, CDCl3) δ 160.95, 150.06, 148.37, 147.09, 136.14, 135.17, 132.80, 132.75, 130.22, 

128.65, 125.38, 125.08, 122.17, 121.35, 120.43 (q, J = 258.2 Hz), 77.41, 77.16, 76.91, 59.76. 

HRMS: [M+Na]+ calculated for C23H20ClF3N4O4S 563.07381, found 563.07342. 
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(4-(4-Chlorobenzylidene)-2-methylpiperidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)sulfonyl)-1H-

1,2,4-triazol-1-yl)methanone (33) 

115 (58 mg, 0.17 mmol) was reacted with 123 (1.2 eq, 65 mg, 0.21 

mmol) according to General procedure D. The residue was purified 

by flash column chromatography (10 → 40% EtOAc in pentane) 

yielding the title compound as mixture of two E/Z isomers (ratio ∼4:3) as yellow-gray gum (35 mg, 

0.063 mmol, 37%). 

Isomer 1: 
1H NMR (500 MHz, CDCl3) δ 8.88 (s, 1H), 7.39 – 7.33 (m, 2H), 7.33 – 7.28 (m, 2H), 7.21 – 7.15 (m, 2H), 

7.15 – 7.07 (m, 2H), 6.50 (s, 1H), 4.80 – 4.55 (m, 1H), 4.64 (s, 2H), 4.32 – 4.15 (m, 1H), 3.29 (td, J = 13.3, 

3.3 Hz, 1H), 2.75 – 2.60 (m, 1H), 2.50 (td, J = 13.5, 4.8 Hz, 1H), 2.45 – 2.38 (m, 2H), 1.19 (d, J = 5.7 Hz, 

3H). 
13C NMR (126 MHz, CDCl3) δ 160.80, 149.98 (q, J = 1.4 Hz), 148.36, 147.15, 135.23, 134.04, 132.78, 

132.64, 130.02, 128.63, 127.03, 125.10, 121.29, 120.06 (q, J = 258.3 Hz), 59.71, 49.95, 42.82, 35.46, 34.26, 

16.88. 

Isomer 2: 
1H NMR (500 MHz, CDCl3) δ 8.88 (s, 1H), 7.39 – 7.33 (m, 2H), 7.33 – 7.28 (m, 2H), 7.21 – 7.15 (m, 2H), 

7.15 – 7.07 (m, 2H), 6.37 (s, 1H), 4.80 – 4.55 (m, 1H), 4.64 (s, 2H), 4.14 – 3.96 (m, 1H), 3.23 – 3.14 (m, 

1H), 2.84 – 2.75 (m, 1H), 2.75 – 2.60 (m, 1H), 2.35 – 2.14 (m, 2H), 1.30 (d, J = 7.2 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 160.80, 149.98 (q, J = 1.4 Hz), 148.36, 147.15, 135.27, 133.91, 132.78, 

132.66, 130.07, 128.62, 126.83, 125.08, 121.29, 120.06 (q, J = 258.3 Hz), 59.71, 50.36, 41.92, 40.63, 29.15, 

16.65. 

HRMS: [M+Na]+ calculated for C24H22ClF3N4O4S+Na+ 577.08946, found 577.08896. 

(4-(4-Chlorobenzylidene)-3-methylpiperidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)sulfonyl)-1H-

1,2,4-triazol-1-yl)methanone (34) 

116 (80 mg, 0.24 mmol) was reacted with 123 (1.1 eq, 81 mg, 0.26 

mmol) according to General procedure D. The residue was purified 

by flash column chromatography (10 → 50% EtOAc in pentane) 

yielding a mixture of E/Z isomers (ratio ∼2:1) of the title compound as colorless oil (79 mg, 0.14 mmol, 

60%). 

Analytical data on next page.  
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Isomer 1: 
1H NMR (400 MHz, CDCl3) δ 8.91 (s, 1H), 7.38 – 7.33 (m, 2H), 7.33 – 7.28 (m, 2H), 7.20 – 7.14 (m, 2H), 

7.13 – 7.06 (m, 2H), 6.37 (s, 1H), 4.65 (s, 2H), 4.01 – 3.90 (m, 1H), 3.78 – 3.67 (m, 1H), 3.63 – 3.46 (m, 

1H), 3.38 – 3.28 (m, 1H), 2.84 – 2.69 (m, 1H), 2.66 – 2.58 (m, 1H), 2.40 – 2.24 (m, 1H), 1.32 – 1.18 (m, 

3H). 
13C NMR (101 MHz, CDCl3) δ 160.78, 149.94, 148.42, 147.25, 140.76, 135.41, 132.75, 132.55, 130.26, 

128.53, 125.07, 123.14, 121.24, 120.35 (q, J = 258.1 Hz), 59.76, 52.96 (br), 48.26 (br), 37.95 (br), 27.83 

(br), 16.32. 

Isomer 2: 
1H NMR (400 MHz, CDCl3) δ 8.91 (s, 1H), 7.38 – 7.33 (m, 2H), 7.33 – 7.28 (m, 2H), 7.20 – 7.14 (m, 2H), 

7.13 – 7.06 (m, 2H), 6.29 (s, 1H), 4.65 (s, 2H), 3.90 – 3.80 (m, 1H), 3.78 – 3.67 (m, 1H), 3.63 – 3.46 (m, 

1H), 3.44 – 3.37 (m, 1H), 2.84 – 2.69 (m, 1H), 2.59 – 2.50 (m, 1H), 2.51 – 2.41 (m, 1H), 1.13 – 1.03 (m, 

3H). 
13C NMR (101 MHz, CDCl3) δ 160.78, 149.94, 148.42, 147.25, 140.65, 135.15, 132.75, 132.55, 129.82, 

128.63, 125.07, 124.33, 121.24, 120.35 (q, J = 258.1 Hz), 59.76, 54.09 (br), 46.94 (br), 38.51 (br), 26.94 

(br), 17.11 (br). 

HRMS: [M+Na]+ calculated for C24H22ClF3N4O4S+Na+ 577.08946, found 577.08839. 

(4-(4-Chlorobenzyl)-3-methylpiperidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)sulfonyl)-1H-1,2,4-

triazol-1-yl)methanone (35) 

118 (75 mg, 0.22 mmol) was reacted with 123 (1.1 eq, 75 mg, 0.24 

mmol) according to General procedure D. The residue was purified 

by flash column chromatography (25 → 50% EtOAc in pentane) 

yielding the title compound as colorless oil (88 mg, 0.17 mmol, 71%). 
1H NMR (400 MHz, CDCl3) δ 8.87 (s, 1H), 7.38 – 7.29 (m, 2H), 7.31 – 7.22 (m, 2H), 7.20 – 7.13 (m, 2H), 

7.12 – 7.02 (m, 2H), 4.64 (s, 2H), 4.35 – 3.95 (m, 2H), 3.16 (s, 2H), 2.62 – 2.42 (m, 2H), 2.06 – 1.70 (m, 

2H), 1.66 – 1.48 (m, 2H), 1.04 – 0.73 (m, 3H). 
13C NMR (101 MHz, CDCl3) δ 160.51, 149.84 (q, J = 1.7 Hz), 148.23, 148.21, 138.22, 132.66, 131.94, 

130.22, 128.58, 125.12, 120.30 (q, J = 257.9 Hz), 121.15, 59.66, 53.65 (br), 52.40 (br), 47.64 (br), 46.33 

(br), 40.83, 38.10 (br), 31.95 (br), 26.28 (br), 25.28 (br), 11.08 (br). 

HRMS: [M+Na]+ calculated for C24H24ClF3N4O4S+Na+ 579.10511, found 579.10457. 

(3-(4-Chlorobenzyl)pyrrolidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)sulfonyl)-1H-1,2,4-triazol-1-

yl)methanone (36) 

117 (50 mg, 0.16 mmol) was reacted with 123 (1.2 eq, 60 mg, 0.20 

mmol) according to General procedure D. The residue was purified 

by flash column chromatography (30 → 50% EtOAc in pentane) 

yielding a mixture of two conformationally restricted isomers of the 

title compound (ratio ∼3:2) as gray gum (31 mg, 0.059 mmol, 36%). 

Conformer 1: 
1H NMR (500 MHz, CDCl3) δ 8.98 (s, 1H), 7.36 – 7.31 (m, 2H), 7.31 – 7.22 (m, 2H), 7.20 – 7.13 (m, 2H), 

7.13 – 7.06 (m, 2H), 4.63 (s, 2H), 3.85 – 3.78 (m, 1H), 3.81 – 3.70 (m, 1H), 3.64 – 3.55 (m, 1H), 3.35 – 3.28 

(m, 1H), 2.73 – 2.69 (m, 2H), 2.53 – 2.39 (m, 1H), 2.09 – 2.02 (m, 1H), 1.73 – 1.57 (m, 1H). 
13C NMR (126 MHz, CDCl3) δ 161.00, 149.98, 147.70, 145.93 (d, J = 2.6 Hz), 137.85, 132.74, 132.50, 

130.07, 128.91, 125.17, 121.30, 120.35 (q, J = 257.2 Hz), 59.70, 53.93, 49.53, 38.71, 38.07, 31.89. 
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Conformer 2: 
1H NMR (500 MHz, CDCl3) δ 8.97 (s, 1H), 7.36 – 7.31 (m, 2H), 7.31 – 7.22 (m, 2H), 7.20 – 7.13 (m, 2H), 

7.13 – 7.06 (m, 2H), 4.63 (s, 2H), 3.93 – 3.86 (m, 2H), 3.81 – 3.70 (m, 1H), 3.55 – 3.48 (m, 1H), 2.79 – 2.66 

(m, 1H), 2.61 – 2.53 (m, 1H), 2.53 – 2.39 (m, 1H), 2.02 – 1.95 (m, 1H), 1.73 – 1.57 (m, 1H). 
13C NMR (126 MHz, CDCl3) δ 161.00, 149.98, 147.64, 145.93 (d, J = 2.6 Hz), 137.90, 132.74, 132.50, 

130.07, 128.91, 125.13, 121.30, 120.35 (q, J = 257.2 Hz), 59.70, 54.74, 48.77, 41.61, 38.01, 29.21. 

HRMS: [M+Na]+ calculated for C22H20ClF3N4O4S+Na+ 529.09186, found 529.09164. 

(3-(4-Chlorobenzylidene)pyrrolidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)sulfonyl)-1H-1,2,4-triazol-

1-yl)methanone (37) 

119 (114 mg, 0.37 mmol) was reacted with 123 (1.1 eq, 127 mg, 0.41 

mmol) according to General procedure D. The residue was purified 

by preparative HPLC yielding a mixture of two E/Z isomers of the 

title compound (ratio ∼2:1) as white powder (24 mg, 0.046 mmol, 

12%). 

Isomer 1: 
1H NMR (500 MHz, CDCl3) δ 9.02 (s, 1H), 7.40 – 7.31 (m, 4H), 7.23 – 7.15 (m, 2H), 7.16 – 7.11 (m, 2H), 

6.49 (s, 1H), 4.64 (s, 2H), 4.52 – 4.49 (s, 1H), 4.49 – 4.47 (m, 1H), 3.98 – 3.92 (m, 1H), 3.85 – 3.79 (m, 1H), 

2.93 – 2.81 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 161.22, 150.02, 147.81, 145.93, 137.04, 134.58, 133.30, 132.76, 132.69, 

129.53, 128.94, 125.11, 123.41, 121.34, 59.72, 54.70, 51.16, 48.08, 47.18, 34.42, 31.58. 

Isomer 2: 
1H NMR (500 MHz, CDCl3) δ 9.03 (s, 1H), 7.40 – 7.31 (m, 4H), 7.23 – 7.15 (m, 2H), 7.11 – 7.06 (m, 2H), 

6.45 (s, 1H), 4.72 – 4.69 (m, 1H), 4.64 (s, 2H), 4.62 – 4.60 (m, 1H), 4.05 – 4.00 (m, 1H), 3.92 – 3.87 (m, 

1H), 2.93 – 2.81 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 161.22, 150.02, 147.81, 145.93, 136.88 (br), 134.79 (br), 133.17 (br), 132.69, 

129.73, 129.70, 128.84, 128.80, 125.14, 123.07, 121.34, 59.84, 55.10, 52.28, 49.71, 49.10, 29.88, 27.50. 

HRMS: [M+Na]+ calculated for C22H18ClF3N4O4S+Na+ 527.07621, found 527.07611. 

(4-(Bis(4-chlorophenyl)methylene)piperidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)sulfonyl)-1H-

1,2,4-triazol-1-yl)methanone (38) 

122 (81 mg, 0.19 mmol) was reacted with 123 (1.1 eq, 63 mg, 0.21 

mmol) according to General procedure D. The residue was 

purified by flash column chromatography (10 → 40% EtOAc in 

pentane) yielding the title compound as white crystalline solid (84 

mg, 0.13 mmol, 69%). 
1H NMR (400 MHz, CDCl3) δ 8.90 (s, 1H), 7.33 (d, J = 8.1 Hz, 2H), 7.29 (d, J = 8.0 Hz, 4H), 7.14 (d, J = 

7.7 Hz, 2H), 7.02 (d, J = 6.5 Hz, 4H), 4.63 (s, 2H), 3.72 – 3.67 (m, 4H), 2.58 – 2.31 (m, 4H). 
13C NMR (101 MHz, CDCl3) δ 160.77, 149.89 (q, J = 1.6 Hz), 148.39, 147.02, 139.45, 136.82, 133.17, 

132.87, 132.72, 130.88, 128.66, 125.07, 121.24, 120.22 (q, J = 257.1 Hz), 59.70, 48.26 (br), 46.83 (br), 

31.37 (br), 30.83 (br). 

HRMS: [M+Na]+ calculated for C29H23Cl2F3N4O4S+Na+ 651.08419, found 651.08416. 
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4-(4-Chlorobenzyl)piperidine (39) 

4-(4-Chlorobenzyl)pyridine (124, 1 eq, 1.71 mL, 9.82 mmol), PtO2 (4 mol%, 89 mg, 

0.39 mmol) and hydrochloric acid (1 eq, 818 µL 12 M, 9.82 mmol) were added to 

EtOH (30 mL) and shaken for 24h under 3 bar H2 in a Parr reaction vessel. Catalyst was removed by 

filtration and volatiles under reduced pressure. Flash column chromatography (5 → 15% 7M 

methanolic ammonia in EtOAc) afforded the title compound as yellow oil (1.79 g, 8.53 mmol, 87%)  
1H NMR (400 MHz, CDCl3) δ 7.27 – 7.19 (m, 2H), 7.10 – 7.02 (m, 2H), 3.03 (dt, J = 12.6, 3.0 Hz, 2H), 2.54 

(td, J = 12.3, 2.1 Hz, 2H), 2.49 (d, J = 6.5 Hz, 2H), 1.66 (bs, 1H), 1.64 – 1.55 (m, 2H), 1.58 – 1.51 (m, 1H), 

1.13 (qd, J = 13.8, 13.3, 3.8 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 139.09, 131.58, 130.55, 128.31, 46.80, 43.22, 38.48, 33.44. 

3-((Cyclohexylmethyl)thio)-1H-1,2,4-triazole (40) 

1H-1,2,4-Triazole-3-thiol (76, 2.00 g, 19.8 mmol) was dissolved in 70 mL dry DMF and 

(bromomethyl)cyclohexane (1 eq, 2.76 mL, 19.8 mmol) was added slowly. K2CO3 (0.73 

eq, 2.00 g, 14.4 mmol) was added and the mixture was stirred for 6 h, during which it turned light 

purple and finally white and cloudy. The mixture was diluted with EtOAc and washed with water. The 

aqueous layer was extracted with EtOAc, after which the combined organic layers were washed with 

brine, dried over MgSO4, filtrated and concentrated in vacuo. Flash column chromatography (20 → 40% 

EtOAc in pentane) afforded the title compound as white crystalline solid (3.43 g, 17.4 mmol, 88%). 
1H NMR (400 MHz, CDCl3) δ 13.13 (bs, 1H), 8.20 (s, 1H), 3.08 (d, J = 7.0 Hz, 2H), 1.91 – 1.80 (m, 2H), 

1.76 – 1.61 (m, 3H), 1.69 – 1.52 (m, 1H), 1.31 – 1.05 (m, 3H), 0.98 (qd, J = 11.7, 3.4 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 157.29, 147.61, 39.96, 37.84, 32.49, 26.22, 25.95. 

N-cyclohexyl-N-methyl-1H-1,2,4-triazole-3-carboxamide (41) 

To a solution of 1H-1,2,4-triazole-3-carboxylic acid (77, 1 eq, 100 mg, 0.88 mmol) in 

dry THF (10 mL) with a few drops of DMF, SOCl2 (78 eq, 5.0 mL, 68.5 mmol) was added 

and the mixture was refluxed for 14 h. All volatiles were removed in vacuo, after which 

the residual lime green oil was dissolved in dry DCM (5 mL) and added dropwise to an ice-cold solution 

of N-methylcyclohexanamine (78, 13 eq, 1.5 mL, 11.5 mmol) in dry DCM (5 mL). The mixture was 

allowed to warm to RT and stirred overnight. Because TLC showed little reaction progress DIPEA (2 eq, 

300 µL, 1.72 mmol) was added and stirring was continued for 110 h. All volatiles were removed in 

vacuo. Flash column chromatography of the residue (40 → 70% EtOAc in petroleum ether) afforded 

the title compound as white solid (129 mg, 0.62 mmol, 70%). 

LC-MS: [M+H]+ calculated for C10H16N4O+H+ 209.14, found 209.07. RT = 7.78 min (0 → 50% CH3CN in 

H2O) 

3-(((Adamant-1-yl)methyl)thio)-1H-1,2,4-triazole (42) 

88 (405 mg, 1.12 mmol) was treated according to General procedure G to obtain the 

title compound as a white solid (89 mg, 0.36 mmol, 65%). 
1H NMR (400 MHz, CDCl3) δ 10.80 (bs, 1H), 8.15 (s, 1H), 3.08 (s, 1H), 2.01 – 1.95 (m, 

4H), 1.74 – 1.53 (m, 11H). 
13C NMR (101 MHz, CDCl3) δ 157.87, 148.01, 46.99, 41.54, 36.78, 33.89, 28.51. 

3-((2-(Adamant-1-yl)ethyl)thio)-1H-1,2,4-triazole (43) 

89 (462 mg, 1.18 mmol) was treated according to General procedure G to obtain 

the title compound as a white solid (100 mg, 0.380 mmol, 64%). 
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1H NMR (400 MHz, CDCl3) δ 11.68 (bs, 1H), 8.12 (s, 1H), 3.19 – 3.10 (m, 2H), 1.96 (p, J = 3.1 Hz, 3H), 

1.75 – 1.57 (m, 6H), 1.54 – 1.44 (m, 8H). 
13C NMR (101 MHz, CDCl3) δ 44.08, 42.22, 37.15, 33.06, 28.70, 27.47. 

3-((2-(Adamant-2-yl)ethyl)thio)-1H-1,2,4-triazole (44) 

90 (393 mg, 1.01 mmol) was treated according to General procedure G to obtain 

the title compound as a white solid (220 mg, 0.835 mmol, 83%). 
1H NMR (500 MHz, CDCl3) δ 8.15 (s, 1H), 3.21 – 3.14 (m, 2H), 1.90 – 1.75 (m, 9H), 

1.75 – 1.68 (m, 6H), 1.54 – 1.47 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 157.19, 148.10, 43.73, 39.16, 38.40, 32.62, 31.76, 31.72, 31.42, 28.30, 28.09, 

0.13. 

3-(Benzylthio)-1H-1,2,4-triazole (45) 

1,2,4-Triazole-3-thiol (76, 1.05 eq, 500 mg, 4.94 mmol) was benzylated with benzyl 

bromide (1 eq, 560 µL, 4.70 mmol) according to General procedure F. Flash column 

chromatography (40 → 70% EtOAc in pentane) afforded the title compound as white 

crystalline solid (669 mg, 3.50 mmol, 74%). 
1H NMR (500 MHz, CDCl3) δ 13.49 (bs, 1H), 8.09 (s, 1H), 7.31 – 7.26 (m, 2H), 7.26 – 7.17 (m, 3H), 4.33 

(s, 2H). 
13C NMR (126 MHz, CDCl3) δ 136.82, 128.92, 128.73, 127.72, 37.48. 

3-((4-Methoxybenzyl)thio)-1H-1,2,4-triazole (46) 

1H-1,2,4-Triazole-3-thiol (76, 1.4 eq, 106 mg, 1.05 mmol) was benzylated with 

4-methoxybenzyl chloride (1 eq, 105 µL, 0.77 mmol) according to General 

procedure F. Flash column chromatography afforded the title compound (116 mg, 0.52 mmol, 64%). 
1H NMR (400 MHz, CDCl3) δ 10.95 (bs, 1H), 8.12 (s, 1H), 7.26 – 7.17 (m, 2H), 6.82 – 6.74 (m, 2H), 4.30 

(s, 2H), 3.74 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 159.10, 156.43, 147.53, 130.16, 128.71, 114.11, 55.35, 37.06. 

3-((4-(Trifluoromethoxy)benzyl)thio)-1H-1,2,4-triazole (47) 

1H-1,2,4-Triazole-3-thiol (76, 1.05 eq, 400 mg, 3.96 mmol) was benzylated with 

4-(trifluoromethoxy)benzyl bromide (1 eq, 958 mg, 3.76 mmol) according to 

General procedure F. This afforded the title compound (433 mg, 1.57 mmol, 40%), which was used 

without further purification. 
1H NMR (400 MHz, CDCl3) δ 10.31 (bs, 1H), 8.16 (s, 1H), 7.41 – 7.33 (m, 2H), 7.15 – 7.07 (m, 2H), 4.36 

(s, 2H). 
13C NMR (101 MHz, CDCl3) δ 148.66 (q, J = 2.1 Hz), 135.93, 130.42, 121.18, 120.53 (q, J = 257.3 Hz), 

36.32. 

3-((4-Ethoxybenzyl)thio)-1H-1,2,4-triazole (48) 

1H-1,2,4-Triazole-3-thiol (76, 1 eq, 500 mg, 4.94 mmol) was reacted with 126 (1 

eq, 844 mg, 4.94 mmol) according to General procedure F. This afforded the title 

compound (783 mg, 3.33 mmol, 67%), which was used without further purification. 
1H NMR (400 MHz, CDCl3) δ 8.69 (bs, 1H), 8.14 (s, 1H), 7.28 – 7.20 (m, 2H), 6.86 – 6.75 (m, 2H), 4.32 (s, 

2H), 3.99 (q, J = 7.0 Hz, 2H), 1.39 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 158.62, 130.19, 128.58, 114.76, 63.60, 37.07, 14.95. 
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3-((4-Isopropoxybenzyl)thio)-1H-1,2,4-triazole (49) 

1H-1,2,4-Triazole-3-thiol (76, 1 eq, 400 mg, 3.96 mmol) was reacted with 130 (1 

eq, 730 mg, 3.96 mmol) according to General procedure F. This afforded the title 

compound (348 mg, 1.40 mmol, 35%), which was used without further 

purification. 
1H NMR (400 MHz, CDCl3) δ 8.11 (s, 1H), 7.25 – 7.17 (m, 2H), 6.82 – 6.74 (m, 2H), 4.49 (hept, J = 6.1 Hz, 

1H), 4.31 (s, 2H), 1.30 (d, J = 6.1 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 157.48, 130.20, 128.48, 116.03, 70.05, 37.07, 22.12. 

4-(((1H-1,2,4-triazol-3-yl)thio)methyl)pyridine (50) 

1H-1,2,4-Triazole-3-thiol (76, 1 eq, 500 mg, 4.94 mmol) was reacted with 4-

(bromomethyl)pyridine hydrobromide (1 eq, 1.25 g, 4.94 mmol) according to 

General procedure F. This afforded the title compound (630 mg, 3.28 mmol, 66%), which was used 

without further purification. 
1H NMR (400 MHz, CDCl3) δ 12.93 (bs, 1H), 8.49 – 8.43 (m, 2H), 8.16 (s, 1H), 7.34 – 7.29 (m, 2H), 4.31 

(s, 2H). 
13C NMR (101 MHz, CDCl3) δ 149.24, 147.92, 124.27, 35.76. 

3-(Phenethylthio)-1H-1,2,4-triazole (51) 

1H-1,2,4-Triazole-3-thiol (76, 1.05 eq, 100 mg, 0.99 mmol) was reacted with 

phenethyl bromide (1 eq, 128 µL, 0.94 mmol) according to General procedure F. Flash 

column chromatography (30 → 70% EtOAc in pentane) afforded the title compound 

(126 mg, 0.61 mmol, 65%). 
1H NMR (400 MHz, CDCl3) δ 11.44 (bs, 1H), 8.17 (s, 1H), 7.31 – 7.23 (m, 2H), 7.23 – 7.14 (m, 3H), 3.43 – 

3.33 (m, 2H), 3.05 – 2.96 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 156.86, 147.12, 139.66, 128.67, 128.55, 126.61, 35.98, 34.00. 

3-((4-Methylphenethyl)thio)-1H-1,2,4-triazole (52) 

1H-1,2,4-Triazole-3-thiol (76, 1.05 eq, 100 mg, 0.99 mmol) was reacted with 4-

methylphenethyl bromide (1 eq, 143 µL, 0.94 mmol) according to General procedure 

F. Flash column chromatography (30 → 70% EtOAc in pentane) afforded the title 

compound (181 mg, 0.83 mmol, 88%). 
1H NMR (400 MHz, CDCl3) δ 12.35 (bs, 1H), 8.18 (s, 1H), 7.08 – 7.01 (m, 4H), 3.39 – 3.31 (m, 2H), 2.97 – 

2.90 (m, 2H), 2.27 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 156.82, 146.96, 136.43, 136.05, 129.15, 128.41, 35.42, 34.11, 20.99. 

3-((3-Chlorophenethyl)thio)-1H-1,2,4-triazole (53) 

1H-1,2,4-Triazole-3-thiol (76, 1.05 eq, 100 mg, 0.99 mmol) was reacted with 3-

chlorophenethyl bromide (1 eq, 138 µL, 0.94 mmol) according to General 

procedure F. Flash column chromatography (30 → 70% EtOAc in pentane) afforded 

the title compound (131 mg, 0.55 mmol, 58%). 
1H NMR (400 MHz, CDCl3) δ 12.34 (bs, 1H), 8.23 (s, 1H), 7.22 – 7.13 (m, 3H), 7.11 – 7.02 (m, 1H), 3.42 – 

3.31 (m, 2H), 3.04 – 2.93 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 157.00, 147.03, 141.60, 134.25, 129.85, 128.81, 126.92, 126.86, 35.68, 

33.65. 
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3-((3,4-Dichlorophenethyl)thio)-1H-1,2,4-triazole (54) 

1H-1,2,4-Triazole-3-thiol (76, 1.05 eq, 100 mg, 0.99 mmol) was reacted with 132 

(1 eq, 197 mg, 0.94 mmol) according to General procedure F. Flash column 

chromatography (30 → 50% EtOAc in pentane) afforded the title compound (160 

mg, 0.58 mmol, 62%). 
1H NMR (400 MHz, CDCl3) δ 8.19 (s, 1H), 7.34 (d, J = 8.2 Hz, 1H), 7.31 (d, J = 2.0 Hz, 1H), 7.05 (dd, J = 

8.2, 2.1 Hz, 1H), 3.45 – 3.31 (m, 2H), 3.08 – 2.91 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 147.26, 139.93, 132.50, 130.78, 130.75, 130.54, 128.30, 35.28, 33.45. 

4-((4-Methoxybenzyl)thio)-2H-1,2,3-triazole (55) 

Sodium 2H-1,2,3-triazole-4-thiolate (1.05 eq, 100 mg, 0.81 mmol) was benzylated 

with 4-methoxybenzyl chloride (1 eq, 105 µL, 0.77 mmol) according to General 

procedure F, with the exception that no base was added. Flash column chromatography (5 → 40% 

EtOAc in pentane) afforded the title compound (111 mg, 0.50 mmol, 65%). 
1H NMR (400 MHz, CDCl3) δ 10.89 (bs, 1H), 7.48 (s, 1H), 7.19 – 7.08 (m, 2H), 6.83 – 6.74 (m, 2H), 4.06 

(s, 2H), 3.75 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 158.91, 139.43, 133.59, 130.11, 129.22, 113.99, 55.29, 39.00. 

3-((4-(Trifluoromethoxy)benzyl)thio)-1H-pyrazole (56) 

3-Aminopyrazole (133, 1.25 eq, 200 mg, 2.41 mmol) was dissolved in 40% H2SO4 

in water (10 mL) and cooled on ice. NaNO2 (1.2 eq, 200 mg, 2.89 mmol) dissolved 

in water (10 mL) was added dropwise over the course of 15 min. After stirring for 35 min the pH of 

the yellow mixture was adjusted to 5 with sat. aq. NaOAc. This mixture was then added dropwise to 

an ice-cold stirring solution of 4-trifluoromethoxybenzyl mercaptan (91, 1 eq, 308 µL, 1.93 mmol) in 1 

M aq. NaOH (2 mL) over the course of 35 min. Immediately precipitate formed and the mixture turned 

orange. The mixture was stirred on ice for 1 h. Water and EtOAc were added and the layers were 

separated. The aqueous layer was extracted with EtOAc until the organic layer remained colorless. The 

combined organic layers were washed with brine, dried over MgSO4, filtrated and concentrated in 

vacuo. Flash column chromatography (10 → 40% EtOAc in pentane) afforded the title compound as 

yellow oil (131 mg, 0.48 mmol, 25%). 
1H NMR (400 MHz, CDCl3) δ 10.42 (bs, 1H), 7.53 (d, J = 2.2 Hz, 1H), 7.28 – 7.19 (m, 2H), 7.08 (d, J = 7.9 

Hz, 2H), 6.22 (d, J = 2.2 Hz, 1H), 4.04 (s, 2H). 
13C NMR (101 MHz, CDCl3) δ 148.44 (q, J = 1.9 Hz), 141.51, 136.79, 132.65, 130.29, 121.05, 120.54 (q, J 

= 257.1 Hz), 109.35, 39.23. 

4-((4-(Trifluoromethoxy)benzyl)thio)-1H-pyrazole (57) 

135 (1.25 eq, 200 mg, 2.41 mmol) was dissolved in 40% H2SO4 in water (10 mL) 

and cooled on ice. NaNO2 (1.2 eq, 200 mg, 2.89 mmol) dissolved in water (10 

mL) was added dropwise over the course of 10 min. After stirring for 30 min the pH of the yellow 

mixture was adjusted to 5 with sat. aq. NaOAc. This mixture was then added dropwise to an ice-cold 

stirring solution of 4-trifluoromethylbenzyl mercaptan (91, 1 eq, 308 µL, 1.93 mmol) in 1 M aq. NaOH 

(2 mL) over the course of 30 min. Immediately precipitate formed and the mixture turned orange. The 

mixture was stirred on ice for 1 h. Water and EtOAc were added and the layers were separated. The 

aqueous layer was extracted with EtOAc until the organic layer remained colorless. The combined 

organic layers were washed with brine, dried over MgSO4, filtrated and concentrated in vacuo. Flash 

column chromatography (15 → 40% EtOAc in pentane) afforded the title compound as yellowish 

crystalline solid (49 mg, 0.18 mmol, 9%). Analytical data on next page. 
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1H NMR (400 MHz, CDCl3) δ 9.49 (bs, 1H), 7.42 – 7.36 (m, 2H), 7.20 – 7.07 (m, 4H), 3.78 (s, 2H). 
13C NMR (101 MHz, CDCl3) δ 148.35 (q, J = 2.0 Hz), 138.40, 137.28, 130.44, 120.98, 120.56 (q, J = 257.1 

Hz), 41.27. 

(3-(((Adamant-1-yl)methyl)thio)-1H-1,2,4-triazol-1-yl)(4-(4-chlorobenzyl)piperidin-1-yl)-

methanone (59) 

39 (1.1 eq, 92 mg, 0.44 mmol) and 42 (1 eq, 99 mg, 0.40 mmol) were 

coupled according to General procedure D to obtain the title 

compound as a white solid (120 mg, 0.247 mmol, 62%). 
1H NMR (500 MHz, CDCl3) δ 8.65 (s, 1H), 7.29 – 7.23 (m, 2H), 7.11 – 7.04 (m, 2H), 4.71 – 4.31 (m, 2H), 

3.03 (s, 2H), 2.99 – 2.90 (m, 2H), 2.56 (d, J = 7.1 Hz, 2H), 1.98 (p, J = 3.1 Hz, 3H), 1.88 – 1.76 (m, 1H), 

1.76 – 1.54 (m, 14H), 1.36 (qd, J = 12.5, 4.2 Hz, 2H). 
 13C NMR (126 MHz, CDCl3) δ 163.92, 148.42, 138.24, 132.10, 130.49, 128.62, 45.71, 42.29, 41.62, 38.09, 

36.85, 33.93, 32.01, 28.56. 

(3-((2-(Adamant-1-yl)ethyl)thio)-1H-1,2,4-triazol-1-yl)(4-(4-chlorobenzyl)piperidin-1-yl)-

methanone (60) 

39 (1.2 eq, 44 mg, 0.21 mmol) and 43 (1 eq, 46 mg, 0.18 mmol) 

were coupled according to General procedure D to obtain the title 

compound as a white solid (57 mg, 0.11 mmol, 65%). 
1H NMR (500 MHz, CDCl3) δ 8.68 (s, 1H), 7.29 – 7.22 (m, 2H), 7.10 – 

7.04 (m, 2H), 4.91 – 4.28 (m, 2H), 3.13 – 3.06 (m, 2H), 3.01 – 2.89 (m, 2H), 2.55 (d, J = 7.1 Hz, 2H), 1.96 

(p, J = 3.2 Hz, 3H), 1.86 – 1.68 (m, 6H), 1.66 – 1.58 (m, 3H), 1.55 – 1.48 (m, 8H), 1.36 (qd, J = 12.9, 4.2 

Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.11, 148.36, 138.21, 132.09, 130.42, 128.70, 128.60, 44.27, 44.16, 42.28, 

42.25, 38.03, 37.16, 33.02, 32.00, 28.70, 26.22. 

(3-((2-(Adamant-2-yl)ethyl)thio)-1H-1,2,4-triazol-1-yl)(4-(4-chlorobenzyl)piperidin-1-yl)-

methanone (61) 

39 (1.2 eq, 44 mg, 0.21 mmol) and 44 (1 eq, 46 mg, 0.18 mmol) 

were coupled according to General procedure D to obtain the title 

compound as a white solid (64 mg, 0.13 mmol, 73%). 

Analytical data on next page. 
1H NMR (500 MHz, CDCl3) δ 8.68 (s, 1H), 7.28 – 7.23 (m, 2H), 7.10 – 7.05 (m, 2H), 4.85 – 4.14 (m, 2H), 

3.15 – 3.07 (m, 2H), 2.99 – 2.90 (m, 2H), 2.55 (d, J = 7.2 Hz, 2H), 1.92 – 1.65 (m, 18H), 1.54 – 1.48 (m, 

2H), 1.34 (qd, J = 12.5, 4.2 Hz, 2H).  
13C NMR (126 MHz, CDCl3) δ 163.05, 148.32, 138.18, 132.03, 130.41, 128.55, 43.90, 42.18, 39.13, 38.35, 

37.97, 32.72, 31.91, 31.73, 30.26, 28.26, 28.04. 

(3-(Benzylthio)-1H-1,2,4-triazol-1-yl)(4-(4-chlorobenzyl)piperidin-1-yl)methanone (62) 

39 (1 eq, 600 mg, 2.86 mmol) was reacted with 45 (1.1 eq, 602 mg, 3.15 

mmol) according to General procedure D. Flash column 

chromatography (10 → 40% EtOAc in pentane) yielded the title 

compound as slightly yellowish oil (915 mg, 2.14 mmol, 75%). 
1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 7.42 – 7.34 (m, 2H), 7.33 – 7.18 (m, 5H), 7.09 – 7.02 (m, 2H), 

4.57 – 4.30 (m, 2H), 4.35 (s, 2H), 2.94 – 2.83 (m, 2H), 2.52 (d, J = 7.1 Hz, 2H), 1.84 – 1.72 (m, 1H), 1.72 – 

1.60 (m, 2H), 1.28 (qd, J = 13.7, 13.2, 4.2 Hz, 2H). 
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13C NMR (101 MHz, CDCl3) δ 162.17, 148.11, 147.39, 138.12, 136.94, 131.89, 130.38, 128.79, 128.50, 

128.45, 127.42, 42.06, 37.82, 35.96, 31.79 (br). 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-methoxybenzyl)thio)-1H-1,2,4-triazol-1-yl)-methanone 

(63) 

39 (1 eq, 95 mg, 0.45 mmol) was reacted with 46 (1 eq, 100 mg, 

0.45 mmol) according to General procedure D. Flash column 

chromatography yielded the title compound (86 mg, 0.19 mmol, 

42%). 
1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 7.36 – 7.26 (m, 2H), 7.29 – 7.22 (m, 2H), 7.12 – 7.02 (m, 2H), 

6.85 – 6.77 (m, 2H), 4.61 – 4.36 (m, 2H), 4.31 (s, 2H), 3.75 (s, 3H), 3.02 – 2.78 (m, 2H), 2.54 (d, J = 7.1 Hz, 

2H), 1.86 – 1.74 (m, 1H), 1.70 (m, 2H), 1.31 (qd, J = 12.7, 3.9 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.35, 158.98, 148.23, 147.41, 138.17, 131.97, 130.43, 130.06, 128.87, 

128.54, 113.95, 55.30, 47.23 (br), 42.15, 37.93, 35.59, 31.93 (br). 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)thio)-1H-1,2,4-triazol-1-

yl)methanone (64) 

39 (1.1 eq, 126 mg, 0.60 mmol) was reacted with 47 (1 eq, 150 mg, 

0.55 mmol) according to General procedure D. Flash column 

chromatography yielded the title compound (167 mg, 0.33 mmol, 

60%). 
1H NMR (400 MHz, CDCl3) δ 8.69 (s, 1H), 7.46 – 7.39 (m, 2H), 7.30 – 7.22 (m, 2H), 7.16 – 7.10 (m, 2H), 

7.10 – 7.03 (m, 2H), 4.47 – 4.42 (m, 2H), 4.35 (s, 2H), 2.98 – 2.85 (m, 2H), 2.54 (d, J = 7.1 Hz, 2H), 1.86 – 

1.74 (m, 1H), 1.74 – 1.66 (m, 2H), 1.29 (qd, J = 12.8, 3.5 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 161.90, 148.56 (q, J = 1.8 Hz), 148.22, 147.61, 138.16, 136.06, 132.14, 

130.47, 130.32, 128.64, 121.13, 120.54 (q, J = 257.2 Hz), 42.21, 38.01, 35.23, 31.94 (br). 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-ethoxybenzyl)thio)-1H-1,2,4-triazol-1-yl)methanone (65) 

39 (1.1 eq, 294 mg, 1.40 mmol) was reacted with 48 (1 eq, 300 mg, 

1.28 mmol) according to General procedure D. Flash column 

chromatography yielded the title compound (465 mg, 0.99 mmol, 

77%). 
1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 7.33 – 7.21 (m, 4H), 7.10 – 7.04 (m, 2H), 6.84 – 6.77 (m, 2H), 

4.60 – 4.35 (m, 2H), 4.31 (s, 2H), 3.98 (q, J = 7.0 Hz, 2H), 2.97 – 2.86 (m, 2H), 2.54 (d, J = 7.0 Hz, 2H), 

1.85 – 1.75 (m, 1H), 1.75 – 1.65 (m, 2H), 1.39 (t, J = 7.0 Hz, 3H), 1.31 (qd, J = 12.5, 4.1 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.46, 158.41, 148.30, 147.46, 138.20, 132.04, 130.46, 130.09, 128.73, 

128.59, 114.55, 63.53, 47.25 (br), 42.21, 37.99, 35.67, 31.93 (br), 14.92. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-isopropoxybenzyl)thio)-1H-1,2,4-triazol-1-yl)-methanone 

(66) 

39 (1.1 eq, 139 mg, 0.66 mmol) was reacted with 49 (1 eq, 150 mg, 

0.60 mmol) according to General procedure D. Flash column 

chromatography yielded the title compound (267 mg, 0.55 mmol, 

91%). 

Analytical data on next page. 
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1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 7.33 – 7.21 (m, 4H), 7.11 – 7.03 (m, 2H), 6.83 – 6.76 (m, 2H), 

4.60 – 4.37 (m, 2H), 4.49 (hept, J = 6.1 Hz, 1H), 4.31 (s, 2H), 2.97 – 2.86 (m, 2H), 2.54 (d, J = 7.0 Hz, 2H), 

2.17 (s, 2H), 1.85 – 1.76 (m, 1H), 1.76 – 1.67 (m, 2H), 1.38 – 1.24 (m, 2H), 1.31 (d, J = 6.1 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 162.49, 157.37, 148.31, 147.46, 138.20, 132.05, 130.47, 130.12, 128.63, 

128.59, 115.88, 69.95, 42.21, 38.01, 35.67, 31.93 (br), 22.12. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((pyridin-4-ylmethyl)thio)-1H-1,2,4-triazol-1-yl)-methanone 

(67) 

39 (1.1 eq, 240 mg, 1.14 mmol) was reacted with 50 (1 eq, 200 mg, 

1.04 mmol) according to General procedure D. Flash column 

chromatography yielded the title compound (320 mg, 0.75 mmol, 

72%). 
1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 8.55 – 8.49 (m, 2H), 7.37 – 7.31 (m, 2H), 7.31 – 7.23 (m, 2H), 

7.11 – 7.03 (m, 2H), 4.45 – 4.37 (m, 2H), 4.31 (s, 2H), 2.94 – 2.83 (m, 2H), 2.54 (d, J = 7.1 Hz, 2H), 1.84 – 

1.71 (m, 1H), 1.74 – 1.65 (m, 2H), 1.31 – 1.23 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 161.37, 149.96, 148.07, 147.65, 146.62, 138.12, 132.10, 130.46, 128.62, 

123.78, 46.63 (br), 42.17, 37.94, 34.72, 31.89 (br). 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-(phenethylthio)-1H-1,2,4-triazol-1-yl)methanone (68) 

39 (1 eq, 102 mg, 0.49 mmol) was reacted with 51 (1 eq, 100 mg, 0.49 

mmol) according to General procedure D. Flash column 

chromatography (5 → 30% Et2O in pentane) yielded the title 

compound (217 mg, 0.49 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ 8.70 (s, 1H), 7.32 – 7.26 (m, 2H), 7.26 – 7.16 (m, 5H), 7.07 – 7.01 (m, 2H), 

4.85 – 4.15 (m, 2H), 3.39 – 3.30 (m, 2H), 3.13 – 3.01 (m, 2H), 3.01 – 2.87 (m, 2H), 2.52 (d, J = 7.1 Hz, 2H), 

1.86 – 1.75 (m, 1H), 1.75 – 1.64 (m, 2H), 1.40 – 1.26 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.45, 148.12, 147.37, 139.86, 138.07, 131.81, 130.33, 128.51, 128.47, 

128.41, 126.51, 47.09, 42.02, 37.81, 36.04, 32.81, 31.78. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-methylphenethyl)thio)-1H-1,2,4-triazol-1-yl)-methanone 

(69) 

39 (1 eq, 102 mg, 0.49 mmol) was reacted with 52 (1 eq, 107 mg, 0.49 

mmol) according to General procedure D. Flash column 

chromatography (5 → 30% Et2O in pentane) yielded the title 

compound (221 mg, 0.49 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ 8.70 (s, 1H), 7.28 – 7.20 (m, 2H), 7.14 – 7.07 (m, 4H), 7.07 – 7.01 (m, 2H), 

4.76 – 4.36 (m, 2H), 3.37 – 3.29 (m, 2H), 3.05 – 2.96 (m, 2H), 2.98 – 2.86 (m, 2H), 2.53 (d, J = 7.1 Hz, 2H), 

2.32 (s, 3H), 1.88 – 1.76 (m, 1H), 1.76 – 1.65 (m, 2H), 1.41 – 1.30 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.52, 148.12, 147.38, 138.08, 136.80, 136.01, 131.82, 130.33, 129.15, 

128.40, 128.38, 47.10, 42.04, 37.83, 35.60, 32.95, 31.79, 21.03. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((3-chlorophenethyl)thio)-1H-1,2,4-triazol-1-yl)-methanone 

(70) 

39 (1 eq, 88 mg, 0.42 mmol) was reacted with 53 (1 eq, 100 mg, 

0.42 mmol) according to General procedure D. Flash column 

chromatography (5 → 30% Et2O in pentane) yielded the title 

compound as slightly yellowish oil (130 mg, 0.27 mmol, 66%). 
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1H NMR (400 MHz, CDCl3) δ 8.70 (s, 1H), 7.29 – 7.17 (m, 5H), 7.12 – 7.08 (m, 1H), 7.05 (d, J = 8.4 Hz, 

2H), 4.90 – 4.14 (m, 2H), 3.38 – 3.29 (m, 2H), 3.10 – 3.00 (m, 2H), 3.00 – 2.84 (m, 2H), 2.54 (d, J = 7.1 Hz, 

2H), 1.89 – 1.77 (m, 1H), 1.77 – 1.68 (m, 2H), 1.34 (qd, J = 12.9, 4.2 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 162.29, 148.18, 147.48, 141.90, 138.12, 134.22, 131.91, 130.39, 129.81, 

128.73, 128.49, 126.85, 126.77, 47.38, 42.08, 37.90, 35.79, 32.54, 31.85. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((3,4-dichlorophenethyl)thio)-1H-1,2,4-triazol-1-yl)-

methanone (71) 

39 (2 eq, 160 mg, 0.76 mmol) was reacted with 54 (1 eq, 100 mg, 

0.37 mmol) according to General procedure D. Flash column 

chromatography yielded the title compound (56 mg, 0.11 mmol, 

30%). 
1H NMR (400 MHz, CDCl3) δ 7.83 (s, 1H), 7.40 – 7.32 (m, 2H), 7.30 – 

7.22 (m, 2H), 7.13 – 7.04 (m, 3H), 4.46 – 4.33 (m, 2H), 3.50 – 3.37 (m, 2H), 3.10 – 3.01 (m, 2H), 3.01 – 

2.84 (m, 2H), 2.55 (d, J = 7.0 Hz, 2H), 1.85 – 1.77 (m, 1H), 1.77 – 1.69 (m, 2H), 1.36 (qd, J = 12.7, 4.0 Hz, 

2H). 
13C NMR (101 MHz, CDCl3) δ 158.57, 151.05, 149.60, 140.05, 138.29, 134.31, 132.09, 130.76, 130.58, 

130.51, 128.63, 128.27, 42.28, 38.10, 34.67, 33.43, 31.98.  

(4-(4-Chlorobenzyl)piperidin-1-yl)(4-((4-methoxybenzyl)thio)-2H-1,2,3-triazol-2-yl)-methanone 

(72) 

39 (1 eq, 95 mg, 0.425 mmol) was reacted with 55 (1 eq, 100 mg, 

0.425 mmol) according to General procedure D. Flash column 

chromatography (5 → 30% Et2O in pentane) yielded the title 

compound (30 mg, 0.066 mmol, 15%). 
1H NMR (400 MHz, CDCl3) δ 7.50 (s, 1H), 7.28 – 7.21 (m, 4H), 7.12 – 7.03 (m, 2H), 6.85 – 6.78 (m, 2H), 

4.59 – 4.28 (m, 1H), 4.21 (s, 2H), 4.13 – 3.88 (m, 1H), 3.76 (s, 3H), 3.05 – 2.85 (m, 2H), 2.55 (d, J = 7.0 Hz, 

2H), 1.90 – 1.72 (m, 1H), 1.71 – 1.51 (m, 2H), 1.39 – 1.30 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 159.13, 148.88, 145.09, 138.24, 136.42, 132.05, 130.48, 130.21, 128.60, 

114.10, 55.36, 42.22, 38.06, 37.30, 32.06. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-(trifluoromethoxy)benzyl)thio)-1H-pyrazol-1-yl)-

methanone (73) 

39 (1 eq, 46 mg, 0.22 mmol) was reacted with 56 (2.2 eq, 131 mg, 

0.48 mmol) according to General procedure D. Flash column 

chromatography (10 → 40% EtOAc in pentane) yielded the title 

compound as slightly yellowish gum (62 mg, 0.12 mmol, 55%). 
1H NMR (500 MHz, CDCl3) δ 8.02 (d, J = 2.7 Hz, 1H), 7.40 – 7.34 (m, 2H), 7.28 – 7.23 (m, 2H), 7.16 – 7.09 

(m, 2H), 7.09 – 7.03 (m, 2H), 6.21 (d, J = 2.7 Hz, 1H), 4.51 – 4.39 (m, 2H), 4.22 (s, 2H), 2.89 (td, J = 12.9, 

2.6 Hz, 2H), 2.52 (d, J = 7.2 Hz, 2H), 1.83 – 1.70 (m, 1H), 1.69 – 1.60 (m, 2H), 1.29 (qd, J = 12.7, 4.2 Hz, 

2H). 
13C NMR (126 MHz, CDCl3) δ 150.55, 148.75, 148.38, 138.36, 136.40, 133.43, 131.96, 130.45, 130.19, 

128.53, 121.04, 120.51 (q, J = 257.2 Hz), 108.12, 42.28, 38.11, 36.16, 32.00. 
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(4-(4-Chlorobenzyl)piperidin-1-yl)(4-((4-(trifluoromethoxy)benzyl)thio)-1H-pyrazol-1-yl)-

methanone (74) 

39 (1.2 eq, 46 mg, 0.22 mmol) was reacted with 57 (1 eq, 49 mg, 

0.18 mmol) according to General procedure D. Flash column 

chromatography (15 → 50% Et2O in pentane) yielded the title 

compound as yellowish gum (44 mg, 0.086 mmol, 48%). 
1H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 0.7 Hz, 1H), 7.33 (d, J = 0.7 Hz, 1H), 7.28 – 7.22 (m, 2H), 7.22 – 

7.17 (m, 2H), 7.15 – 7.10 (m, 2H), 7.09 – 7.04 (m, 2H), 4.46 – 4.40 (m, 2H), 3.84 (s, 2H), 2.92 (td, J = 12.5, 

6.3 Hz, 2H), 2.54 (d, J = 7.1 Hz, 2H), 1.84 – 1.74 (m, 1H), 1.74 – 1.66 (m, 2H), 1.33 (qd, J = 12.8, 4.2 Hz, 

2H). 
13C NMR (126 MHz, CDCl3) δ 150.52, 148.45, 145.17, 138.34, 136.73, 135.28, 131.99, 130.49, 130.40, 

128.56, 121.06, 120.53 (q, J = 257.2 Hz), 112.31, 42.29, 40.56, 38.14, 31.99. 

(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((4-fluorobenzyl)thio)-5-methyl-1H-1,2,4-triazol-1-yl)-

methanone (75) 

39 (1 eq, 65 mg, 0.31 mmol) was reacted with 3-((4-

fluorobenzyl)thio)-1H-1,2,4-triazole (58, 70 mg, 0.31 mmol, kindly 

provided by Anthe Janssen) according to General procedure D. The 

residue was purified by flash column chromatography (0 → 40% EtOAc in pentane) yielding the title 

compound as gray gum (84 mg, 0.18 mmol, 59%). 
1H NMR (400 MHz, CDCl3) δ 7.39 – 7.31 (m, 2H), 7.31 – 7.22 (m, 2H), 7.10 – 7.02 (m, 2H), 7.02 – 6.91 

(m, 2H), 4.43 – 4.25 (m, 1H), 4.29 (s, 2H), 4.04 – 3.82 (m, 1H), 2.96 – 2.79 (m, 2H), 2.58 (s, 3H), 2.54 (d, J 

= 7.0 Hz, 2H), 1.84 – 1.68 (m, 1H), 1.70 – 1.56 (m, 2H), 1.36 – 1.14 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 161.55 (d, J = 359.9 Hz), 160.89, 157.58, 149.37, 138.16, 132.99 (d, J = 3.2 

Hz), 132.03, 130.53 (d, J = 8.2 Hz), 130.43, 128.56, 115.41 (d, J = 21.5 Hz), 47.91 (br), 45.32 (br), 42.13, 

37.93, 35.24, 31.97, 13.85. 

1-Adamantanemethanol (82) 

A solution of 1-adamantanecarboxylic acid (79, 5.0 g, 28 mmol) in dry THF (10 mL/g) was 

added dropwise to an ice-cold suspension of LiAlH4 (2.5 eq, 35 mL 2.0 M in THF, 70 mmol) 

in dry THF (20 mL/g). The reaction mixture was warmed to RT and stirred for 30 min, followed by reflux 

for 30 min. The reaction was then quenched by addition of 10% aq. NaOH on an ice bath. Solids were 

removed by filtration and washed with DCM. Combined filtrates were dried over Na2SO4, filtrated and 

concentrated in vacuo to obtain the title compound as a white solid (4.7 g, 27 mmol, 99%), which was 

used without further purification. 
1H NMR (500 MHz, CDCl3) δ 3.20 (s, 2H), 2.00 (p, J = 3.1 Hz, 3H), 1.77 – 1.61 (m, 7H), 1.51 (d, J = 2.9 

Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 74.03, 39.17, 37.31, 34.62, 28.31. 

2-Adamantaneethanol (84) 

Methyl 2-(adamant-2-yl)acetate (81, 32.0 g, 154 mmol) in dry THF (10 mL/g) was added 

dropwise to an ice-cold suspension of LiAlH4 (2.5 eq, 193 mL 2.0 M in THF, 385 mmol) 

in dry THF (20 mL/g). The reaction mixture was warmed to RT and stirred for 30 min, followed by reflux 

for 30 min. The reaction was then quenched by addition of 10% aq. NaOH on an ice bath. Solids were 

removed by filtration and washed with DCM. Combined filtrates were dried over Na2SO4, filtrated and 

concentrated in vacuo to obtain the title compound as a white solid (27.0 g, 150 mmol, 97%) which 

was used without characterization. 
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S-(adamant-1-ylmethyl)thioacetate (85) 

Triflic anhydride (1.05 eq, 8.9 g, 32 mmol) was added portionwise to a solution of 82 (1 

eq, 5.0 g, 30 mmol) and pyridine (1.2 eq, 2.9 mL, 36 mmol) in dry DCM (60 mL), while 

maintaining the temperature between −15 and −5°C. The mixture was stirred for 15 min followed by 

30 min at RT. The mixture was then diluted with hexane (150 mL), cooled to 0°C and ice-cold 1 M aq. 

H2SO4 was added until pH < 7. The layers were separated, the organic layer was washed with water 

and brine, dried over Na2SO4, filtrated and concentrated in vacuo. The resulting brown liquid was 

dissolved in CH3CN (50 mL) and cooled to 0°C. AcSK (2 eq, 6.9 g, 60 mmol) and 18-Crown-6 (0.3 eq, 

1.9 mL, 9 mmol) were added, the mixture was warmed to RT and stirred for ≥ 72 h. Solids were 

removed by filtration and washed with hexane until they were colorless. Combined filtrates were 

concentrated in vacuo. Flash column chromatography (150:1 hexane:EtOAc) provided the thioacetate 

as a red solid (4.3 g, 19 mmol, 64%). 
1H NMR (500 MHz, CDCl3) δ 2.73 (s, 2H), 2.35 (s, 3H), 1.96 (hept, J = 3.0 Hz, 3H), 1.72 – 1.58 (m, 6H), 

1.50 (d, J = 2.9 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 196.16, 42.62, 41.56, 36.88, 33.37, 30.89, 28.57. 

S-(2-(adamant-2-yl)ethyl)thioacetate (87) 

Triflic anhydride (1.05 eq, 5.0 g, 18 mmol) was added portionwise to a solution of 84 

(1 eq, 3.0 g, 17 mmol) and pyridine (1.2 eq, 1.6 mL, 20 mmol) in dry DCM (34 mL), 

while maintaining the temperature at −70°C. The mixture was stirred for 15 min 

followed by 30 min at RT. The mixture was then diluted with hexane (85 mL), cooled to 0°C and ice-

cold 1 M aq. H2SO4 was added until pH < 7. The layers were separated, the organic layer was washed 

with water and brine, dried over Na2SO4, filtrated and concentrated in vacuo. The resulting brown 

liquid was dissolved in CH3CN (28 mL) and cooled to 0°C. AcSK (2 eq, 3.9 g, 34 mmol) and 18-Crown-

6 (0.3 eq, 1.1 mL, 5 mmol) were added, the mixture was warmed to RT and stirred for ≥ 72 h. Solids 

were removed by filtration and washed with hexane until they were colorless. Combined filtrates were 

concentrated in vacuo. Flash column chromatography (150:1 hexane:EtOAc) provided the thioacetate 

as a red liquid (2.2 g, 9.2 mmol, 56%). 
1H NMR (400 MHz, CDCl3) δ 2.89 – 2.81 (m, 2H), 2.32 (s, 3H), 1.92 – 1.64 (m, 15H), 1.57 – 1.47 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 195.91, 43.80, 39.07, 38.30, 32.43, 31.60, 31.57, 28.21, 27.98, 27.57.  

Bis(adamant-1-ylmethyl)disulfide (88) 

85 (1.0 g, 4.5 mmol) was treated according to General procedure E to obtain the 

title compound as a white solid (790 g, 2.18 mmol, 98%). 
1H NMR (500 MHz, CDCl3) δ 2.63 (s, 4H), 1.98 (p, J = 3.1 Hz, 6H), 1.73 – 1.59 (m, 12H), 1.57 (d, J = 2.9 

Hz, 12H). 
13C NMR (126 MHz, CDCl3) δ 56.23, 41.90, 36.97, 34.33, 28.61. 

Bis(2-(Adamant-1-yl)ethyl)disulfide (89) 

S-(2-(adamant-1-yl)ethyl)thioacetate (86, 1.5 g, 6.3 mmol, kindly provided by 

Alexander Pashenko) was treated according to General procedure E to obtain 

the title compound as a white crystalline solid (800 mg, 2.05 mmol, 65%). 
1H NMR (500 MHz, CDCl3) δ 2.70 – 2.63 (m, 4H), 1.96 (p, J = 3.1 Hz, 6H), 1.74 – 1.59 (m, 12H), 1.49 (d, 

J = 2.9 Hz, 12H), 1.47 – 1.41 (m, 4H). 
13C NMR (126 MHz, CDCl3) δ 44.24, 42.44, 37.23, 33.57, 32.89, 28.78. 
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Bis(2-(adamant-2-yl)ethyl)disulfide (90) 

87 (1.05 g, 4.40 mmol) was treated according to General procedure E to 

obtain the title compound as a white crystalline solid (430 g, 1.10 mmol, 50%). 
1H NMR (400 MHz, CDCl3) δ 2.73 – 2.65 (m, 4H), 1.92 – 1.66 (m, 30H), 1.52 (d, 

J = 12.6 Hz, 4H). 
13C NMR (101 MHz, CDCl3) δ 43.58, 39.24, 38.46, 37.68, 32.47, 31.86, 31.79, 28.37, 28.16. 

4-Isopropoxyaniline (96) 

137 (1 eq, 491 mg, 2.71 mmol) was dissolved in MeOH (8 mL), Pd/C (1.7 mol%, 49 mg 

10%, 0.046 mmol) was added and the mixture was purged with N2. HCl (1.3 eq, 300 µL 

12 M, 3.60 mmol) was added and purging was continued. The mixture was then purged with H2 and 

stirred for 5 h. The mixture was purged with N2 before it was filtrated over celite, treated with activated 

charcoal and filtrated over celite again. The filtrate was concentrated in vacuo, affording the title 

compound as brown solid (392 mg, 2.59 mmol, 96%), which was used without further purification. 
1H NMR (400 MHz, MeOD) δ 7.32 (m, 2H), 7.03 (m, 2H), 4.63 (p, J = 6.0 Hz, 1H), 1.30 (d, J = 5.8 Hz, 6H). 
13C NMR (101 MHz, MeOD) δ 159.57, 125.22, 125.10, 123.81, 117.93, 71.35, 22.10. 

tert-Butyl 4-(4-chlorobenzylidene)piperidine-1-carboxylate (108) 

N-Boc-4-piperidinone (103, 500 mg, 2.51 mmol) was reacted with diethyl (4-

chlorobenzyl)phosphonate (107, 1.1 eq, 609 µL, 2.76 mmol) according to General 

procedure H. Flash column chromatography (0 → 10% EtOAc in pentane) yielded the title compound 

as white crystalline solid (482 mg, 1.57 mmol, 62%). 
1H NMR (400 MHz, CDCl3) δ 7.32 – 7.24 (m, 2H), 7.14 – 7.07 (m, 2H), 6.30 (s, 1H), 3.54 – 3.47 (m, 2H), 

3.43 – 3.36 (m, 2H), 2.45 – 2.38 (m, 2H), 2.36 – 2.28 (m, 2H), 1.48 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 154.82, 139.33, 135.91, 132.12, 130.27, 128.42, 123.48, 79.72, 36.26, 29.24, 

28.54. 

tert-Butyl 4-(4-chlorobenzylidene)-2-methylpiperidine-1-carboxylate (109) 

N-Boc-2-methyl-4-piperidinone (104, 285 mg, 1.34 mmol) was reacted with diethyl 

(4-chlorobenzyl)phosphonate (107, 1.3 eq, 373 µL, 1.69 mmol) according to 

General procedure H. Flash column chromatography (0 → 15% Et2O in pentane) 

yielded a mixture of E/Z isomers (ratio ∼3:2) of the title compound as colorless oil (195 mg, 0.61 mmol, 

45%). 

Isomer 1: 
1H NMR (400 MHz, CDCl3) δ 7.30 – 7.21 (m, 2H), 7.16 – 7.04 (m, 2H), 6.41 (s, 1H), 4.54 – 4.41 (m, 1H), 

4.12 – 4.03 (m, 1H), 2.98 (td, J = 12.8, 3.6 Hz, 1H), 2.60 – 2.51 (m, 1H), 2.41 – 2.29 (m, 1H), 2.29 – 2.21 

(m, 2H), 1.47 (s, 9H), 1.02 (d, J = 6.9 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 154.80, 136.95, 135.99, 132.01, 130.01, 128.35, 125.15, 79.48, 47.25 (br), 

39.78 (br), 35.96, 33.81, 28.51, 16.94. 

Isomer 2: 
1H NMR (400 MHz, CDCl3) δ 7.30 – 7.21 (m, 2H), 7.16 – 7.04 (m, 2H), 6.27 (s, 1H), 4.54 – 4.41 (m, 1H), 

4.02 – 3.94 (m, 1H), 2.89 (td, J = 12.8, 3.5 Hz, 1H), 2.70 (dt, J = 14.4, 3.3 Hz, 1H), 2.64 – 2.57 (m, 1H), 

2.20 – 2.07 (m, 2H), 1.47 (s, 9H), 1.13 (d, J = 6.8 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 154.71, 136.86, 135.94, 132.01, 130.13, 128.35, 124.98, 79.50, 47.83 (br), 

41.26, 38.84 (br), 28.95, 28.51, 16.94. 
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tert-Butyl 4-(4-chlorobenzylidene)-3-methylpiperidine-1-carboxylate (110) 

NaH (1.6 eq, 300 mg 60% dispersion in mineral oil, 7.50 mmol) was suspended in 

dry THF (10 mL) and cooled on ice. Diethyl (4-chlorobenzyl)phosphonate (107, 1.1 

eq, 1.20 mL, 5.16 mmol) dissolved in dry THF (10 mL) was added dropwise and the mixture was stirred 

for 1.5 h. N-Boc-3-methyl-4-piperidinone (105, 1 eq, 1.0 g, 4.69 mmol) dissolved in dry THF (10 mL) 

was added dropwise. The mixture was allowed to warm to RT and stirred for 2 d. The reaction was 

cooled on ice and quenched with sat. aq. NH4Cl. The aqueous layer was extracted with EtOAc. The 

combined organic layers were washed with brine, dried over MgSO4, filtrated and concentrated in 

vacuo. Flash column chromatography (0 → 15% Et2O in pentane) yielded a mixture of E/Z isomers 

(ratio ∼2:1) of the title compound as white crystalline solid (900 mg, 2.80 mmol, 60%). 

Isomer 1: 
1H NMR (300 MHz, CDCl3) δ 7.31 – 7.21 (m, 2H), 7.15 – 7.02 (m, 2H), 6.27 (s, 1H), 3.66 (dd, J = 13.0, 3.1 

Hz, 1H), 3.48 (dt, J = 11.4, 5.7 Hz, 1H), 3.31 (d, J = 4.4 Hz, 1H), 3.08 (dd, J = 12.6, 7.4 Hz, 1H), 2.63 – 2.49 

(m, 1H), 2.48 – 2.34 (m, 1H), 2.32 – 2.16 (m, 1H), 1.47 (s, 9H), 1.15 (d, J = 6.7 Hz, 3H). 
13C NMR (75 MHz, CDCl3) δ 155.10, 143.94, 136.47, 132.32, 130.43, 128.48, 121.61, 79.58, 51.62, 45.04, 

38.68, 28.64, 27.91, 16.52. 

Isomer 2: 
1H NMR (300 MHz, DMSO) δ 7.32 – 7.22 (m, 2H), 7.15 – 7.05 (m, 2H), 6.21 (s, 1H), 4.35 – 4.16 (m, 1H), 

3.96 – 3.86 (m, 1H), 3.00 – 2.88 (m, 1H), 2.85 – 2.68 (m, 2H), 2.61 (tdd, J = 13.0, 5.0, 1.8 Hz, 1H), 2.05 

(dt, J = 13.3, 1.9 Hz, 1H), 1.47 (s, 9H), 1.17 (d, J = 6.9 Hz, 3H). 
13C NMR (75 MHz, CDCl3) δ 155.44, 144.00, 136.22, 132.44, 130.08, 128.61, 122.91, 79.64, 50.17, 45.83, 

32.70, 32.54, 28.67, 17.42. 

NB: NMR recorded at 60 °C. 

tert-Butyl 3-(4-chlorobenzylidene)pyrrolidine-1-carboxylate (111) 

Boc-3-pyrrolidinone (106, 500 mg, 2.70 mmol) was reacted with diethyl (4-

chlorobenzyl)phosphonate (107, 1.1 eq, 655 µL, 2.97 mmol) according to General 

procedure H. Flash column chromatography (0 → 8% EtOAc in pentane) yielded a mixture of E/Z 

isomers (ratio ∼3:2) of the title compound as colorless oil (357 mg, 1.22 mmol, 45%). 

Isomer 1: 
1H NMR (400 MHz, CDCl3) δ 7.35 – 7.22 (m, 2H), 7.21 – 7.14 (m, 2H), 6.37 – 6.31 (m, 1H), 4.24 – 4.06 

(m, 2H), 3.50 – 3.39 (m, 2H), 2.81 – 2.68 (m, 2H), 1.49 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 154.35, 138.93, 135.70, 135.48 (br), 135.40 (br), 132.34, 129.47, 128.45, 

121.47, 79.45, 48.63, 44.27, 43.85, 34.13, 33.39, 28.48. 

Isomer 2: 
1H NMR (400 MHz, CDCl3) δ 7.35 – 7.22 (m, 2H), 7.13 – 7.05 (m, 2H), 6.37 – 6.31 (m, 1H), 4.24 – 4.06 

(m, 2H), 3.61 – 3.49 (m, 2H), 2.81 – 2.68 (m, 2H), 1.48 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 154.45, 139.94, 135.40 (br), 132.26, 129.25, 128.53, 120.87 (br), 79.53 (br), 

52.08 (br), 51.89 (br), 46.08 (br), 45.74 (br), 29.68, 29.06, 28.48. 
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tert-Butyl 4-(4-chlorobenzyl)-3-methylpiperidine-1-carboxylate (112) 

A solution of 110 (200 mg, 0.62 mmol) in EtOAc (1 mL) was purged with N2 (10 

min). Pd/C (5 mol%, 33 mg 10%, 0.031 mmol) was added and purging was 

continued (10 min). The mixture was purged with H2 and stirred overnight. Solids were removed by 

filtration over celite, volatiles in vacuo. Flash column chromatography (0 → 20% Et2O in pentane) 

afforded the title compound as mixture of isomers (178 mg, 0.55 mmol, 88%, ratio ∼3:1). 

Isomer 1: 
1H NMR (400 MHz, CDCl3) δ 7.26 – 7.17 (m, 2H), 7.10 – 7.00 (m, 2H), 4.18 – 4.04 (m, 1H), 3.89 – 3.74 

(m, 1H), 2.90 – 2.82 (m, 1H), 2.68 – 2.55 (m, 1H), 2.55 – 2.38 (m, 3H), 1.89 – 1.76 (m, 1H), 1.75 – 1.64 (m, 

1H), 1.45 (s, 9H), 1.34 – 1.20 (m, 1H), 0.91 (d, J = 6.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 155.01, 138.77, 131.37, 130.09, 128.19, 78.85, 50.69 (br), 43.27 (br), 41.05, 

38.71, 38.57 (br), 31.72, 28.26, 10.94. 

Isomer 2: 
1H NMR (400 MHz, CDCl3) δ 7.26 – 7.17 (m, 2H), 7.10 – 7.00 (m, 2H), 4.03 – 3.88 (m, 2H), 3.06 – 2.96 

(m, 1H), 2.79 – 2.68 (m, 1H), 2.55 – 2.38 (m, 2H), 2.38 – 2.25 (m, 1H), 2.18 – 2.09 (m, 1H), 1.45 (s, 9H), 

1.34 – 1.20 (m, 2H), 1.00 (d, J = 6.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 154.42, 138.67, 131.37, 130.36, 128.11, 78.99, 49.35 (br), 44.17, 43.96 (br), 

38.71, 38.07 (br), 35.63, 28.26, 16.67. 

tert-Butyl 3-(4-chlorobenzyl)pyrrolidine-1-carboxylate (113) 

A solution of 111 (51 mg, 0.17 mmol) in EtOAc (4 mL) was purged with N2 (15 min). 

Pd/C (5 mol%, 9 mg 10%, 8.5 µmol) was added and purging was continued (15 

min). The mixture was purged with H2 and stirred for 5 h. Solids were removed by filtration over celite, 

volatiles in vacuo, providing the title compound as colorless oil (50 mg, 0.17 mmol, quant.), which was 

used without further purification. 
1H NMR (400 MHz, CDCl3) δ 7.32 – 7.22 (m, 2H), 7.09 (d, J = 8.2 Hz, 2H), 3.57 – 3.36 (m, 2H), 3.32 – 3.16 

(m, 1H), 3.05 – 2.87 (m, 1H), 2.76 – 2.54 (m, 2H), 2.44 – 2.29 (m, 1H), 1.97 – 1.85 (m, 1H), 1.73 – 1.37 (m, 

10H). 
13C NMR (101 MHz, CDCl3) δ 154.69, 138.86, 132.01, 130.09, 128.77, 128.63, 128.52, 79.19, 51.22, 50.96, 

45.66, 45.24, 44.46, 40.74, 40.00, 38.64, 31.44, 30.74, 28.62, 28.11. 

4-(4-Chlorobenzylidene)piperidin-1-ium 2,2,2-trifluoroacetate (114) 

108 (252 mg, 0.82 mmol) was dissolved in DCM (2 mL) and cooled on ice. To this, 

TFA (5.6 eq, 350 µL, 4.59 mmol) was added dropwise. The reaction was allowed 

to warm to RT and stirred for 1 h. Volatiles were removed in vacuo. The residual off-white crystalline 

solid was used immediately in the next reaction. 

4-(4-Chlorobenzylidene)-2-methylpiperidin-1-ium 2,2,2-trifluoroacetate (115) 

109 (65 mg, 0.20 mmol) was dissolved in DCM (2 mL). To this, TFA (10 eq, 166 µL, 

2.17 mmol) was added carefully, after which the mixture was stirred for 26 h. All 

volatiles were removed in vacuo. The residue was used immediately in the next 

reaction. 
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4-(4-Chlorobenzylidene)-3-methylpiperidin-1-ium 2,2,2-trifluoroacetate (116) 

110 (200 mg, 0.62 mmol) was dissolved in DCM (1 mL). To this, TFA (5.3 eq, 250 

µL, 3.27 mmol) was added dropwise and the reaction was stirred for 5 h. All 

volatiles were removed in vacuo. The resulting oil was triturated with 9:1 n-hexane:EtOAc, yielding the 

title compound as white crystalline solid, which was used immediately in the next reaction. 

3-(4-Chlorobenzyl)pyrrolidin-1-ium 2,2,2-trifluoroacetate (117) 

113 (50 mg, 0.17 mmol) was dissolved in DCM (3 mL). To this, TFA (10 eq, 130 µL, 

1.70 mmol) was added dropwise and the mixture was stirred for 3 d. Solids were 

removed by filtration over celite, volatiles in vacuo. The residue was used immediately in the next 

reaction. 

4-(4-Chlorobenzyl)-3-methylpiperidin-1-ium 2,2,2-trifluoroacetate (118) 

112 (178 mg, 0.55 mmol) was dissolved in DCM (1 mL). To this, TFA (5 eq, 210 µL, 

2.75 mmol) was added dropwise and the mixture was stirred for 18 h. All volatiles 

were removed in vacuo. The resulting brown crystalline solid was triturated with 9:1 n-hexane:EtOAc, 

affording the title compound as white crystalline solid (150 mg, 0.44 mmol, 81%), which was used 

immediately in the next reaction. 

3-(4-Chlorobenzylidene)pyrrolidin-1-ium 2,2,2-trifluoroacetate (119) 

111 (109 mg, 0.37 mmol) was dissolved in DCM (2.2 mL). To this TFA (6 eq, 163 

µL, 2.13 mmol) was added dropwise, after which the mixture was stirred for 19 h. 

All volatiles were removed in vacuo and the residual brown solid was used immediately in the next 

reaction. 

1-(tert-Butyl) 4-ethyl piperidine-1,4-dicarboxylate (121) 

Ethyl isonipecotate (138, 1 eq, 500 mg, 3.18 mmol) and Et3N (1.5 eq, 665 µL, 4.77 mmol) 

were dissolved in DCM (7 mL) and cooled on ice. Boc2O (1.2 eq, 833 mg, 3.82 mmol) 

was added portionwise. The mixture was stirred on ice for 30 min, after which it was 

allowed to warm to RT and stirred for 50 h. Water was added and the layers were separated. The 

organic layer was washed with water and brine, dried over MgSO4, filtrated and concentrated in vacuo. 

The residue was used immediately in the next reaction. 

4-(Bis(4-chlorophenyl)methylene)piperidin-1-ium 2,2,2-trifluoroacetate (122) 

139 (350 mg, 0.80 mmol) was dissolved in DCM (5 mL). To this, TFA (10 eq, 607 

µL, 7.93 mmol) was added dropwise, after which the reaction was stirred for 6 d. 

All volatiles were removed in vacuo. The resulting brown oil was mixed with 9:1 

n-hexane:EtOAc (0.5 mL) causing white precipitation. The brown solution was 

discarded. This procedure was repeated until no more white precipitate formed. 

Solids were isolated by filtration and eluted with MeOH, after which they were concentrated in vacuo, 

affording the title compound as white crystalline solid (285 mg, 0.66 mmol, 82%). 
1H NMR (400 MHz, MeOD) δ 7.39 – 7.31 (m, 4H), 7.18 – 7.10 (m, 4H), 3.29 – 3.21 (m, 4H), 2.61 – 2.54 

(m, 4H). 
13C NMR (101 MHz, MeOD) δ 140.79, 138.84, 134.35, 132.05, 131.53, 129.69, 49.64, 49.43, 49.21, 49.00, 

48.79, 48.57, 48.36, 46.09, 29.26. 

  



Chapter 4 

164 

 

3-((4-(Trifluoromethoxy)benzyl)sulfonyl)-1H-1,2,4-triazole (123) 

47 (345 mg, 1.25 mmol) was oxidized according General procedure A, affording 

the title compound as white crystalline solid (347 mg, 1.13 mmol, 90%) of 

sufficient purity to use in the next reaction. 
1H NMR (400 MHz, MeOD) δ 8.69 (s, 1H), 7.40 – 7.33 (m, 2H), 7.25 – 7.19 (m, 2H), 4.76 (s, 2H). 
13C NMR (101 MHz, MeOD) δ 161.54, 150.93, 147.02, 134.09, 128.00, 122.04, 121.84 (q, J = 258.6 Hz), 

60.65. 

1-(Chloromethyl)-4-ethoxybenzene (126) 

To an ice-cold solution of 4-ethoxybenzyl alcohol (125, 1.0 g, 6.57 mmol) in dry Et2O 

with a few drops of DMF, SOCl2 (2 eq, 953 µL, 13.1 mmol) was added dropwise. The 

mixture was allowed to warm to RT and stirred overnight. Volatiles were removed in vacuo, after which 

the residue was dissolved in DCM and washed with water and 1 M aq. Na2CO3. The organic layer was 

dried over MgSO4, filtrated and concentrated in vacuo, yielding the title compound (965 mg, 5.66 

mmol, 86%) in sufficient purity to be used as such. 
1H NMR (400 MHz, CDCl3) δ 7.33 – 7.25 (m, 2H), 6.90 – 6.82 (m, 2H), 4.56 (s, 2H), 4.02 (q, J = 7.0 Hz, 

2H), 1.41 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 159.17, 130.17, 129.63, 114.76, 63.62, 46.49, 14.91. 

4-Isopropoxybenzaldehyde (128) 

4-Hydroxybenzaldehyde (127, 1 eq, 2.0 g, 16.4 mmol), K2CO3 (1.2 eq, 2.72 g, 19.7 mmol), 

KI (1.01 eq, 2.75 g, 16.5 mmol) and isopropyl iodide (2.4 eq, 3.92 mL, 39.3 mmol) were 

dissolved in dry DMF (50 mL), heated to 75°C and stirred overnight. Volatiles were removed in vacuo, 

after which the residue was dissolved in CHCl3 and washed with water. The aqueous layer was 

extracted with CHCl3 and the combined organic layers were dried over MgSO4, filtrated and 

concentrated in vacuo. Flash column chromatography (20% EtOAc in pentane) yielded the title 

compound (1.89 g, 11.5 mmol, 70%). 

Analytical data on next page. 
1H NMR (400 MHz, CDCl3) δ 9.86 (s, 1H), 7.85 – 7.77 (m, 2H), 7.01 – 6.93 (m, 2H), 4.67 (p, J = 6.1 Hz, 

1H), 1.37 (d, J = 6.1 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 190.81, 163.23, 132.08, 129.56, 115.63, 70.35, 21.92. 

(4-Isopropoxyphenyl)methanol (129) 

128 (1.5 g, 9.13 mmol) was dissolved in 1:1 THF:H2O (20 mL) and cooled on ice. NaBH4 

(3 eq, 1.0 g, 27.4 mmol) was added portionwise, after which the mixture was allowed 

to warm to RT and stirred overnight. Volatiles were removed in vacuo, EtOAc and water were added 

to the residue and the layers were separated. The aqueous layer was extracted with EtOAc, after which 

the organic layer was washed with brine, dried over MgSO4, filtrated and concentrated in vacuo. Flash 

column chromatography (EtOAc in pentane) yielded the title compound (1.45 g, 8.72 mmol, 96%).  
1H NMR (400 MHz, CDCl3) δ 7.30 – 7.23 (m, 2H), 6.91 – 6.83 (m, 2H), 4.60 (s, 2H), 4.54 (hept, J = 6.1 Hz, 

1H), 1.72 (bs, 1H), 1.33 (d, J = 6.1 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 157.50, 133.03, 128.75, 116.00, 70.03, 64.97, 22.09. 
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1-(Chloromethyl)-4-isopropoxybenzene (130) 

To an ice-cold solution of 129 (1.0 g, 6.02 mmol) in dry Et2O with a few drops of DMF, 

SOCl2 (2 eq, 873 µL, 12.0 mmol) was added dropwise. The mixture was allowed to warm 

to RT and stirred overnight. Volatiles were removed in vacuo, after which the residue was dissolved in 

DCM and washed with water and 1 M aq. Na2CO3. The organic layer was dried over MgSO4, filtrated 

and concentrated in vacuo, yielding the title compound (647 mg, 3.65 mmol, 61%) in sufficient purity 

to be used as such. 
1H NMR (400 MHz, CDCl3) δ 7.32 – 7.24 (m, 2H), 6.88 – 6.82 (m, 2H), 4.55 (s, 2H), 4.54 (hept, J = 6.0 Hz, 

1H), 1.33 (d, J = 6.1 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 158.14, 130.19, 129.48, 116.00, 70.00, 46.49, 22.10. 

1,2-Dichloro-4-(2-chloroethyl)benzene (132) 

3,4-Dichlorophenethyl alcohol (131, 128 µL, 1.05 mmol) was dissolved in dry DCM (11 

mL) with a few drops of DMF and cooled on ice. SOCl2 (9 eq, 684 µL, 9.42 mmol) was 

added dropwise, after which the mixture was heated to 40°C and stirred for a week. 

When TLC confirmed full conversion the reaction was quenched with water and the layers were 

separated. The aqueous layer was extracted with CHCl3, after which the combined organic layers were 

dried over MgSO4, filtrated and concentrated in vacuo, affording the title compound (179 mg, 0.85 

mmol, 81%), which was used without further purification. 
1H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 8.2 Hz, 1H), 7.30 (d, J = 2.0 Hz, 1H), 7.05 (dd, J = 8.2, 2.1 Hz, 

1H), 3.68 (t, J = 7.0 Hz, 2H), 3.00 (t, J = 7.0 Hz, 2H). 

No 13C NMR recorded. 

1H-Pyrazol-4-amine (135) 

4-Nitropyrazole (134, 1 eq, 1.60 g, 14.2 mmol) was dissolved in EtOH (13 mL), Pd/C (2 

mol%, 282 mg 10%, 0.27 mmol) was added and the mixture was purged with N2 for 30 

min. The mixture was then purged with H2 and stirred for 12 h. H2 was removed by purging with N2, 

solids by filtration over celite and volatiles in vacuo. This yielded the title compound as dark red 

crystalline solid (1.17 g, 14.1 mmol, quant.), which was used without further purification. 
1H NMR (400 MHz, MeOD) δ 7.22 (s, 2H). 

1-Isopropoxy-4-nitrobenzene (137) 

In a MW vial 4-nitrophenol (136, 1 eq, 1.0 g, 7.19 mmol) was dissolved in dry DMF (2.5 

mL), to which then K2CO3 (1.5 eq, 1.5 g, 10.8 mmol) was added. To the stirring 

suspension then isopropyl bromide (1.5 eq, 1.0 mL, 10.8 mmol) was added carefully. 

The vial was sealed and heated to 120°C overnight. Upon completion all volatiles were removed in 

vacuo. The residue was dissolved in EtOAc and washed with brine, 1 M aq. NaOH and brine again, 

dried over MgSO4, filtrated and concentrated in vacuo, yielding the title compound as yellowish runny 

oil (1.07 g, 5.89 mmol, 82%), which was used without further purification. 
1H NMR (400 MHz, CDCl3) δ 8.21 – 8.12 (m, 2H), 6.97 – 6.88 (m, 2H), 4.68 (p, J = 6.1 Hz, 1H), 1.39 (d, J 

= 6.1 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 163.24, 140.90, 125.88, 115.17, 70.95, 21.72. 
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tert-Butyl 4-(bis(4-chlorophenyl)(hydroxy)methyl)piperidine-1-carboxylate (139) 

121 (381 mg, 1.48 mmol) was dissolved in dry THF (16 mL) and cooled on ice. 4-

chlorophenylmagnesium bromide (120, 6.7 eq, 10 mL 1.0 M in Et2O, 10 mmol) was 

added dropwise to the cloudy mixture over the course of 15 min. The mixture 

became clear when the ice bath was removed after 20 min, after which it was 

allowed to warm to RT and stirred for 4 d, during which it became cloudy again. 

The reaction was cooled on ice and quenched with sat. aq. NH4Cl. EtOAc was added and the layers 

were separated. The aqueous layer was extracted with EtOAc, after which the combined organic layers 

were washed with brine, dried over MgSO4, filtrated and concentrated in vacuo. Flash column 

chromatography (0 → 15% EtOAc in pentane) afforded the title compound as white crystalline solid 

(570 mg, 1.31 mmol, 88%). 
1H NMR (400 MHz, CDCl3) δ 7.41 – 7.33 (m, 4H), 7.32 – 7.22 (m, 4H), 4.21 – 4.01 (m, 2H), 2.75 – 2.58 

(m, 2H), 2.46 (tt, J = 11.8, 3.0 Hz, 1H), 1.50 – 1.37 (m, 2H), 1.41 (s, 9H), 1.29 (qd, J = 12.5, 4.2 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 154.73, 143.97, 132.80, 128.56, 127.35, 79.64, 79.13, 77.48, 77.36, 77.16, 

76.84, 44.30, 43.49 (br), 28.49, 26.38. 
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Supplementary information 

 

 

Supplementary Scheme S4.1. Synthesis of 1,2,4-triazole building blocks 40, 45–54. Reagents and conditions:  

i) K2CO3, DMF, 3 h RT; ii) SOCl2, cat. DMF, Et2O, o/n 0°C → RT; iii) Isopropyl iodide, KI, K2CO3, DMF, o/n 75°C; iv) NaBH4, 

THF:H2O, o/n 0°C → RT. 

 

 

Supplementary Scheme S4.2. Synthesis of triazole amide inhibitor 3. Reagents and conditions: i) 1. 77, SOCl2, cat. 

DMF, THF, 14 h relux, then 2. 78, DIPEA, DCM, > 110 h 0°C → RT; ii) 1. 39, triphosgene, DIPEA, THF, 3 h 0°C → RT, then 

2. 41, K2CO3, DMF, o/n RT. 

 

 

 

Supplementary Scheme S4.3. Synthesis of pyrazole building blocks 56 and 57. Reagents and conditions: i) 1 atm H2, 

Pd/C, EtOH, 12 h RT; ii) 1. 133 or 135, H2SO4, NaNO2, H2O, 30 min 0°C, then 2. 91, NaOH, H2O, 1.5 h 0°C. 

  



Optimization of WEN091 towards selective PLA2G4E inhibitors 

171 

 

 

Supplementary Scheme S4.4. Synthesis of aniline building block 96. Reagents and conditions: i) Isopropyl bromide, 

K2CO3, o/n 120°C; ii) H2 (1 atm), Pd/C, HCl, MeOH, 5 h RT. 

 

 

 

Supplementary Scheme S4.5. Synthesis of amine building block 122. Reagents and conditions: i) Et3N, Boc2O, DCM, 

50 h 0°C → RT; ii) THF, 4 d 0°C → RT; iii) TFA, DCM, 6 d RT. 

 

Supplementary Table S4.1. Physicochemical properties of 9, 19 and 30. Potency on PLA2G4E determined using gel-

based cABPP (N ≥ 2) aMolecular weight (MW) and topological polar surface area (tPSA) calculated using ChemDraw 

Professional 16.0; bPartition coefficient (clogP) calculated using DataWarrior 5.0.0; cHAC = number of heavy atoms; dHBA 

= number of hydrogen bond acceptors; eHBD = number of hydrogen bond donors; fRB = number of rotatable bonds; 
gLipophilic efficiency LipE = pIC50 – clogP; hLigand efficiency LE = 1.4pIC50/HAC. 

 

 pIC50 ± SEM MW (Da)a tPSA (Å2)a clogPb HACc HBAd HBDe RBf LipEg LEh 

9 8.10 ± 0.02 543 92 4.98 36 8 0 8 3.12 0.32 

19 7.04 ± 0.05 544 104 4.80 36 9 1 7 2.24 0.27 

30 < 5.0 542 79 4.86 36 7 0 8 < 0.14 < 0.19 

 

 

Supplementary Table S4.2. CB1 and CB2 receptor binding by 9, 19 and 30. Percentage displacement of [3H]CP55,940 

by 1 µM of inhibitor expressed as mean ± SEM (N = 2). 

 

 CB1 CB2 

9 18 ± 14% 14 ± 22% 

19 31 ± 7% 28 ± 20% 

30 33 ± 8% 20 ± 23% 
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One of the important aspects of molecular biology is acquiring an understanding of the 

spatiotemporal function of enzymes.1,2 Genetic abrogation of enzyme expression, such as 

accomplished with CRISPR-Cas9, is useful to investigate enzyme functions due to its high 

target specificity3, but does not provide temporal control and may disrupt multiple 

functionalities of the target because it completely removes a protein from the biological 

system.4–6 Inhibitors allow acute modulation of enzyme activity, which enables the study 

of the physiological function of an enzyme in a dynamic fashion.5,7 Because inhibitors may 

have multiple cellular targets, evidence of a direct interaction between the inhibitor 

molecule and the protein of interest, referred to as ‘target engagement’, is critical to assign 

the phenotypic effects observed to the studied enzyme.8–10 In drug discovery, proof of 

target engagement in combination with a desired phenotypic effect is important to 

validate the protein as a drug target.8,11,12 In addition, information about the drug 

concentration needed for full target engagement may help to determine the maximal dose 

required for efficacy with minimal side-effects.8,13  

Activity-based protein profiling (ABPP) has become one of the key methodologies to 

determine enzyme activity in a physiological setting and can be used for target 

engagement studies.14,15 ABPP makes use of an activity-based probe (ABP) that covalently 

engages with the catalytic residue and is equipped with a fluorescent or biotin reporter 

tag for visualization and identification purposes, respectively (Figure 5.1).16,17 In a ‘two-step 

labeling’ approach, selective ligation of the probe to its reporter tag is executed after 

sample treatment to minimize the interference of a large reporter group with the probe’s 

activity and cell permeability (Figure 5.1).18 In competitive ABPP, pre-treatment of samples 

with an inhibitor prevents the binding of the ABP, leading to a dose-dependent decrease 

in labeling. This provides evidence of target engagement by the inhibitor in cells and allows 

to determine its potency and selectivity in a single experiment.19–21 Competitive ABPP is, 

therefore, a powerful method to investigate these critical drug properties in early drug 

discovery. 

 

 

 

Figure 5.1. Schematic overview of competitive ABPP workflow. Cells or lysate are treated with inhibitor, followed by 

activity-based alkyne probe. After lysis, copper-catalyzed alkyne-azide cycloaddition (CuAAC) is used to attach a 

reporter group. SDS-PAGE and subsequent in-gel fluorescence scanning or probe target enrichment via biotin-

streptavidin pulldown in combination with LC-MS/MS are used to analyze labeled enzymes.  

Enzyme labeling
SDS-PAGE analysis

1. Enrichment
2. Tryptic digestion

m/z

LC-MS/MS analysis

Inhibitor treatment

Protein resolution

Activity-based probe Fluorophore azide Biotin azideInhibitorProtein
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PLA2G4E is a 868 amino acid (100 kDa) serine hydrolase (SH) that is one of the six known 

members of the group IV phospholipases (PLA2G4A–F).22,23 These enzymes share common 

structural characteristics that include an N-terminal calcium-dependent lipid binding 

domain (C2) and a catalytic Ser-Asp dyad, which are important for their subcellular 

localization and catalytic activity.24,25 PLA2G4E has an additional C-terminal polybasic 

domain (KKKRLK) which is involved in its localization.26 While PLA2G4A–F all metabolize 

phospholipids, they have different activities, substrate preferences and expression 

patterns.23,24,27 In 2016, PLA2G4E was reported to be an N-acyltransferase capable of 

producing N-acylphosphatidylethanolamines (NAPEs) from phosphatidylethanolamine (PE) 

and phosphatidylcholine (PC) in a calcium-dependent manner.28 NAPEs are a low-

abundant class of lipids that have both signaling and structural functionalities. They are 

involved in regulation of satiety29 and have anti-inflammatory properties.30 In addition, 

they modulate membrane dynamics by providing stability and stimulating fusion.31–33 Via 

several pathways, NAPE hydrolysis leads to the formation of N-acylethanolamines (NAEs), 

a highly diverse family of signaling lipids.34–39 Depending on the nature of their fatty acid 

substituent, NAEs are involved in a wide range of bioactivities, including nociception, 

anxiety, fertility, appetite, inflammation and memory formation.40–47  

In previous chapters, competitive ABPP was applied to the discovery of inhibitors for 

PLA2G4E, using broad-spectrum serine hydrolase probe fluorophosphonate-

tetramethylrhodamine (FP-TAMRA). WEN091 was identified as a potent inhibitor of 

PLA2G4E in vitro (pIC50 ± SEM = 8.01 ± 0.02, Chapter 2), which was able to reduce NAPE 

levels in a cellular PLA2G4E overexpression system and showed cellular activity on other 

serine hydrolases (Chapter 3). To confirm the physical, intracellular interaction between 

WEN091 and PLA2G4E, a cell-permeable ABP targeting PLA2G4E is required. Here, the 

design and synthesis of ABP 1 and its application to study the cellular target engagement 

of WEN091 is described. 

Results 

Design and synthesis of ABP 1 

The broad reactivity of FP-TAMRA and its charged fluorophore that compromises its cell 

permeability made this probe not suitable for cellular engagement studies.48,49 Therefore, 

a new probe was required to study the cellular target engagement of PLA2G4E inhibitors. 

It was envisioned that compound 2, a PLA2G4E inhibitor identified in Chapter 4, could 

serve as starting point for the design of a cell-permeable probe (Figure 5.2A). The 

electrophilic carbonyl of 2 is thought to bind to the catalytic serine of PLA2G4E and the 

triazole functions as a leaving group (Figure 5.2B). The benzylpiperidine acts as a ‘staying 

group’ and irreversibly carbamoylates the serine. Modification of the benzylpiperidine with 

a ligation handle would, therefore, allow visualization of the active enzyme by conjugation 

to a fluorescent reporter group. A commonly used ligation strategy involves bioorthogonal 

Huisgen 1,3-dipolar cycloaddition (‘click’ chemistry) of an azide and an alkyne, often 
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catalyzed by copper (also referred to as CuAAC).49 It was envisioned that an alkyne could 

be incorporated at the meta position of the benzyl group, since substitution at this position 

was tolerated by PLA2G4E (e.g. compound 3, Figure 5.2A, see also Chapter 2). 

 

 

Figure 5.2. Rationale of the design of PLA2G4E probe 1. A) The design of 1 was based on the chemical structure of 

inhibitors 2 and 3. pIC50 values were determined with gel-based ABPP on PLA2G4E-HEK293T lysate. B) Hypothesized 

mechanism of PLA2G4E inhibition by 2. PLA2G4E’s nucleophilic residue Ser412 is activated by Asp700 and attacks the 

electrophilic carbonyl of 2. The triazole moiety leaves, forming a stable adduct of the piperidine moiety on PLA2G4E. 

 

Synthesis of ABP 1 was started with construction of benzylpiperidine 4 from 

4-methylenepiperidine 5 and 2-chloro-5-iodophenol (6) via Suzuki-Miyaura cross-

coupling (Scheme 5.1). Installation of the propargyl group (7) and Boc-deprotection 

yielded the piperidinium salt (8). In a parallel route, 1H-1,2,4-triazole-3-thiol (9) was 

benzylated with 4-methoxybenzyl chloride (10) to form 11 and subsequently oxidated with 

peracetic acid to sulfone 12. Triphosgene-mediated urea formation between piperidine 8 

and triazole 12 finally afforded ABP 1. 

Biological characterization of PLA2G4E ABP 1 

1 is an activity-based probe for PLA2G4E 

The ability of 1 to inhibit PLA2G4E was assessed in a competitive ABPP experiment using 

FP-TAMRA. Briefly, PLA2G4E-overexpressing HEK293T cell lysate was treated with 1 at 

increasing concentrations (30 min), followed by FP-TAMRA (50 nM, 5 min). Sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and in-gel fluorescence scanning 

enabled determination of the apparent half maximal inhibitory concentration (IC50) of 1 to 

be 54 nM (pIC50 ± SEM = 7.27 ± 0.02, Figure 5.3A, B). Of note, 1 did not inhibit 

overexpressed recombinant PLA2G4B–D up to 1–10 µM (Figure 5.3C). To confirm the 

fluorescent labeling of PLA2G4E by 1, overexpression lysate was treated with 1 (1 µM, 30 

min), followed by copper-catalyzed click conjugation of Cy5-azide to 1. Resolution of the  

A

B
Ser412 Asp700

Ser412 Asp700
Ser412 Asp700
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Scheme 5.1. Synthesis of 1. Reagents and conditions: i) 1. 5, 9-BBN, THF, 6 h 0°C → RT, then 2. 6, K2CO3, Pd(dppf)Cl2, 

THF:DMF:H2O (1:1:0.1), o/n 60°C (84%); ii) Propargyl bromide, K2CO3, DMF, 48 h RT (quant.); iii) TFA, DCM, 21 h RT; 

iv) K2CO3, DMF, 5 h RT; v) AcOOH, DCM, o/n 0°C → RT (90%); vi) 1. 8, triphosgene, DIPEA, THF, o/n 0°C → RT, then 2. 

12, K2CO3, DMF, o/n RT (48%). 

 

 

 

Figure 5.3. Activity of 1 on PLA2G4E and related enzymes. A) Representative gel excerpts of ABPP experiments on 

PLA2G4E overexpression lysate, using FP-TAMRA as ABP. B) Corresponding inhibition curve and pIC50 value. Data 

reported as mean ± SEM (N = 3). C) Representative gel excerpts of ABPP experiments on PLA2G4B, PLA2G4C and 

PLA2G4D overexpression lysate, using FP-TAMRA as ABP. D) Activity-based labeling of recombinantly overexpressed 

wt and mutant PLA2G4E by 1 (1 µM). Excerpts of fluorescence image after CuAAC conjugation to Cy5, western blot and 

coomassie loading control. E) Schematic representation of PLA2G4E wt and mutant constructs used in this study, 

indicating the calcium-dependent lipid binding domain (C2), the C2-like domain (C2L), the lipase domain (Lip) with 

nucleophilic residue Ser412 and polybasic stretch (PB). F) Representative gel excerpts of ABPP experiments on mouse 

brain membrane proteome, using FP-TAMRA and MB064 as ABPs. 

N CC2 C2L Lip

PBSer412

N CC2 C2L Lip

PBAla412

N CLip

PBSer412

N CC2 C2L Lip

Ser412

WT

S412A

ΔC2

ΔPB

E

PLA2G4E wt S412A ΔC2 ΔPB

Ca2+ + - + + +

- 70 -

Cy5 -

α-FLAG -

Coomassie -

- 70 -

D

[1] (µM)

0 0
.0

0
1

0
.0

1

0
.0

3

0
.1

0
.3

1 1
0

FP-TAMRA -

Coomassie -

A

-9 -8 -7 -6 -5
0

50

100

log[1] (M)

R
e

si
d

u
al

 P
LA

2
G

4
E 

ac
ti

vi
ty

 (
%

)

pIC50 = 7.27   0.02

B

[1] (µM) 0 0.1 1 10

PLA2G4B -

Coomassie -

PLA2G4C -

Coomassie -

PLA2G4D -

Coomassie -

C

FP-TAMRA MB064

[1] (µM) - 0.1 - 0.1

- 250 -

- 130 -

- 100 -

- 70 -

- 55 -

- 35 -

- 25 -

kDa

FAAH -

MAGL -
ABHD6 -

LyPLA1/2 -

- DAGLα

- ABHD16a 

- ABHD12 

- ABHD6 

- LyPLA1/2 

F

- CBB -

- 130 -

- 100 -

kDa

- 130 -

- 100 -



Chapter 5 

178 

 

proteins by SDS-PAGE and fluorescence scanning showed a fluorescent band at the 

expected MW of PLA2G4E (Figure 5.3D, first lane). No labeling was observed in the absence 

of Ca2+ (Figure 5.3D, second lane) or when the catalytic serine was mutated to an alanine 

(S412A) (third lane), indicating that labeling of PLA2G4E by 1 is dependent on its catalytic 

activity. In addition, mutants in which the C2 domain (ΔC2) or polybasic domain (ΔPB) were 

removed were not labeled by 1 (Figure 5.3D, E). This confirms and extends previous reports 

that these mutants were not active in a substrate-based assay.50 Altogether, these results 

demonstrate that 1 can be used as an ABP to visualize the PLA2G4E activity.  

The selectivity of 1 over other serine hydrolases was investigated using competitive 

ABPP on mouse brain membrane proteome as reported in Chapter 3. 1 (100 nM, 30 min) 

inhibited several other serine hydrolases, including α/β-hydrolase domain-containing 

protein 6 (ABHD6), diacylglycerol lipase α (DAGLα) and protein thioesterases 1 and 2 

(LyPLA1/2), while it partially inhibited ABHD12 (Figure 5.3F). NAE-degrading enzyme fatty 

acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) were not inhibited. Thus, 

compound 1 is a potent PLA2G4E ABP with limited serine hydrolase off-targets in mouse 

brain proteome.  

Cellular activity of probe 1 confirmed in situ target engagement of inhibitor WEN091 

The activity of 1 in a cellular system was investigated using mouse neuroblastoma cell line 

Neuro-2a. In brief, Neuro-2a cells were transiently transfected with recombinant human 

PLA2G4E or mock plasmid. The cells were incubated with 1 at various concentrations for 

30 min, harvested and lysed. The resulting homogenate was subjected to CuAAC using 

Cy5-azide followed by SDS-PAGE to enable visualization of PLA2G4E labeling. With 

increasing concentration of 1, a band at the MW of PLA2G4E was fluorescently labeled in 

overexpressing cells, but not in mock (Figure 5.4A). This indicated 1 was able to engage 

with and label PLA2G4E in the overexpressing cells. Of note, a second band (∼37 kDa) is 

dose-dependently labeled, but also in mock. This probably indicated engagement of 1 

with an off-target protein in Neuro-2a cells. Thus, 1 is a cellular active ABP that can be used 

to visualize the intracellular activity of PLA2G4E.  

Next, Neuro-2a cells overexpressing PLA2G4E were pre-treated with inhibitor 

WEN091 (30 min) followed by treatment with 1 (1 µM, 30 min). Cells were then lysed and 

the resulting homogenate was subjected to CuAAC. WEN091 dose-dependently inhibited 

labeling of PLA2G4E by 1 (pIC50 = 6.47 ± 0.19, Figure 5.4C, D) achieving full inhibition at 

10 µM. These results proved the intracellular engagement of WEN091 with PLA2G4E. 
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Figure 5.4. Activity on and labeling of PLA2G4E in Neuro-2a cells by ABP 1. A) Labeling of PLA2G4E- and mock-

transfected Neuro-2a cells by 1 (30 min). 1 was clicked to Cy5-N3 after cell lysis. Band of PLA2G4E is indicated with an 

arrow. B) Intracellular PLA2G4E labeling by 1 (1 µM, 30 min) is dose-dependently outcompeted by WEN091 (30 min).  

1 was clicked to Cy5-N3 after cell lysis. C) Corresponding inhibition curve and pIC50 value of WEN091. Data reported as 

mean ± SEM (N = 4). 

Discussion and conclusions 

In drug discovery, cellular target engagement studies are important to correlate the 

phenotypic effects of an inhibitor to its presumed mode of action. It helps to validate the 

protein as a drug target and provides information about the dose required for full target 

occupancy.10,12,13 WEN091 was identified as a nanomolar potent inhibitor of PLA2G4E in 

biochemical assays (Chapter 2), but lowered (lyso)-NAPE levels in PLA2G4E-overexpressing 

Neuro-2a cells only at micromolar concentrations (Chapter 3). This discrepancy may 

suggest that WEN091 has restricted cell permeability and/or limited engagement with 

PLA2G4E in a cellular setting. Here, cellular PLA2G4E ABP 1 (WEN175) was developed to 

address this question.  

Compound 1 was able to label PLA2G4E in a dose-dependent manner. It did not label 

PLA2G4E in the absence of calcium, demonstrating the activity-dependent nature of the 

probe. Furthermore, it did not label PLA2G4E-S412A, confirming Ser412 to be the catalytic 

residue.50 1 was able to visualize cellular PLA2G4E activity, and using 1, it was determined 

that WEN091 intracellularly engaged with PLA2G4E with pIC50 = 6.47 ± 0.17. This shows 

that WEN091 is cell-permeable, but that it is more than 30-fold less potent in a cellular 

setting. Full target engagement was achieved at 10 µM, which is in line with the lipidomics 

measurements that showed (lyso)-NAPE reduction at >10 µM (Chapter 3). High cellular 

levels of substrates PE and PC that compete for interaction with PLA2G4E may explain this 

reduced activity of WEN091 in cells.51 These results also indicate that biochemical assays 

in vitro may overestimate a compound’s activity and emphasize the importance of cellular 

target engagement assays to guide the development of inhibitors. 
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Projecting forward, ABP 1 can potentially be used to detect endogenous PLA2G4E activity 

in cells and tissues and to investigate its activity under (patho)physiological conditions. For 

example, NAPEs are highly elevated in ischemic tissue, possibly as a cytoprotective 

mechanism.52–54 It is envisioned that 1 could be employed to visualize PLA2G4E activity 

under normal and ischemic conditions using chemical proteomics to investigate the role 

of PLA2G4E in this process. Calcium-independent NAPE producing enzymes 

phospholipase A/acyltransferase (PLAAT) 1 and PLAAT5 share a similar expression profile 

to PLA2G4E.55,56 Quantification of PLA2G4E activity using ABP 1 will help to elucidate the 

contribution of PLA2G4E to NAPE production in healthy and ischemic tissue. Visualizing 

the subcellular localization of active PLA2G4E using 1 and a fluorescent reporter tag may 

show whether PLA2G4E, similar to PLA2G4A, translocates before activation.57–59 The C2 

domain is thought to regulate the subcellular localization of PLA2G4 family members and 

to be involved in enzyme activity through interactions with substrate lipids in cellular 

membranes.57–60 PLA2G4E’s PB domain was previously demonstrated to be involved in the 

enzyme’s localization towards membranes of the endocytic recycling machinery.26 Here, 

however, both the C2 and PB domain were needed for probe binding in lysate, indicating 

a more direct involvement of these domains in PLA2G4E’s activity. 

A drawback of ABP 1 is that it targets multiple other serine hydrolases, which might 

hamper the identification of endogenous PLA2G4E using gel-based ABPP or microscopy. 

Future optimization of this chemical series may lead to more specific probes suitable for 

microscopy experiments. 

In conclusion, we report 1 as the first cell-permeable activity-based probe that was 

used to confirm the intracellular activity of PLA2G4E in an overexpression system and to 

prove intracellular target engagement of PLA2G4E inhibitor WEN091.  
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Experimental procedures 

General remarks 

All chemicals and reagents for biochemical experiments were purchased from Thermo Fisher Scientific 

or Bio-Rad, unless noted otherwise. Activity-based probes were purchased from Thermo Fisher 

Scientific (FP-TAMRA) or synthesized in-house (MB064)21.  

Plasmids 

The full-length cDNA of wild type human PLA2G4E (GenScript Biotech), murine PLA2G4B, hPLA2G4C 

and mPLA2G4D (Source BioScience) were cloned into a pcDNA™3.1(+) expression vector in-frame 

with a C-terminal FLAG tag. PLA2G4E mutants were generated by PCR amplification using the primers 

listed in Supplementary Table S5.1. Purified PCR products were cloned into pcDNA™3.1(+) in-frame 

with a C-terminal FLAG tag. Plasmids were isolated from transformed Escherichia coli XL-10 using a 

Qiagen Plasmid Midi kit and stored at 4°C in TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0). The 

sequence was determined (Macrogen) and verified using CLC Main Workbench. 

Supplementary Table S5.1. Oligonucleotides used for generating PLA2G4E mutant constructs. 

Construct name Direc. Sequence 

Restriction 

site used 

PLA2G4E-S412A fw 5’-ATCGTCTCACCGGTATGAGTCTCCAGGCCTCGGAAGGC-3’ Kpn2I 

 rev 5’-CATCTCTAGACTACGTACGCTCGAGCTTATCGTCGTCATCCTTGTAATC-3’ Pfl23II 

PLA2G4E-ΔC2 fw 5’-CATGGTACCGCCACCATGGTGCGGCTGGGCTTCAGCCT-3’ Acc65I 

 rev 5’-CATCTCTAGACTACGTACGCTCGAGCTTATCGTCGTCATCCTTGTAATC-3’ XhoI 

PLA2G4E-ΔPB fw 5’-CTTAAGCTTTACCGGTACCGCCACCATGAGTCTCCAGGCCTCGGAAGGC-3’ Acc65I 

 rev 5’-CTACGTACGCTCGAGCTTATCGTCGTCATCCTTGTAATCCTCCACTGCGAGCCGCAGAGCC-3’ XhoI 

Cell culture 

HEK293T (human embryonic kidney) and Neuro-2a (murine neuroblastoma) cells (ATCC) were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich D6546) with additional heat-

inactivated new-born calf serum (10% (v/v), Avantor Seradigm), L-Ala-L-Gln (2 mM, Sigma-Aldrich), 

penicillin and streptomycin (both 200 µg/mL, Duchefa Biochemie) at 37°C, 7% CO2. Medium was 

refreshed every 2–3 days and cells were passaged twice a week at 70–80% confluence by aspirating 

the medium, thorough pipetting in fresh medium and seeding to appropiate density. Cell cultures 

were regularly tested for mycoplasma and discarded after 2–3 months. 

HEK293T membrane preparation 

One day prior to transfection, 107 HEK293T cells were seeded to a 15 cm dish. Upon transfection, 

medium was aspirated and replaced by 13 mL fresh medium. Plasmid DNA (20 µg per 15 cm dish) 

and PEI (60 µg per 15 cm dish) were separately dissolved in 1 mL DMEM without serum per dish, 

combined, incubated for 15 min and added dropwise to the cells. 24 h p.t. medium was replaced by 

25 mL fresh medium. 72 h p.t. medium was aspirated and the cells were washed with RT Dulbecco’s 

PBS (DPBS, Sigma-Aldrich D8537), harvested in DPBS and centrifuged (3000 × g, 15 min, RT). Cell 

pellets were flash-frozen in liquid N2 and stored at −80°C until use. 

HEK293T cell pellets were thawed on ice and homogenized in 2 mL ice-cold lysis buffer (50 mM 

Tris-HCl, 2 mM DTT, 1 mM MgCl2, 5 U/mL Benzonase® (Santa Cruz Biotechnology, Inc.), pH 8.0 with 

additional 3 mM CaCl2 for PLA2G4E) per 15 cm cell culture dish using a Sonics® Vibra-Cell VCX 130 

probe sonicator equipped with a 2 mm microtip (3 × 10 s on/10 s off, 20% amplitude). After incubation 

on ice for 30 min the insoluble (“membrane”) fraction was separated from the soluble (“cytosol”) 

fraction by ultracentrifugation (105 × g, 35 min, 4°C, Beckman-Coulter ultracentrifuge, Ti70.1 rotor). 
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The pellet was resuspended in 1 mL ice-cold storage buffer (50 mM Tris-HCl, 2 mM DTT, pH 8.0 with 

additional 3 mM CaCl2 for PLA2G4E) per 15 cm plate and homogenized by passing through an insulin 

needle. After determination of the protein concentration using a Quick Start™ Bradford Protein Assay 

(Bio-Rad) the samples were diluted to 1.0 mg/mL in ice-cold storage buffer, aliquoted to single-use 

volumes, flash-frozen in liquid N2 and stored at −80°C until further use. 

Mouse brain lysate preparation 

For ABPP experiments, mouse brains were harvested from surplus C57Bl/6J mice (8–14 weeks old) 

according to guidelines approved by the ethical committee of Leiden University (AVD1060020171144), 

immediately flash-frozen in liquid N2 and stored at −80°C until use. Upon preparation, intact brains 

were thawed on ice and homogenized in 6 mL ice-cold lysis buffer (20 mM HEPES, 2 mM DTT, 250 

mM sucrose, 1 mM MgCl2, 25 U/mL Benzonase®, pH 6.8) using a Wheaton™ dounce homogenizer 

(DWK Life Sciences) and incubated on ice for 1 h. Cell debris was removed by low-speed centrifugation 

(170 × g, 5 min, 4°C), after which the supernatant was subjected to ultracentrifugation to separate 

membrane and cytosol fractions. The pellet was resuspended in ice-cold storage buffer (20 mM HEPES, 

2 mM DTT, pH 6.8) and homogenized by passing through an insulin needle. The protein 

concentrations of both fractions were determined using a Quick Start™ Bradford Protein Assay and 

samples were diluted to 2.0 mg/mL (membrane) or 1.0 mg/mL (cytosol) using ice-cold storage buffer, 

aliquoted to single-use volumes, flash-frozen in liquid N2 and stored at −80°C until use. 

Activity-based protein profiling 

HEK293T or mouse brain lysates were thawed on ice. 19.5 µL lysate was incubated with 0.5 µL inhibitor 

solution in DMSO (Sigma-Aldrich) for 30 min (RT), followed by addition of 0.5 µL probe in DMSO 

(PLA2G4E: FP-TAMRA, 50 nM, 5 min; PLA2G4B, PLA2G4C, PLA2G4D: FP-TAMRA, 500 nM, 20 min; 

mouse brain: FP-TAMRA, 500 nM, 20 min or MB064, 250 nM, 20 min, RT. Final DMSO concentration 

5% (v/v)). The reaction was quenched by addition of 7 µL 4× Laemmli sample buffer (240 mM Tris, 8% 

(w/v) SDS, 40% (v/v) glycerol, 5% (v/v) β-mercaptoethanol (Sigma-Aldrich), 0.04% bromophenol blue) 

and incubation for 15 min at RT. 10 µL sample was resolved on 8% (PLA2G4E) or 10% (PLA2G4B, 

PLA2G4C, PLA2G4D, mouse brain) acrylamide SDS-PAGE gels (180 V, 75 min) and the gel was imaged 

on a Bio-Rad Chemidoc MP using Cy3/TAMRA settings (ex. 532/12 nm, em. 602/50 nm). Coomassie 

Brilliant Blue (CBB) R250 staining was used for total protein loading correction.  

For ABPP on PLA2G4E mutants, 19.5 µL HEK293T overexpression lysate without DTT was treated 

with 0.5 µL 1 in DMSO for 30 min (RT), followed by addition of 2.2 µL freshly-prepared ‘click mix’ (i.e. 

13 mM CuSO4, 2.6 mM tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), 95 µM Cy5-N3 and 13 mM 

tris(2-carboxyethyl)phosphine (TCEP) combined in this order and mixed thoroughly). The ABPP 

mixture was shaken (800 rpm) for 30 min at 37°C, after which the reaction was quenched and proteins 

were resolved as described above. After imaging, proteins on the top half of the gel were transferred 

onto a 0.2 µM polyvinylidene fluoride (PVDF) membrane using a Trans-Blot Turbo Transfer system 

(Bio-Rad) and subsequently treated with anti-FLAG antibody (mouse, Sigma-Aldrich F3165) and horse 

radish peroxidase (HRP)-conjugated secondary antibody (m-IgGκ BP-HRP, Santa Cruz Biotechnology, 

Inc. sc-516102). Blots were developed using Clarity Western ECL Substrate (Bio-Rad). The bottom half 

of the gel was used for total protein loading correction using CBB. Images were analyzed using Bio-

Rad Image Lab 6. IC50 calculations were performed in GraphPad Prism 7. 
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Cellular target engagement assay 

Three days prior to the experiment, Neuro-2a cells were seeded to 12-wells plates plates (∼0.25 ∙ 106 

cells per well). One day later, medium was aspirated and replaced by 400 µL fresh medium. PLA2G4E 

or mock plasmid DNA (1 µg per well) and PEI (5 µg per well) were separatedly dissolved in 50 µL 

DMEM without serum per well, combined, incubated for 15 min and added dropwise to the cells. 24 

h p.t., medium was replaced by 1 mL fresh medium per well. 48 h p.t., the experiment was started and 

medium was aspirated and cells were washed with RT DPBS. For competition experiments, 400 µL 

DMEM without serum with WEN091 in DMSO (0.25% (v/v) DMSO) was added and cells were 

incubated for 30 min at 37°C. Medium was aspirated and 400 µL DMEM without serum with 1 in 

DMSO (0.25% (v/v) DMSO) was added and cells were incubated for 30 min at 37°C. Then medium was 

aspirated and cells were washed with RT DPBS. Cells were harvested in ice-cold DPBS by thorough 

pipetting and centrifuged (1000 × g, 6 min, RT). Pellets were flash-frozen in liquid N2 and stored at 

−80°C until further use. 

Cell pellets were thawed on ice and lysed in 50 µL lysis buffer (50 mM Tris-HCl, 2 mM DTT, 250 

mM sucrose, 3 mM CaCl2, 1 mM MgCl2, 10 U/mL Benzonase®, pH 8.0). After incubation on ice for 20 

min, the protein concentration was determined using Quick Start™ Bradford Protein Assay and the 

samples were diluted to 1.0 mg/mL using lysis buffer. 20 µL of this whole lysate was treated with 2 µL 

freshly prepared click mix (1.35 mM CuSO4, 8.8 mM sodium ascorbate, 0.14 mM THPTA, 4.9 µM Cy5-

N3) and the mixture was incubated for 1 h at 37°C. Reactions were then quenched with 8 µL 4× 

Laemmli sample buffer and proteins were resolved and images analyzed as described under Activity-

based protein profiling. 

Organic synthesis 

General remarks 

All chemicals were purchased from Sigma-Aldrich, Combi-Blocks, Alfa Aesar or Fluorochem, common 

salts from Sigma-Aldrich or Chem-Lab and solvents from Sigma-Aldrich or Honeywell Riedel-de Haën 

and used without further purification. All moisture-sensitive reactions were carried out in solvents 

dried over heat-activated molecular sieves (4 Å, Sigma-Aldrich), using flame-dried glassware under an 

atmosphere of N2. TLC analysis was performed on Merck silica gel 60 F254 aluminum TLC plates, on 

which compounds were visualized under 254 or 366 nm UV light and using KMnO4 (30 mM KMnO4, 

180 mM K2CO3 in water) or ninhydrin (7.5 mM ninhydrin, 10% (v/v) AcOH in EtOH) stain. Flash column 

chromatography was performed using SiO2 (Macherey-Nagel, 60 M) as stationary phase. 

NMR spectra were recorded on a Bruker AV-400 MHz spectrometer at 400 MHz (1H) and 101 

MHz (13C), using CDCl3 or MeOD (Eurisotop) as solvent. Chemical shifts are reported in ppm with TMS 

(1H CHCl3, δ 0.00) or solvent resonance (1H MeOD, δ 3.31; 13C MeOD, δ 49.00; 13C CHCl3, δ 77.16) as 

internal standard. Data are reported as follows: chemical shift δ (ppm), multiplicity (s = singlet, d = 

doublet, t = triplet, dd = doublet of doublets, td = triplet of doublets, qd = quartet of doublets, dt = 

doublet of triplets, bs = broad singlet (1H), br = broad (13C), m = multiplet), coupling constants J (Hz) 

and integration. HPLC/MS analysis was performed on a Finnigan Surveyor HPLC system equipped with 

a Macherey-Nagel NUCLEODUR C18 Gravity, 5 µm, 50 × 4.6 mm column followed by a Thermo 

Scientific LTQ Orbitrap XL spectrometer, using H2O/CH3CN + 1% TFA as mobile phase. All compounds 

used for biological experiments were ≥ 95% pure based on LC/MS UV absorbance. 
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(4-(4-Chlorobenzyl)piperidin-1-yl)(3-((cyclohexylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)-

methanone (WEN091) 

The title compound was synthesized as described in Chapter 2. 

 

  

(4-(4-Chloro-3-(prop-2-yn-1-yloxy)benzyl)piperidin-1-yl)(3-((4-methoxybenzyl)sulfonyl)-1H-1,2,4-

triazol-1-yl)methanone (1, WEN175) 

To an ice-cold solution of triphosgene (3 eq, 400 mg, 1.35 

mmol) and DIPEA (3 eq, 234 µL, 1.34 mmol) in dry THF (5 

mL), 9 (1 eq, 169 mg, 0.45 mmol) dissolved in dry THF (10 

mL) was added dropwise over the course of 20 min. The mixture was stirred on ice for 1 h before it 

was allowed to warm to RT and stirred overnight. When TLC analysis confirmed full conversion the 

mixture was diluted with EtOAc and washed with water and brine. The organic layer was dried over 

MgSO4, filtrated and concentrated in vacuo. Water was removed by co-evaporation with toluene, after 

which the resulting dark green oil was dissolved in dry DMF (6 mL). 13 (1.2 eq, 136 mg, 0.54 mmol) 

and K2CO3 (3 eq, 188 mg, 1.36 mmol) were added and the mixture was stirred overnight. The mixture 

was diluted with EtOAc and washed with water and brine. The organic layer was dried over MgSO4, 

filtrated and concentrated in vacuo. Flash column chromatography (20 → 60% EtOAc in pentane) 

afforded the title compound as pale yellow sticky oil (117 mg, 0.22 mmol, 48%). 
1H NMR (400 MHz, CDCl3) δ 8.84 (s, 1H), 7.28 (d, J = 8.0 Hz, 1H), 7.20 – 7.12 (m, 2H), 6.88 (d, J = 1.8 

Hz, 1H), 6.83 – 6.76 (m, 2H), 6.74 (dd, J = 8.1, 1.8 Hz, 1H), 4.79 (d, J = 2.3 Hz, 2H), 4.55 (s, 2H), 4.42 – 

4.26 (m, 1H), 4.15 – 3.94 (m, 1H), 3.70 (s, 2H), 2.98 – 2.83 (m, 2H), 2.67 (t, J = 2.4 Hz, 1H), 2.60 – 2.49 

(m, 3H), 1.88 – 1.72 (m, 2H), 1.66 – 1.55 (m, 1H), 1.45 – 1.14 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 160.50, 160.12, 152.62, 148.00, 146.94, 139.44, 132.14, 130.08, 122.83, 

120.75, 118.06, 115.29, 114.19, 76.84, 76.60, 59.99, 56.63, 55.12, 47.06 (br), 45.98 (br), 42.20, 37.58, 

31.50 (br). 

HRMS: [M+NH4]+ calculated for C26H27ClN4O5S +NH4
+
 560.17289, found 560.17282. 

tert-Butyl 4-(4-chloro-3-hydroxybenzyl)piperidine-1-carboxylate (4) 

To an ice-cold solution of N-Boc 4-methylenepiperidine (5, 1 eq, 1.03 mL, 5.06 

mmol) in degassed dry THF (20 mL), 9-BBN (1.4 eq, 14 mL 0.5 M in THF, 7.0 mmol) 

was added dropwise. The reaction was allowed to warm to RT and stirred for 6 h. 

In the meantime, a three-neck flask equipped with a reflux condenser was charged with K2CO3 (1.5 eq, 

1.05 g, 7.60 mmol), 2-chloro-5-iodophenol (6, 1.6 eq, 2.0 g, 7.86), DMF (20 mL) and water (2 mL) and 

purged with N2. When TLC analysis confirmed full conversion, the reaction mixture was added to the 

three-neck flask and purging was continued for 30 min. Pd(dppf)Cl2 (0.01 eq, 37 mg, 0.051 mmol) was 

added, upon which the mixture turned dark red, and the reaction was stirred overnight at 60°C under 

continuous N2 flow. The mixture was allowed to cool to RT, diluted with Et2O and washed with 1 M aq. 

NaOH. The pH of the aqueous layer was neutralized with 12 M hydrochloric acid before the aqueous 

layer was extracted with Et2O. The combined organic layers were washed with brine, dried over MgSO4, 

filtrated and concentrated in vacuo. Flash column chromatography (0 → 35% EtOAc in pentane) 

afforded the title compound as off-white crystalline solid (1.38 g, 4.25 mmol, 84%). 
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1H NMR (400 MHz, CDCl3) δ 7.20 (d, J = 8.1 Hz, 1H), 6.80 (d, J = 2.0 Hz, 1H), 6.63 (dd, J = 8.1, 2.0 Hz, 

1H), 4.17 – 4.03 (m, 3H), 2.69 – 2.58 (m, 2H), 2.45 (d, J = 6.9 Hz, 2H), 1.97 – 1.76 (m, 1H), 1.71 – 1.55 (m, 

2H), 1.45 (s, 9H), 1.12 (qd, J = 13.0, 12.5, 3.9 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 155.08, 151.47, 140.99, 128.88, 122.04, 117.62, 116.97, 79.63, 44.03, 42.67, 

38.05, 31.97, 28.57. 

tert-Butyl 4-(4-chloro-3-(prop-2-yn-1-yloxy)benzyl)piperidine-1-carboxylate (7) 

4 (1 eq, 345 mg, 1.06 mmol) and K2CO3 (2.2 eq, 321 mg, 2.32 mmol) were 

dissolved in dry DMF (10 mL) and stirred for 0.5 h. Propargyl bromide (2.2 eq, 

248 µL, 2.30 mmol) was added carefully and the mixture was stirred for 48 h. 

When TLC analysis confirmed full conversion water and the mixture was extracted with EtOAc. The 

combined organic layers were washed with water and brine, dried over MgSO4, filtrated and 

concentrated in vacuo. Flash column chromatography (0 → 30% EtOAc in pentane) afforded the title 

compound as colorless oil (381 mg, 1.05 mmol, quant.). 
1H NMR (400 MHz, CDCl3) δ 7.27 (d, J = 8.0 Hz, 1H), 6.86 (d, J = 1.8 Hz, 1H), 6.73 (dd, J = 8.0, 1.8 Hz, 

1H), 4.78 (d, J = 2.4 Hz, 2H), 4.07 (dt, J = 13.3, 2.6 Hz, 2H), 2.63 (td, J = 13.3, 2.2 Hz, 2H), 2.54 (t, J = 2.4 

Hz, 1H), 2.52 (d, J = 6.9 Hz, 2H), 1.71 – 1.57 (m, 3H), 1.45 (s, 9H), 1.14 (qd, J = 13.1, 4.6 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 154.97, 152.82, 140.32, 130.18, 123.24, 120.92, 115.52, 79.44, 78.21, 76.27, 

58.25, 56.89, 44.03, 42.99, 38.26, 32.00, 28.59. 

4-(4-Chloro-3-(prop-2-yn-1-yloxy)benzyl)piperidin-1-ium 2,2,2-trifluoroacetate (8) 

Trifluoroacetic acid (10 eq, 445 µL, 4.48 mmol) was added dropwise to an ice-

cold solution of 7 (1 eq, 163 mg, 0.45 mmol) in dry DCM (20 mL), after which 

the mixture was allowed to warm to RT and stirred for 21 h. When TLC analysis 

confirmed complete conversion, all volatiles were removed under reduced pressure, affording the title 

compound without further purification. 

3-((4-Methoxybenzyl)thio)-1H-1,2,4-triazole (11) 

1H-1,2,4-triazole-3-thiol (9, 1.1 eq, 1.01 g, 9.99 mmol) and K2CO3 (1.1 eq, 1.4 g, 

10 mmol) were dissolved in dry DMF (20 mL) and stirred for 0.5 h. 4-

Methoxybenzyl chloride (10, 1 eq, 1.2 mL, 8.9 mmol) was added dropwise and the mixture was stirred 

for 5 h. EtOAc and water were added and the layers were separated. The aqueous layer was extracted 

with EtOAc, after which the combined organic layers were washed with water and brine, dried over 

MgSO4, filtrated and concentrated in vacuo. The residue was dissolved in a small amount of EtOAc 

and put at −30°C for 7 days, affording part of the title compound as white crystals (514 mg, 2.32 mmol, 

23%) while the remaining residue was stored. 
1H NMR (400 MHz, CDCl3) δ 13.68 (bs, 1H), 8.15 (s, 1H), 7.23 – 7.14 (m, 2H), 6.80 – 6.69 (m, 2H), 4.28 

(s, 2H), 3.70 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 158.93, 147.07, 130.02, 128.54, 113.96, 55.18, 37.01. 
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3-((4-Methoxybenzyl)sulfonyl)-1H-1,2,4-triazole (12) 

AcOOH (5 eq, 2.2 mL 35–40% in AcOH, 11.6 mmol) was added dropwise to an 

ice-cold solution of 11 (1 eq, 514 mg, 2.32 mmol) in dry DCM, after which the 

mixture was allowed to warm to RT and stirred overnight. When TLC analysis 

confirmed complete conversion, volatiles were removed under reduced pressure. Flash column 

chromatography (50 → 100% EtOAc in pentane) afforded the title compound as light brown crystals 

(532 mg, 2.10 mmol, 90%). 
1H NMR (400 MHz, MeOD) δ 8.67 (s, 1H), 7.18 – 7.10 (m, 2H), 6.87 – 6.78 (m, 2H), 4.62 (s, 2H), 3.75 (s, 

3H). 
13C NMR (101 MHz, MeOD) δ 161.69, 146.95, 133.43, 120.16, 115.03, 61.05, 55.70.  
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Since its discovery in 19331, adamantane, an organic compound consisting of three fused 

cyclohexanes in their chair conformation ((CH)4(CH2)6, 1, Figure 6.1), has intrigued chemists 

due to its physicochemical and biological properties.2,3 Named after the Greek 

adamantinos, meaning diamond-related, it is the simplest member of the family of caged 

hydrocarbons that have their carbon atoms in a diamond-like lattice arrangement (named 

diamondoids), which gives them an extraordinarily rigid and almost strain-free structure.2,4 

Initially, adamantane could only be isolated from petroleum, which limited the possibilities 

for derivatization and its widespread use. The first convenient synthesis published in 1957 

opened up the possibilities for its application in medicinal chemistry.5 Derivatives such as 

amantadine (2), memantine (3) and vildagliptin (4) have since entered the clinic for the 

treatment of viral infections, diabetes mellitus and neurodegenerative diseases such as 

Alzheimer’s and Parkinson’s disease (Figure 6.1).3,6–12 

Diamondoids are lipophilic moieties. Inhibitors with an adamantyl group, however, 

have a lower lipophilicity than their cyclohexyl counterparts, as determined by their 

octanol–water partition coefficient (logP).13 Adamantane has therefore been dubbed the 

‘lipophilic bullet’, providing a compact moiety of critical hydrophobicity to a drug.3 For this 

reason, adamantane has been used as a fatty acid-mimic in peroxisome proliferator-

activated receptor (PPAR) pan-agonists14 and as cell membrane anchor in 

glucosylceramidase inhibitors.15–17 It has also been incorporated in various drug candidates 

to increase their water solubility18, improve brain-penetration19 or to increase their 

selectivity.20 Its hydrophobicity may, however, negatively impact oral bioavailability, but 

increase the volume of distribution and half-life.21,22 The rigidity and bulkiness of 

adamantane may improve the metabolic stability of a drug by inducing steric 

hindrance.6,23,24 Importantly, combination of these beneficial properties is not easily 

obtained by using more conventional structures.25–27 

 

 

 

Figure 6.1. Examples of caged hydrocarbons and their use in published drugs. Adamantane is the smallest 

representative of the diamondoid class. Amantadine has been used as antiviral and for the treatment of Parkinson’s 

disease62, memantine for the treatment of Alzheimer’s disease7, vildagliptin is used as anti-diabetic.12 Cubane is another 

small caged hydrocarbon that was used in this study. Compound 6 has been published as an inhibitor of prostaglandin 

D synthase, 7 is a retinoid-related orphan receptor γ ligand.28 
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Following the increased use of adamantane, other caged hydrocarbons such as cubanes 

have also been leveraged by medicinal chemists (5–7, Figure 6.1). The size of a cubyl group 

(2.72 Å) is almost identical to that of a phenyl (2.79 Å), making it a potential bioisoster for 

this commonly applied functional group in drug discovery. A clear advantage of cubane is 

its three-dimensional structure which allows for derivatization in different exit vectors 

compared to the phenyl ring. In addition, the cubyl group is highly stable towards light, 

heat and oxidation.28,29 Its widespread use is, however, hampered by a lack of readily 

available building blocks.30 

 
Serine hydrolases (SHs), a superfamily of enzymes characterized by the presence of a 

catalytic serine used for substrate hydrolysis, play key roles in multiple (patho)physiological 

processes, including coagulation, neurotransmission, hypertension, cancer and 

neuroinflammation.31–33 They are important drug targets, and currently over ten SH 

inhibitors have entered the clinic.32 Several SHs, such as diacylglycerol lipases α and β 

(DAGLα and DAGLβ) and α/β hydrolase domain-containing proteins 6 and 16a (ABHD6 

and ABHD16a), are potential targets for the treatment of neurological diseases associated 

with neuroinflammation. DAGLα and DAGLβ hydrolyze diacylglycerols into free fatty acids 

and monoacylglycerols, including 2-arachidonoyl glycerol (2-AG), an endogenous agonist 

of the cannabinoid CB1 and CB2 receptors.31,34 It is also an intermediate in the formation of 

pro-inflammatory lipids, such as prostaglandins and eicosanoids.34–37 ABHD6 converts di- 

and monoacylglycerols into free fatty acids and glycerol and participates in both 

production and degradation of 2-AG.38 It has recently been suggested as potential drug 

target in microglial cells that play a fundamental function in the development of 

neuroinflammation39–42, including for the treatment of traumatic brain injury43 and multiple 

sclerosis.44–46 Of note, while several ABHD6 inhibitors have been developed, their off-target 

effects have hampered this research.44,47 ABHD16a is a phosphatidyl serine (PS) lipase 

producing lyso-PS in the brain. This lipid mediator is involved in several pathways of 

inflammatory responses, and elevated levels caused by attenuated degradation are the 

hallmark of the neurological disorder polyneuropathy, hearing loss, ataxia, retinitis 

pigmentosa, cataract (PHARC).48–50 Inhibition of ABHD16a may therefore provide a 

treatment opportunity for PHARC patients. 

For both DAGL and ABHD6 various inhibitors have been developed and shown to 

exhibit potent inhibition in cellular and animal models of neuroinflammation (8–11, Figure 

6.2).34,51–54 ABHD16a can be inhibited by XGN067 (12).55 These inhibitors belong to the 

class of triazole ureas and contain an electrophilic carbonyl that covalently binds to the 

catalytic serine of SHs, with the triazole functioning as leaving group. KT109 (8), DH376 (9) 

and AJ126 (10) were developed as DAGL inhibitors, but cross-reactivity was observed with 

ABHD6, whereas XGN067 was shown to target multiple enzymes beside ABHD16a.54–56 

KT182 (11) is a highly potent, in vivo active ABHD6 inhibitor which has been used to study 

the role of ABHD6 in neuroinflammation44,46, but its off-targets include FAAH, the enzyme 

responsible for the degradation of anandamide (N-arachidonoyl ethanolamine, AEA), the 
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second major CB receptor agonist.53,57 Improving the selectivity of these inhibitors would 

aid in the development of compounds that specifically modulate the desired physiological 

function of the targeted enzyme. In this chapter, a set of triazole urea-based compounds 

with caged hydrocarbon substituents were synthesized to investigate their effect on the 

activity and selectivity of these lipase inhibitors. 

 

 

Figure 6.2. Chemical structures of some previously published DAGL, ABHD6 and ABHD16a inhibitors. 2-

Benzylpiperidine-containing compounds KT109, DH376 and AJ126 were reported as DAGL or dual DAGL/ABHD6 

inhibitors52,54,56,59,63, 2-phenylpiperidine-containing compound KT182 was reported as ABHD6 inhibitor.53 Morpholine-

containing XGN067 was reported as ABHD16a inhibitor.55 

Results and discussion 

Design and synthesis of compounds 13–21 

The DAGL, ABHD6 and ABHD16a inhibitors outlined in Figure 6.2 feature lipophilic phenyl 

moieties in the triazole leaving group. These phenyl groups make important hydrophobic 

interactions with their respective enzymes53,56 and were replaced with a caged 

hydrocarbon as a bioisoster. Nine novel inhibitors (13–21) were designed in which a C1- 

or C2-linked adamantyl or a cubyl group was attached to a 1,2,4-triazole sulfone scaffold 

(selected for synthetic ease) via either a methylene or ethylene linker (Figure 6.3). 

 

 

 

Figure 6.3. Design of the nine inhibitors synthesized. Chemical structures of the central sulfonyl triazole urea, the 

previously developed amines for targeting DAGL, ABHD6 or ABHD16a (R1, indicated at compound number) and the 

selected caged hydrocarbons (R2). 
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Synthesis started with commercially available adamantanecarboxylic acid (22a) or methyl 

ester (22b) or cubanecarboxylic acid (22c), which were reduced to the alcohols 23a–c using 

LiAlH4 (Scheme 6.1). Subsequent triflation provided a suitable substrate for substitution 

with potassium thioacetate, affording thioacetates 24a–c in moderate yields (38–64%). 

Reduction by LiAlH4 and oxidation using molecular bromine afforded the symmetrical 

disulfides 25a–c (49–99% yield). To synthesize the desired thioether, 1-(pyrrolidin-1-yl-

methyl)-1H-1,2,4-triazole (synthesized according to literature58) was lithiated using  

n-BuLi. Careful addition of disulfide 25a–c led to formation of the thioether, while the 

pyrrolidin-1-ylmethyl protecting group was removed by the liberated thiol at the same 

time, providing thioethers 26a–c (65–83% yield). The byproduct originating from the 

deprotection was easily removed after reduction with NaBH4 in ethanol. The resulting 

triazole thioether was reacted with the desired carbamoyl chloride, which was either 

commercially available (4-morpholinecarbonyl chloride) or formed by treating the 

corresponding piperidine (commercially available 2-benzylpiperidine or 2-phenyl-

piperidine 27) with triphosgene, affording triazole ureas 28a–i (62–73% yield). To obtain 

the desired sulfone, the thioether was oxidized using peracetic acid, yielding final products 

13–21 quantitatively. For all inhibitors, an overall yield was achieved of 5 to 29%, which is 

comparable to or better than previously reported structurally similar inhibitors that do not 

contain caged hydrocarbon moieties.53–56,59  

 

 

Scheme 6.1. General synthesis route of diamondoid-containing DAGL, ABHD6 and ABHD16a inhibitors. Reagents 

and conditions: i) H2, PtO2, HCl, EtOH, 3 h RT; ii) LiAlH4, THF, 0.5 h reflux; iii) 1. Tf2O, pyr, DCM, 45 min −15°C → RT;  

2. AcSK, 18-Crown-6, CH3CN, 72 h RT; iv) 1. LiAlH4, THF, 1.5 h RT → 50°C; 2. Br2, DCM/H2O, RT; v) 1. 1-(pyrrolydin-1-

ylmethyl)-1H-1,2,4-triazole, n-BuLi, THF, 21 h −80°C → RT; 2. NaBH4, EtOH, 5 min RT; vi) 1. 2-benzylpiperidine (28a–c) or 

27 (28d–f), triphosgene, DIPEA, DCM, 3 h 0°C; 2. 4-morpholinecarbonyl chloride (28g–i), 26a–i, K2CO3, DMF, 2–5 d RT;  

vii) AcOOH, DCM, 4–12 h RT. 1-Ad: adamant-1-yl, 2-ad: adamant-2-yl, cub: cubyl. 
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Biological evaluation 

Activity of caged hydrocarbon inhibitors in mouse brain proteome 

Inhibitors 13–21 were tested in mouse brain proteome for their activity against DAGL, 

ABHD6 or ABHD16a using competitive activity-based protein profiling (cABPP), a powerful 

chemical biology technique that allows to concomitantly assess inhibitor activity and 

selectivity in biologically relevant samples.60,61 In brief, mouse brain membrane proteome 

was incubated with inhibitor in several concentrations (30 min), followed by broad-

spectrum SH probes MB064 or FP-TAMRA, which covalently and fluorescently labeled any 

residual DAGLα (120 kDa), FAAH (63 kDa), ABHD16a (63 kDa) and ABHD6 (38 kDa) activity. 

Resolution of the proteins by molecular weight using sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) and in-gel fluorescence scanning enabled 

the determination of the half maximal inhibitory concentration (IC50) of the inhibitor for 

each labeled enzyme. Inhibitors 13–21 all inhibited their intended target with IC50 values 

in the sub-micromolar range (Figure 6.4, Table 6.1). Compounds 13–15 showed 

preferential inhibition of DAGLα, with pIC50 values between 7.4 and 8.0. It appeared a 

cubanemethylene moiety yielded the most potent DAGLα inhibitor (15), which was also 

the most selective over ABHD6 (12-fold). 16–18 preferentially inhibited ABHD6 (pIC50 6.3–

6.8), with 4 to 10-fold selectivity over DAGLα. 17, bearing a 2-(adamant-2-yl)ethylene 

moiety, was the most potent ABHD6 inhibitor of this series, as well as the most selective 

over DAGLα and FAAH (pIC50 < 5). 13–18 inhibited both ABHD6 and DAGLα at 

concentrations up to 10 µM, but all but 18 did not inhibit ABHD16a or FAAH. Compounds 

19–21 did show activity on ABHD16a, with pIC50 values between 6.4 and 7.6. However, they 

had no selectivity over ABHD6 (pIC50 7.3–7.8) and 21 also showed activity on FAAH (pIC50 

= 5.6). Because of their superior selectivity profile compounds 15 and 17 were selected for 

further profiling (Supplementary Figure S6.1). 

 

 

Figure 6.4. Inhibitory activity of 17 on mouse brain proteome. A) Representative example gel image of cABPP 

experiment of 17 on mouse brain proteome. B) Inhibition curves of 17 on mouse brain enzymes as determined by cABPP. 
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Table 6.1. In vitro activity of 13–21 and reference inhibitors. pIC50 values on ABHD6, ABHD16a, DAGLα and FAAH (left 

column for each enzyme) determined in cABPP experiments on mouse brain proteome using FP-TAMRA and MB064 

(8–10, 12–21) or on Neuro-2a lysate using FP-TAMRA (11). If available, data is presented as mean + SEM (N = 3). The 

right column states the apparent fold selectivity (app. sel.) of that inhibitor on its intended target (indicated with a “–”) 

over its respective off-targets. NR: data not reported. 

 ABHD6 ABHD16a DAGLα FAAH 

 pIC50 ± SEM App. sel. pIC50 ± SEM App. sel. pIC50 ± SEM App. sel. pIC50 ± SEM App. sel. 

8 ((R)-KT109) 7.1 ± 0.156 10 < 5.056 > 1000 8.1 ± 0.156 – < 5.056 > 1000 

9 (DH376) 7.1 ± 0.156 126 < 5.056 > 10,000 9.2 ± 0.156 – NR NR 

10 (AJ126) 6.1 ± 0.154 100 NR NR 8.1 ± 0.154 – NR NR 

13 6.49 ± 0.07 17 < 5.0 > 537 7.73 ± 0.08 – < 5.0 > 537 

14 7.05 ± 0.03 3.4 < 5.0 > 380 7.58 ± 0.09 – < 5.0 > 380 

15 6.84 ± 0.06 14 < 5.0 > 1000 8.00 ± 0.06 – < 5.0 > 1000 

11 (KT182) 8.853 – NR NR NR NR < 6.053 > 631 

16 6.49 ± 0.05 – < 5.0 > 30 5.60 ± 0.08 7.8 < 5.0 > 30 

17 (RED353) 6.80 ± 0.03 – < 5.0 > 63 5.68 ± 0.07 13 < 5.0 > 63 

18 6.61 ± 0.05 – < 5.0 > 40 6.00 ± 0.07 4.1 5.59 ± 0.06 10 

12 (XGN067) 8.18 ± 0.0855 < 1 8.10 ± 0.1355 – 5.46 ± 0.1155 437 6.14 ± 0.1055 91 

19 7.53 ± 0.05 < 1 7.03 ± 0.07 – 5.44 ± 0.19 39 < 5.0 > 107 

20 7.82 ± 0.03 < 1 7.55 ± 0.04 – 5.75 ± 0.13 63 < 5.0 > 354 

21 7.26 ± 0.07 < 1 6.36 ± 0.07 – 4.91 ± 0.24 28 5.64 ± 0.04 5.2 

 

Profiling of caged hydrocarbon inhibitors as ABHD6 inhibitors in neuronal cells 

The cellular activity of 15 and 17 was investigated in a widely used mouse neuroblastoma 

cell line (Neuro-2a) that expresses both DAGLβ and ABHD6. In brief, Neuro-2a cells were 

treated with inhibitor at increasing concentrations (1 h), harvested, lysed and the resulting 

homogenate was incubated with FP-TAMRA and MB064 to fluorescently label any 

remaining SH activity. KT182 was taken along for comparison of the results (in vitro activity 

in Supplementary Table S6.1). Both 15 and 17 exhibited a more than 10-fold increased 

potency at inhibiting ABHD6 (pIC50 = 8.1 and 8.4, respectively, Table 6.2) compared to their 

activity measured in mouse brain lysate (Table 6.1). Their inhibitory activity on other SHs, 

such as DDHD2, FAAH and LyPLA1 and 2, was also increased (Table 6.2 and Supplementary 

Table S6.1). Compound 15’s activity on DAGLβ (pIC50 = 6.7) was lower than the activity on 

DAGLα in vitro (pIC50 = 8.0), giving it a poor cellular selectivity profile. ABHD6 inhibitor 17 

demonstrated an increased selectivity to almost 300-fold over DAGL and 90-fold over 

LyPLA1/2. Its selectivity over FAAH was more than 60-fold, whereas KT182 showed less 

than 30-fold selectivity (Table 6.2, Figure 6.5A).  
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Table 6.2. Cellular inhibition values of 15, 17 and KT182 on Neuro-2a enzymes. pIC50 values determined from cABPP 

experiments with probes FP-TAMRA and MB064. Data presented as mean ± SEM (N = 3). For each inhibitor the apparent 

fold selectivity (app. sel.) on its intended target (indicated with “–”)over its respective off-targets is stated in the right 

column. 

 15 17 KT182 

 pIC50 ± SEM App. sel. pIC50 ± SEM App. sel. pIC50 ± SEM App. sel. 

ABHD6 8.10 ± 0.05 < 1 8.39 ± 0.03 – 8.87 ± 0.03 – 

ABHD12 < 5.0 > 50 < 5.0 > 1000 < 5.0 > 1000 

ABHD16a < 5.0 > 50 < 5.0 > 1000 < 5.0 > 1000 

DAGLβ  6.74 ± 0.09 – 5.92 ± 0.04 295 < 5.0 > 1000 

DDHD2 5.49 ± 0.08 18 < 5.0 > 1000 < 5.0 > 1000 

FAAH 6.59 ± 0.09 1.4 6.58 ± 0.07 65 7.41 ± 0.06 29 

KIAA1363 < 5.0 > 50 < 5.0 > 1000 < 5.0 > 1000 

LyPLA1/2 5.88 ± 0.06 7.2 6.44 ± 0.08 89 5.99 ± 0.03 759 

NTE < 5.0 > 50 < 5.0 > 1000 6.07 ± 0.15 631 

 

Since compound 17 showed the most promising ABHD6 inhibitor profile in both cABPP 

assays, its inhibitory activity was investigated in an orthogonal fluorogenic substrate assay. 

17 and KT182 were tested on hABHD6-overexpressing HEK293T cells for their ability to 

block the hydrolysis of 4-methylumbelliferyl heptanoate (4-MUH). Both 17 and KT182 

inhibited the conversion of 4-MUH hydrolysis by ABHD6 with pIC50s of 8.8 and 7.9, 

respectively (Figure 6.5B). Of note, substrate conversion by wild type HEK293T lysate was 

virtually unaffected even at high concentrations, demonstrating the selectivity of 17. 

Finally, the activity of 17 and KT182 in Neuro-2a was measured with quantifying 

changes in select lipids using HPLC-MS/MS. Neuro-2a cells were treated with each 

inhibitor at 100 nM (1 h), a concentration that fully inhibits ABHD6 without affecting DAGLβ, 

according to the cABPP results (Table 6.2). Although KT182 fully inhibited ABHD6, this 

treatment did not influence 2-AG levels, whereas 17 substantially lowered these (Figure 

6.5C). In addition, KT182 increased AEA levels, whereas 17 did not affect the levels of this 

second endocannabinoid. These data agree with the recent observation that ABHD6 also 

possesses DAG lipase activity, thereby contributing to the generation of 2-AG in Neuro-2a 

cells.38 The lack of effect on 2-AG levels by KT182 may suggest that FAAH-inhibition and 

increased NAE-levels indirectly modulate 2-AG biosynthesis. These results show that 17 is 

a highly potent and one of the most selective inhibitors of ABHD6 identified to date. 
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Figure 6.5. Cellular activity of 17 and KT182. A) Dose-dependent inhibition of ABHD6 and FAAH in Neuro-2a cells by 

17 and KT182. Representative gel image excerpts of cABPP experiments with probes FP-TAMRA and MB064 (full images 

in Supplementary Figure S6.1). B) Dose-dependent inhibition by 17 and KT182 of 4-MUH hydrolysis on ABHD6-

overexpressing or mock HEK293T membrane preparations. Corresponding pIC50 values on ABHD6 are indicated. Data 

presented as mean ± SEM (N ≥ 3). C) Levels of 2-AG (combined with 1-AG) and AEA measured in Neuro-2a by targeted 

lipidomics analysis after treatment with 17 or KT182 (1h, 100 nM), expressed as relative levels compared to those 

measured in DMSO-treated cells. Individual measurements are shown, as well as means ± SEM (N = 5). Data were tested 

for equality by one-way ANOVA with Dunnett’s multiple comparison correction. *: adjusted p < 0.05. 

Conclusion 

In conclusion, caged hydrocarbons were successfully leveraged to develop novel inhibitors 

of DAGL, ABHD6 and ABHD16a. A bulky 2-(adamant-2-yl)ethylene moiety likely favored 

the cellular activity of 17 (RED353), the most potent and selective ABHD6 inhibitor in this 

series. This case study shows the first example of caged hydrocarbon structures 

incorporated in triazole urea-based inhibitors and the first application in lipase inhibitors, 

providing a new chemical tool for the investigation of the physiological functions of 

ABHD6. The synthesis and results presented here could expand the medicinal chemists’ 

toolbox with new chemical properties, leading to new possibilities for inhibitor design. 
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Experimental procedures 

General remarks 

All chemicals and reagents were purchased from Thermo Fisher Scientific or Bio-Rad and used without 

further purification, unless noted otherwise. Solvents were obtained from Biosolve Chemicals or Merck, 

salts from Chem-Lab, and used as such. Activity-based probes were purchased from Thermo Fisher 

Scientific (FP-TAMRA) or synthesized in-house (MB064) (chemical structures in Chapter 3 

Supplementary Figure S3.8). Inhibitors were synthesized in-house as described below. 

Cell culture 

Neuro-2a (mouse neuroblastoma, ATCC) cells were cultured in DMEM (Sigma-Aldrich, D6546) with 

additional heat-inactivated new-born calf serum (10% (v/v), Avantor Seradigm), L-Ala-L-Gln (2 mM, 

Sigma-Aldrich), penicillin and streptomycin (both 200 µg/mL, Duchefa Biochemie) at 37°C, 7% CO2. 

Medium was refreshed every 2–3 days and cells were passaged twice a week at 70–80% confluence 

by aspirating the medium, thorough pipetting in fresh medium and seeding to appropriate density. 

Cell cultures were regularly tested for mycoplasma and discarded after 2–3 months. 

ABHD6 overexpression lysate preparation 

HEK293T (human embryonic kidney) cells, seeded to 50% confluence, were transfected with hABHD6 

plasmid using polyethyleneimine (PEI, Polysciences). 24 h p.t. medium was aspirated and cells were 

washed twice with ice-cold PBS. Cells were harvested in ice-cold PBS by scraping or thorough pipetting 

and centrifuged (4 °C, 1150 × g, 10 min). Pellets were flash-frozen in liquid N2 and stored at −80°C 

until further use.  

Cell pellets were thawed on ice and lysed by dounce homogenization in 500 µL TE buffer (50 mM 

Tris-HCl, 1 mM EDTA, pH 7.4) and subsequent sonication (30 s, 10% amplitude). Protein concentration 

was determined using Bio-Rad DC Protein Assay and aliquots were flash-frozen in liquid N2 and stored 

at −80°C until further use. 

Mouse brain lysate preparation 

Mouse brains were harvested from surplus C57Bl/6J mice (8–14 weeks old) according to guidelines 

approved by the ethical committee of Leiden University (AVD1060020171144), flash-frozen in liquid 

N2 and stored at −80°C until use. Upon preparation, intact brains were thawed on ice and 

homogenized in 6 mL ice-cold lysis buffer (20 mM HEPES, 2 mM DTT, 250 mM sucrose, 1 mM MgCl2, 

25 U/mL Benzonase®, pH 6.8) using a Wheaton™ dounce homogenizer (DWK Life Sciences) and 

incubated on ice for 1 h. Cell debris was removed by low-speed centrifugation (170 × g, 5 min, 4°C), 

after which the supernatant was subjected to ultracentrifugation to separate membrane and cytosol 

fractions. The pellet was resuspended in ice-cold storage buffer (20 mM HEPES, 2 mM DTT, pH 6.8) 

and homogenized by passing through an insulin needle. The protein concentrations of both fractions 

were determined using a Quick Start™ Bradford Protein Assay and samples were diluted to 2.0 mg/mL 

(membrane) or 1.0 mg/mL (cytosol) using ice-cold storage buffer, aliquoted to single-use volumes, 

flash-frozen in liquid N2 and stored at −80°C until further use. 

Activity-based protein profiling 

Mouse brain lysates were thawed on ice. 19.5 µL lysate was incubated with 0.5 µL inhibitor in DMSO 

(30 min, RT), followed by 0.5 µL activity-based probe (final concentration 500 nM FP-TAMRA or 250 

nM MB064) in DMSO (20 min, RT, final DMSO concentration 5%). The reactions were quenched by 
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addition of 7 µL 4× Laemmli buffer (240 mM Tris, 8% (w/v) SDS, 40% (v/v) glycerol, 5% (v/v) β-

mercaptoethanol (Sigma-Aldrich), 0.04% bromophenol blue). 10 µL sample was resolved on 10% 

acrylamide SDS-PAGE gel (180 V, 70 min) and afterwards imaged on a Bio-Rad Chemidoc MP using 

Cy3/TAMRA settings (ex. 532/12 nm, em. 602/50 nm). Coomassie Brilliant Blue R250 staining was used 

for total protein loading correction. Images were analyzed using Bio-Rad Image Lab 6. IC50 calculations 

were performed in GraphPad Prism 7. 

ABPP of in situ treatments 

Two days prior to treatment, Neuro-2a cells were seeded to 12-wells plates (∼0.25 ∙ 106 cells per well). 

Before the experiment was started medium was aspirated. Medium with DMSO or inhibitor in DMSO 

(0.25% (v/v) DMSO) was added and cells were incubated for 1 h at 37°C. Then medium was aspirated 

and cells were washed with RT Dulbecco’s PBS (Sigma-Aldrich). Cells were harvested in ice-cold PBS 

by thorough pipetting and centrifuged (1000 × g, 6 min, RT). Pellets were flash-frozen in liquid N2 and 

stored at −80°C until further use. 

Cell pellets were thawed on ice and lysed in 50 µL lysis buffer. After incubation on ice for 1 h, the 

protein concentration was determined using Quick Start™ Bradford Protein Assay and the samples 

were diluted to 1.0 or 2.0 mg/mL using storage buffer. 19.5 µL of this whole lysate was incubated with 

0.5 µL FP-TAMRA (500 nM) or MB064 (2 µM) in DMSO (20 min, RT). Reactions were then quenched, 

proteins resolved and images analyzed as described under Activity-based protein profiling. 

Biochemical fluorogenic substrate assay 

Lysate was thawed on ice and diluted to 0.024 mg/mL in TE buffer. To each well of a Greiner Bio-One 

black 96-wells plate with clear, flat bottom, 10 µL inhibitor (or DMSO) solution in TE buffer was added. 

After short vortex, 85 µL lysate (2 µg total protein) was added and the plate was incubated for 30 min 

at 37°C. 5 µL 1 mM 4-methylumbelliferyl heptanoate in EtOH was added (final concentration 50 µM) 

and fluorescence was measured immediately every 1–2 minutes for 120 min (ex. 355 nm, em. 460 nm, 

37 °C). IC50 calculations were performed in GraphPad Prism 7. 

Targeted lipidomics 

Sample preparation 

One or two days prior to treatment, Neuro-2a cells were seeded to 6 cm dishes (∼2.5 ∙ 106 cells per 

dish). Before the experiment was started medium was aspirated and cells were washed with RT PBS. 

Treatment medium with DMSO or inhibitor in DMSO (0.25% (v/v) DMSO) was added and cells were 

incubated for 1 h at 37°C. Then medium was removed and cells were washed with RT PBS. Cells were 

harvested in 1250 µL RT PBS by thorough pipetting. 1000 µL was centrifuged (1000 × g, 6 min, RT) in 

Eppendorf® Safe-Lock tubes. Cell count was performed on the remaining 250 µL, after which this was 

centrifuged as well. Pellets were flash-frozen in liquid N2 and stored at −80°C until further use. 

The 250-µL pellets were thawed on ice and lysed in 50 µL lysis buffer. After incubation on ice for 

30 min, the protein concentration was determined using Quick Start™ Bradford Protein Assay. 

Lipid extraction 

Pellets were thawed on ice. To each 1000-µL pellet, 10 µL internal standard mix (deuterated reference 

lipids 2-arachidonoyl glycerol-d8, N-arachidonoyl ethanolamine-d8, N-docosahexaenoyl 

ethanolamine-d4, N-linoleoyl ethanolamine-d4, N-oleoyl ethanolamine-d4, N-palmitoyl 

ethanolamine-d5, N-stearoyl ethanolamine-d3, N-eicosapentaenoyl ethanolamine-d4 and arachidonic 

acid-d8, Cayman Chemical Company) was added, followed by 100 µL extraction buffer (100 mM 

NH4OAc, 0.5% (m/v) NaCl, pH 4). After short mixing, 1000 µL MTBE was added and lipids were 
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extracted in a Next Advance Bullet Blender® Blue tissue homogenizer (7 min, 80% speed, RT) followed 

by centrifugation (16,000 × g, 11 min, 4°C). 925 µL of the organic layer was transferred into clean, pre-

cooled tubes and concentrated in an Eppendorf® Concentrator Plus (40 min, 30°C). The lipid residue 

was reconstituted in 30 µL 9:1 (v/v) CH3CN:H2O by thorough mixing, centrifuged (10,000 × g, 4 min, 

4°C) and 25 µL was transferred to LC-MS vials (KG 09 0188, Screening Devices) with insert (ME 06 0232, 

Screening Devices). 

LC-MS/MS analysis 

10 µL of sample was injected into the system, consisting of an Acquity UPLC I class binary solvent 

manager pump in conjugation with a tandem quadrupole mass spectrometer (Waters Corporation). 

The separation was performed in an Acquity HSS T3 column (2.1 × 100 mm, 1.8 µm) maintained at 

45°C, with the eluent flow rate set to 0.55 mL/min. The mobile phase consisted of 2 mM NH4HCO2, 10 

mM formic acid in water (A) and CH3CN (B). Initial gradient conditions were 55% B for 0.5 min, then 

linearly increased to 60% over 1.5 min. The gradient was then linearly ramped up to 100% B over 5 

min and then held for 2 min. After 10 s the system returned to the initial conditions, which were held 

for 2 min before the next injection. For lipid quantification ESI-MS and a selective multiple reaction 

mode (sMRM) were used, with individually optimized MRM transitions for target compounds using 

synthetic standards and internal standards (see Lipid extraction protocol for composition). Peak area 

integration was performed manually with MassLynx 4.1 (Waters Corporation). Absolute values of lipid 

levels were calculated by correction for internal standard peak area and comparison to the calibration 

curve of the respective synthetic standard. In case of 2-AG, combined levels of 1-AG and 2-AG were 

calculated and compared to combined internal standard. 

Lipid levels were corrected for cell count or protein concentration. Statistical analysis was 

performed using GraphPad Prism 8. For each lipid, one-way ANOVA was performed between 

treatment and control groups, with Dunnett’s multiple comparison correction for using one control 

group for both treatment groups. 

Organic synthesis 

General remarks 

All reagents were purchased from Sigma-Aldrich, Acros Organics, Merck or Fluorochem and used 

without further purification. Solvents were purchased from Sigma-Aldrich, VWR Chemicals, Honeywell 

Riedel-de Haën or Biosolve Chemicals, common salts from Sigma-Aldrich or Chem-Lab, and used 

without further purification. Moisture-sensitive reactions were carried out in solvents dried over heat-

activated molecular sieves (4 Å, Sigma-Aldrich), using flame-dried glassware under an atmosphere of 

N2. TLC analysis was performed on Merck silica gel 60 F254 aluminum TLC plates, on which compounds 

were visualized under 254 or 366 nm UV light and using KMnO4 (30 mM KMnO4, 180 mM K2CO3 in 

water) or ninhydrin (7.5 mM ninhydrin, 10% (v/v) AcOH in EtOH) stain. Flash column chromatography 

was performed using SiO2 (Macherey-Nagel, 60 M) as stationary phase.  

NMR spectra were recorded on a Bruker AV-400 MHz or AV-500 MHz spectrometer at 400 MHz 

(1H) and 101 MHz (13C) or 500 MHz (1H) and 126 MHz (13C) respectively, using CDCl3 (Eurisotop) as 

solvent. Chemical shifts are reported in ppm with TMS (1H, δ 0.00) or solvent resonance (13C, δ 77.16) 

as internal standard. Data are reported as follows: chemical shift δ (ppm), multiplicity (s = singlet, d = 

doublet, t = triplet, p = pentet, dd = doublet of doublets, td = triplet of doublets, qd = quartet of 

doublets, dt = doublet of triplets, bs = broad singlet (1H), br = broad (13C), m = multiplet), coupling 

constants J (Hz) and integration. HPLC-MS analysis was performed on a Finnigan Surveyor HPLC 

system equipped with a Macherey-Nagel NUCLEODUR C18 Gravity, 5 µm, 50×4.6 mm column followed 
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by a Thermo Scientific LTQ Orbitrap XL spectrometer, using H2O/CH3CN + 1% TFA as mobile phase. 

All compounds used for biological experiments were ≥95% pure based on LC-MS UV absorbance. 

General procedure A 

Peracetic acid (10–15 eq, 36–40% in AcOH) was added to a solution of triazole urea thioether (1 eq) 

in DCM (150 mL/mmol) and the mixture was stirred for 4–12h. Upon completion the reaction mixture 

was diluted with DCM, washed with water and brine and concentrated in vacuo. Flash column 

chromatography yielded the sulfone final product. 

General procedure B 

A solution of adamantanecarboxylic acid or ester (1 eq) in dry THF (10 mL/g) was added dropwise to 

an ice-cold suspension of LiALH4 (2.5 eq) in dry THF (20 mL/g). The reaction mixture was warmed to 

RT and stirred for 30 min, followed by reflux for 30 min. The reaction was then quenched by addition 

of 10% aq. NaOH on an ice bath. Solids were removed by filtration and washed with DCM. Combined 

filtrates were dried over Na2SO4, filtrated and concentrated in vacuo. The product was used without 

further purification. 

General procedure C 

Triflic anhydride (1.05 eq) was added portionwise to a solution of alcohol (1 eq) and pyridine (1.2 eq) 

in dry DCM (15 mL/g), while maintaining the temperature between −15 and −5°C. The mixture was 

stirred for 15 min followed by 30 min at RT. The mixture was then diluted with hexane (30 mL/g), 

cooled to 0°C and ice-cold 1 M aq. H2SO4 was added until pH < 7. The layers were separated, the 

organic layer was washed with water and brine, dried over Na2SO4, filtrated and concentrated in vacuo. 

The resulting brown liquid was dissolved in CH3CN (10 mL/g) and cooled to 0°C. AcSK (2 eq) and 18-

Crown-6 (0.3 eq) were added, the mixture was warmed to RT and stirred for ≥72 h. Solids were 

removed by filtration and washed with hexane until they were colorless. Combined filtrates were 

concentrated in vacuo. Flash column chromatography (150:1 hexane:EtOAc) provided the thioacetate. 

General procedure D 

To an ice-cold solution of LiAlH4 (1.5 eq) in dry THF (20 mL/g), a solution of thioacetate (1 eq) in dry 

THF (10 mL/g) was added dropwise. The reaction mixture was allowed to warm to RT and stirred for 

30 min, followed by 1 h at 50°C. The reaction was cooled and quenched by addition of 0.1 M aq. HCl 

on an ice bath. Solids were removed by filtration and washed with DCM. Combined filtrates were 

concentrated in vacuo. The resulting yellow oil was dissolved in DCM (20 mL/g) and added to a 

suspension of silica powder (5 g/g) in water (2.5 mL/g). 1 M Br2 in DCM was added until the mixture 

started to color. Solids were removed by filtration. The filtrate was dried over Na2SO4, filtrated and 

concentrated in vacuo. Silica plug purification with pentane provided the disulfide. 

General procedure E 

A solution of 1-(pyrrolidin-1-ylmethyl)-1H-1,2,4-triazole (2 eq)58 in dry THF (10 mL/mmol) was 

degassed by N2 purging and cooled to −80°C. n-BuLi (2.3 M in THF, 2.2 eq) was added portionwise, 

after which the reaction mixture was stirred at −80°C for 30 min followed by 90 min at −30 to −25°C 

during which a white precipitate formed. The mixture was then cooled to −80°C and a solution of 

disulfide (1 eq) in dry THF (3 mL/mmol) was added portionwise. The reaction was stirred for ≥3 h at 

−75°C, after which it was allowed to warm to RT and stirred overnight. Volatiles were removed under 

reduced pressure, after which the concentrate was diluted in DCM and washed with water. The organic 

layer was concentrated in vacuo. The residue was brought onto a silica gel column and washed with 
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pentane and DCM. The product was then eluted using 1:1 DCM:MeOH. The fractions containing 

product were combined and concentrated in vacuo. 

The product was treated with NaBH4 in EtOH (20 eq, 20 mL/mmol) and stirred for 5 min. Volatiles 

were removed under reduced pressure, after which the residue was dissolved in DCM and washed 

with water and brine. The organic layer was concentrated in vacuo. The residue was dispersed in 5 M 

aq. KOH and extracted with CHCl3. The pH of the aqueous layer was lowered to 7, after which it was 

again extracted with CHCl3. The combined organic layers were dried over Na2SO4, filtrated and 

concentrated in vacuo yielding the triazole thioether, which was used without further purification. 

General procedure F 

To an ice-cold solution of triphosgene (1 eq) dry DCM (25 mL/mmol), 2-phenylpiperidine or 2-

benzylpiperidine (1 eq) and DIPEA (3 eq) were added. The mixture was stirred on ice for 90 min. When 

TLC analysis confirmed full conversion the mixture was diluted with DCM and washed with 1 M aq. 

HCl and brine, dried over Na2SO4, filtrated and concentrated in vacuo. Water was removed by co-

evaporation with toluene. The resulting oil was dissolved in dry DMF (150 mL/mmol), triazole thioether 

(1 eq) and K2CO3 (3 eq) were added and the reaction mixture was stirred for 2–5 days. The mixture 

was diluted with DCM, washed with water and brine, dried over Na2SO4, filtrated and concentrated in 

vacuo. Flash column chromatography afforded the triazole urea thioether. 

General procedure G 

4-Morpholinecarbonyl chloride (2 eq), K2CO3 (3.5 eq) and triazole thioether (1 eq) were dissolved in 

dry DMF (175 mL/mmol) and stirred for 48 h. The mixture was then concentrated in vacuo and 

dissolved in DCM, washed with water and brine, dried over Na2SO4, filtrated and concentrated in vacuo. 

Flash column chromatography afforded the triazole urea thioether. 

(3-(((Adamant-1-yl)methyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(2-benzylpiperidin-1-yl)methanone (13) 

28a (13 mg, 0.029 mmol) was oxidized according to General procedure A 

to obtain the title compound as a white solid (14 mg, 0.029 mmol, quant.). 
1H NMR (500 MHz, CDCl3) δ 7.87 (bs, 1H), 7.35 – 6.94 (m, 5H), 4.81 – 4.71 

(m, 1H), 4.33 – 4.18 (m, 1H), 3.41 – 3.26 (m, 1H), 3.26 – 3.12 (m, 3H), 2.81 – 

2.60 (m, 1H), 1.99 (p, J = 3.1 Hz, 3H), 1.96 – 1.57 (m, 18H). 
13C NMR (126 MHz, CDCl3) δ 162.88, 147.20, 137.70, 129.16, 128.98, 127.07, 66.26, 56.87, 41.99, 41.26, 

36.70, 36.42, 34.71, 28.73, 28.39, 25.30, 18.83. 

HRMS: [M+Na]+ calculated for C26H34N4NaO3S 505.22438, found 505.22396. 

(3-(((Adamant-2-yl)ethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(2-benzylpiperidin-1-yl)methanone (14) 

28b (8 mg, 0.02 mmol) was oxidized according to General procedure A 

to obtain the title compound as a white solid (12 mg, 0.025 mmol, 

quant.). 
1H NMR (500 MHz, CDCl3) δ 7.89 (bs, 1H), 7.27 – 6.94 (m, 5H), 4.87 – 4.73 

(m, 1H), 4.33 – 4.20 (m, 1H), 3.42 – 3.27 (m, 3H), 3.26 – 3.12 (m, 1H), 2.74 

– 2.63 (m, 1H), 2.04 – 1.48 (m, 23H). 
13C NMR (126 MHz, CDCl3) δ 161.24, 147.48, 137.69, 129.12, 128.99, 127.10, 56.87, 53.15, 43.48, 41.29, 

38.96, 38.18, 36.73, 31.61, 31.40, 28.77, 28.09, 27.88, 25.33, 24.77, 18.84. 

HRMS: [M+Na]+ calculated for C27H36N4NaO3S 519.24003, found 519.23964. 
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(2-Benzylpiperidin-1-yl)(3-((cuban-1-ylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)methanone (15) 

28c (10 mg, 0.024 mmol) was oxidized according to General procedure A to 

obtain the title compound as a white solid (13 mg, 0.029 mmol, quant.). 
1H NMR (500 MHz, CDCl3) δ 7.93 (bs, 1H), 7.27 – 6.93 (m, 5H), 4.83 – 4.73 (m, 

1H), 4.34 – 4.21 (m, 1H), 3.99 – 3.94 (m, 1H), 3.94 – 3.88 (m, 6H), 3.73 (s, 2H), 

3.40 – 3.26 (m, 1H), 3.26 – 3.14 (m, 1H), 2.78 – 2.64 (m, 1H), 2.03 – 1.52 (m, 7H). 
13C NMR (126 MHz, CDCl3) δ 162.14, 147.47, 137.67, 129.19, 128.98, 127.10, 57.56, 56.84, 49.30, 48.11, 

45.03, 41.29, 36.68, 28.76, 25.42, 18.82. 

HRMS: [M+Na]+ calculated for C24H26N4O3S 473.16178, found 473.16153. 

(3-(((Adamant-1-yl)methyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(2-phenylpiperidin-1-yl)-methanone (16) 

28d (12 mg, 0.027 mmol) was oxidized according to General procedure A to 

obtain the title compound as a white solid (11 mg, 0.023 mmol, 85%). 
1H NMR (500 MHz, CDCl3) δ 8.88 (s, 1H), 7.44 – 7.36 (m, 2H), 7.34 – 7.27 (m, 3H), 

5.83 – 5.77 (m, 1H), 4.32 – 4.25 (m, 1H), 3.21 (s, 2H), 3.15 (td, J = 13.7, 3.1 Hz, 

1H), 2.54 – 2.44 (m, 1H), 2.15 – 2.05 (m, 1H), 1.97 (p, J = 3.1 Hz, 3H), 1.87 – 1.61 (m, 16H). 
13C NMR (126 MHz, CDCl3) δ 163.57, 148.67, 148.15, 137.73, 129.18, 127.53, 126.59, 66.18, 56.67 (br), 

43.71 (br), 42.01, 36.44, 28.42, 28.02, 25.63, 19.23. 

HRMS: [M+Na]+ calculated for C25H32N4NaO3S 491.20873, found 491.20830. 

(3-((2-(Adamant-2-yl)ethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(2-phenylpiperidin-1-yl)methanone  

(17, RED353) 

28e (12 mg, 0.027 mmol) was oxidized according to General procedure A to 

obtain the title compound as a white solid (9 mg, 0.02 mmol, 70%). 
1H NMR (500 MHz, CDCl3) δ 8.91 (s, 1H), 7.42 – 7.37 (m, 2H), 7.34 – 7.28 (m, 

3H), 5.83 – 5.77 (m, 1H), 4.33 – 4.25 (m, 1H), 3.40 – 3.27 (m, 2H), 3.20 – 3.10 

(m, 1H), 2.53 – 2.45 (m, 1H), 2.15 – 2.05 (m, 1H), 2.00 – 1.92 (m, 2H), 1.91 – 

1.61 (m, 17H), 1.55 – 1.47 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 162.08, 148.59, 148.34, 137.67, 129.18, 127.54, 126.58, 56.70 (br), 53.06, 

43.73 (br), 43.47, 38.99, 38.21, 31.61, 31.42, 28.12, 27.99, 27.90, 25.66, 24.70, 19.22. 

HRMS: [M+Na]+ calculated for C26H34N4O3S 505.22438, found 505.22407. 

(2-Phenylpiperidin-1-yl)(3-((cuban-1-ylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)methanone (18) 

28f (16 mg, 0.030 mmol) was oxidized according to General procedure A to 

obtain the title compound as a white solid (8 mg, 0.017 mmol, 58%). 
1H NMR (500 MHz, CDCl3) δ 8.90 (s, 1H), 7.43 – 7.37 (m, 2H), 7.33 – 7.27 (m, 3H), 

5.85 – 5.76 (m, 1H), 4.33 – 4.25 (m, 1H), 4.00 – 3.95 (m, 1H), 3.94 – 3.89 (m, 6H), 

3.73 (s, 2H), 3.16 (td, J = 13.9, 3.4 Hz, 1H), 2.54 – 2.45 (m, 1H), 2.15 – 2.05 (m, 1H), 1.88 – 1.64 (m, 4H). 
13C NMR (126 MHz, CDCl3) δ 162.80, 148.59, 148.33, 137.73, 129.18, 127.54, 126.58, 57.45, 56.65 (br), 

51.12, 49.37, 48.15, 45.06, 43.80 (br), 28.03, 25.66, 19.23. 

HRMS: [M+Na]+ calculated for C23H24N4O3S 459.14613, found 459.14559. 

(3-(((Adamant-1-yl)methyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(morpholino)methanone (19) 

28g (5 mg, 0.01 mmol) was oxidized according to General procedure A to 

obtain the title compound as a white solid (5 mg, 0.01 mmol, 92%). 

Analytical data on next page.  
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1H NMR (500 MHz, CDCl3) δ 8.88 (s, 1H), 4.10 – 3.64 (m, 8H), 3.25 (s, 2H), 2.03 – 1.96 (m, 3H), 1.87 – 

1.81 (m, 6H), 1.77 – 1.64 (m, 6H). 
13C NMR (126 MHz, CDCl3) δ 163.76, 148.33, 147.35, 66.58, 66.25, 48.19 (br), 45.97 (br), 42.07, 36.44, 

28.43. 

HRMS: [M+Na]+ calculated for C18H26N4NaO4S 417.15670, found 417.15615. 

(3-((2-(Adamant-2-yl)ethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(morpholino)methanone (20) 

28h (9 mg, 0.02 mmol) was oxidized according to General procedure A to 

obtain the title compound as a white solid (9 mg, 0.02 mmol, 92%). 
1H NMR (500 MHz, CDCl3) δ 8.91 (s, 1H), 4.14 – 3.61 (m, 8H), 3.44 – 3.35 (m, 

2H), 2.01 – 1.94 (m, 2H), 1.92 – 1.66 (m, 13H), 1.56 – 1.49 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 162.27, 148.51, 147.26, 66.56, 53.10, 48.08 (br), 45.97 (br), 43.50, 38.98, 

38.19, 31.63, 31.43, 28.10, 27.90, 24.73. 

(3-((Cuban-1-ylmethyl)sulfonyl)-1H-1,2,4-triazol-1-yl)(morpholino)methanone (21) 

28i (13 mg, 0.038 mmol) was oxidized according to General procedure A to 

obtain the title compound as a white solid (13 mg, 0.034 mmol, 91%). 
1H NMR (500 MHz, CDCl3) δ 8.91 (s, 1H), 4.02 – 3.96 (m, 2H), 3.95 – 3.91 (m, 8H), 

3.90 – 3.71 (m, 4H), 3.77 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 162.99, 148.46, 147.23, 66.56, 57.49, 49.35, 48.15, 46.02 (br), 45.06. 

HRMS: [M+Na]+ calculated for C16H18N4O4S 385.09410, found 385.09299.  

1-Adamantanemethanol (23a) 

1-Adamantanecarboxylic acid 22a (5.0 g, 28 mmol) was reduced according to General 

procedure B to obtain the title compound as a white solid (4.7 g, 27 mmol, 99%). 
1H NMR (500 MHz, CDCl3) δ 3.20 (s, 2H), 2.00 (p, J = 3.1 Hz, 3H), 1.77 – 1.61 (m, 7H), 1.51 (d, J = 2.9 

Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 77.41, 77.16, 76.91, 74.03, 39.17, 37.31, 34.62, 28.31. 

2-Adamantaneethanol (23b) 

Methyl 2-(adamant-2-yl)acetate 22b (32.0 g, 154 mmol)64 was reduced according to 

General procedure B to obtain the title compound as a white solid (27.0 g, 150 mmol, 

97%) which was used without characterization. 

S-(adamant-1-ylmethyl)thioacetate (24a) 

23a (5.0 g, 30 mmol) was treated according to General procedure C to obtain the title 

compound as a red solid (4.3 g, 19 mmol, 64%). 
1H NMR (500 MHz, CDCl3) δ 2.73 (s, 2H), 2.35 (s, 3H), 1.96 (p, J = 3.0 Hz, 3H), 1.72 – 1.54 

(m, 10H), 1.50 (d, J = 2.9 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 196.16, 42.62, 41.56, 36.88, 33.37, 30.89, 28.57. 

S-(2-(adamant-2-yl)ethyl)thioacetate (24b) 

23b (3.0 g, 17 mmol) was treated according to General procedure C (with the 

exception that in the first step the mixture was stirred at −70°C instead of −15 to −5°C) 

to obtain the title compound as a red liquid (2.2 g, 9.2 mmol, 56%). 
1H NMR (400 MHz, CDCl3) δ 2.89 – 2.81 (m, 2H), 2.32 (s, 3H), 1.92 – 1.64 (m, 11H), 1.57 – 1.47 (m, 3H). 
13C NMR (101 MHz, CDCl3) δ 195.91, 43.80, 39.07, 38.30, 32.43, 31.60, 31.57, 28.21, 27.98, 27.57.  
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S-(cuban-1-ylmethyl)thioacetate (24c) 

DIAD (2 eq, 2.28 mL, 11.6 mmol) was added dropwise to a solution of PPh3 (2 eq. 3.05 g, 

11.6 mmol) in dry THF (15 mL) while keeping the temperature between −5°C and 0°C. 

The mixture was warmed to RT, stirred for 15 min and cooled back to −5°C. To this, a 

solution of (cuban-1-yl)methanol (1 eq, 780 mg, 5.81 mmol)30 and thioacetic acid (2 eq, 820 µL, 11.6 

mmol) in dry THF (15 mL) was added dropwise while keeping the temperature below 0°C. The reaction 

mixture was stirred for 1 h at 0°C followed by 30 min at RT, resulting in a yellow solution. This was 

poured into 90 mL of 10:1 hexane:EtOAc and concentrated under reduced pressure to 25 mL. Solids 

were removed by filtration and the filtrate was concentrated in vacuo. Flash column chromatography 

(150:1 hexane:EtOAc) afforded the title compound as a brown oil with an intense odor (420 mg, 2.18 

mmol, 38%). 
1H NMR (500 MHz, CDCl3) δ 4.04 – 3.98 (m, 1H), 3.88 – 3.82 (m, 3H), 3.78 – 3.72 (m, 3H), 3.20 (s, 2H), 

2.36 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 196.13, 56.67, 48.84, 48.55, 43.94, 32.54, 30.85. 

Bis(adamant-1-ylmethyl)disulfide (25a) 

24a (1.0 g, 4.5 mmol) was treated according to General procedure D to obtain 

the title compound as a white solid (790 g, 2.18 mmol, 98%). 
1H NMR (500 MHz, CDCl3) δ 2.63 (s, 4H), 1.98 (p, J = 3.1 Hz, 6H), 1.73 – 1.59 (m, 12H), 1.57 (d, J = 2.9 

Hz, 12H). 
13C NMR (126 MHz, CDCl3) δ 56.23, 41.90, 36.97, 34.33, 28.61.  

Bis(2-(adamant-2-yl)ethyl)disulfide (25b) 

24b (1.05 g, 4.40 mmol) was treated according to General procedure D to 

obtain the title compound as a white crystalline solid (430 g, 1.10 mmol, 50%). 
1H NMR (400 MHz, CDCl3) δ 2.73 – 2.65 (m, 4H), 1.92 – 1.66 (m, 30H), 1.52 (d, 

J = 12.6 Hz, 4H). 
13C NMR (101 MHz, CDCl3) δ 77.48, 77.16, 76.84, 43.58, 39.24, 38.46, 37.68, 32.47, 31.86, 31.79, 28.37, 

28.16. 

Bis(cuban-1-ylmethyl)disulfide (25c) 

24c (420 mg, 2.18 mmol) was treated according to General procedure D to obtain 

the title compound as a white solid (0.16 g, 0.54 mmol, 49%). 
1H NMR (500 MHz, CDCl3) δ 4.08 – 3.99 (m, 2H), 3.95 – 3.85 (m, 12H), 3.05 (s, 4H). 

13C NMR (126 MHz, CDCl3) δ 77.41, 77.16, 76.91, 57.47, 48.96, 48.72, 44.34, 43.81, 30.46. 

3-(((Adamant-1-yl)methyl)thio)-1H-1,2,4-triazole (26a) 

25a (405 mg, 1.12 mmol) was treated according to General procedure E to obtain 

the title compound as a white solid (89 mg, 0.36 mmol, 65%). 
1H NMR (400 MHz, CDCl3) δ 10.80 (bs, 1H), 8.15 (s, 1H), 3.08 (s, 1H), 2.01 – 1.95 (m, 

4H), 1.74 – 1.53 (m, 11H). 
13C NMR (101 MHz, CDCl3) δ 157.87, 148.01, 46.99, 41.54, 36.78, 33.89, 28.51. 
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3-((2-(Adamant-2-yl)ethyl)thio)-1H-1,2,4-triazole (26b) 

25b (393 mg, 1.01 mmol) was treated according to General procedure E to obtain 

the title compound as a white solid (220 mg, 0.835 mmol, 83%). 
1H NMR (500 MHz, CDCl3) δ 8.15 (s, 1H), 3.21 – 3.14 (m, 2H), 1.90 – 1.75 (m, 9H), 

1.75 – 1.68 (m, 6H), 1.54 – 1.47 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 157.19, 148.10, 43.73, 39.16, 38.40, 32.62, 31.76, 31.72, 31.42, 28.30, 28.09, 

0.13. 

3-((Cuban-1-ylmethyl)thio)-1H-1,2,4-triazole (26c) 

25c (150 mg, 0.503 mmol) was treated according to General procedure E to obtain 

the title compound as a white solid (75 mg, 0.35 mmol, 69%). 
1H NMR (500 MHz, CDCl3) δ 12.60 (bs, 1H), 8.15 (s, 1H), 4.02 – 3.96 (m, 1H), 3.90 – 3.81 (m, 3H), 3.81 – 

3.74 (m, 3H), 3.52 (s, 2H). 
13C NMR (126 MHz, CDCl3) δ 148.23, 57.14, 48.71, 48.62, 44.09, 36.64. 

2-Phenylpiperidine (27) 

2-Phenylpyridine 29 (1.0 g, 6.4 mmol) was dissolved in EtOH (25 mL) and degassed by N2 

purging with a balloon. 1 mL 12 M HCl and PtO2 (8 mol%, 117 mg, 0.515 mmol) were added 

and the mixture was stirred for 3 h under continuous H2 purging with a balloon. The reaction 

was quenched by N2 purging with a balloon, after which the catalyst was removed by filtration 

over celite. The filtrate was concentrated in vacuo. Flash column chromatography (7:3 EtOAc:10% 

NH4OH in MeOH) afforded the title compound as a yellow oil (85 mg, 0.53 mmol, 7.9%). 
1H NMR (500 MHz, CDCl3) δ 7.39 – 7.34 (m, 2H), 7.34 – 7.28 (m, 2H), 7.26 – 7.21 (m, 1H), 3.59 (dd, J = 

10.6, 2.6 Hz, 1H), 3.24 – 3.16 (m, 1H), 2.80 (td, J = 11.6, 2.8 Hz, 1H), 1.92 – 1.85 (m, 1H), 1.83 – 1.73 (m, 

1H), 1.71 – 1.62 (m, 1H), 1.62 – 1.42 (m, 3H). 
13C NMR (126 MHz, CDCl3) δ 145.56, 128.50, 127.17, 126.78, 62.47, 47.91, 35.03, 26.47, 25.97, 25.55. 

(3-(((Adamant-1-yl)methyl)thio)-1H-1,2,4-triazol-1-yl)(2-benzylpiperidin-1-yl)methanone (28a) 

2-Benzylpiperidine (1.5 eq, 11 mg, 0.060 mmol) and 26a (1 eq, 10 mg, 0.040 

mmol) were coupled according to General procedure F to obtain the title 

compound as a white solid (13 mg, 0.029 mmol, 73%). 
1H NMR (500 MHz, CDCl3) δ 8.05 (bs, 1H), 7.27 – 7.17 (m, 3H), 7.11 – 7.05 

(m, 2H), 5.01 – 4.79 (m, 1H), 4.39 – 4.18 (m, 1H), 3.24 (td, J = 13.3, 2.8 Hz, 

1H), 3.19 – 3.11 (m, 1H), 3.09 – 2.96 (m, 2H), 2.91 – 2.67 (m, 1H), 1.99 (p, J = 3.1 Hz, 3H), 1.86 – 1.54 (m, 

15H), 1.35 – 1.19 (m, 7H). 
13C NMR (126 MHz, CDCl3) δ 163.23, 149.30, 146.65, 138.04, 129.10, 128.73, 126.81, 45.66, 41.57, 36.84, 

36.40, 33.98, 32.02, 31.53, 29.79, 28.54, 25.50, 18.92, 0.09. 

(3-((2-(Adamant-2-yl)ethyl)thio)-1H-1,2,4-triazol-1-yl)(2-benzylpiperidin-1-yl)methanone (28b) 

2-Benzylpiperidine (1.5 eq, 10 mg, 0.057 mmol) and 26b (1 eq, 10 mg, 

0.038 mmol) were coupled according to General procedure F to obtain 

the title compound as a white solid (11 mg, 0.024 mmol, 62%). 
1H NMR (500 MHz, CDCl3) δ 8.12 (bs, 1H), 7.27 – 7.16 (m, 3H), 7.16 – 7.02 

(m, 2H), 5.02 – 4.81 (m, 1H), 4.42 – 4.18 (m, 1H), 3.24 (td, J = 13.4, 2.8 Hz, 

1H), 3.18 – 3.05 (m, 3H), 2.90 – 2.70 (m, 1H), 1.93 – 1.48 (m, 18H), 1.32 – 1.21 (m, 7H). 
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13C NMR (126 MHz, CDCl3) δ 162.41, 149.33, 146.98, 138.06, 129.15, 128.78, 126.87, 55.81 (br), 43.89 

(br), 41.23, 39.19, 38.42, 36.44, 32.77, 31.85, 31.81, 31.79, 31.70, 30.37, 29.84, 28.32, 28.10, 25.55, 18.97, 

14.27. 

(2-Benzylpiperidin-1-yl)(3-((cuban-1-ylmethyl)thio)-1H-1,2,4-triazol-1-yl)methanone (28c) 

2-Benzylpiperidine (1.5 eq, 12 mg, 0.069 mmol) and 26c (1 eq, 10 mg, 0.046 

mmol) were coupled according to General procedure F to obtain the title 

compound as a white solid (12 mg, 0.029 mmol, 62%). 
1H NMR (500 MHz, CDCl3) δ 8.08 (bs, 1H), 7.26 – 7.01 (m, 5H), 4.96 – 4.82 (m, 

1H), 4.38 – 4.22 (m, 1H), 4.05 – 3.99 (m, 1H), 3.90 – 3.80 (m, 6H), 3.49 (d, J = 2.0 Hz, 2H), 3.24 (td, J = 

13.3, 2.8 Hz, 1H), 3.20 – 3.10 (m, 1H), 2.88 – 2.73 (m, 1H), 1.86 – 1.51 (m, 3H), 1.28 – 1.23 (m, 4H). 
13C NMR (126 MHz, CDCl3) δ 162.57, 149.28, 146.83, 138.09, 129.18, 128.77, 126.87, 55.57 (br), 48.79, 

48.69, 44.07, 41.48 (br), 36.42, 35.36, 29.84, 27.30, 25.55, 22.84, 18.96. 

(3-(((Adamant-1-yl)methyl)thio)-1H-1,2,4-triazol-1-yl)(2-phenylpiperidin-1-yl)methanone (28d) 

27 (1.5 eq, 10 mg, 0.060 mmol) and 26a (1 eq, 10 mg, 0.040 mmol) were 

coupled according to General procedure F to obtain the title compound as a 

white solid (12 mg, 0.027 mmol, 69%). 
1H NMR (500 MHz, CDCl3) δ 8.74 (s, 1H), 7.43 – 7.32 (m, 4H), 7.32 – 7.27 (m, 1H), 

5.97 – 5.87 (m, 1H), 4.42 – 4.32 (m, 1H), 3.02 (td, J = 13.3, 3.0 Hz, 1H), 2.88 (s, 2H), 2.52 – 2.44 (m, 1H), 

2.09 – 1.98 (m, 1H), 1.96 – 1.91 (m, 3H), 1.82 – 1.54 (m, 11H), 1.52 – 1.45 (m, 6H). 
13C NMR (126 MHz, CDCl3) δ 164.05, 149.64, 147.51, 138.20, 128.98, 127.18, 126.85, 56.41 (br), 45.45, 

42.93 (br), 41.45, 36.83, 33.83, 28.52, 28.10, 25.77, 19.52. 

(3-((2-(Adamant-2-yl)ethyl)thio)-1H-1,2,4-triazol-1-yl)(2-phenylpiperidin-1-yl)methanone (28e) 

27 (1.6 eq, 9 mg, 0.06 mmol) and 26b (1 eq, 10 mg, 0.038 mmol) were 

coupled according to General procedure F to obtain the title compound as 

a white solid (12 mg, 0.027 mmol, 70%). 
1H NMR (500 MHz, CDCl3) δ 8.76 (s, 1H), 7.41 – 7.32 (m, 4H), 7.31 – 7.27 (m, 

1H), 6.00 – 5.84 (m, 1H), 4.46 – 4.33 (m, 1H), 3.10 – 2.92 (m, 3H), 2.52 – 2.44 

(m, 1H), 2.10 – 1.98 (m, 1H), 1.90 – 1.58 (m, 19H), 1.53 – 1.45 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.23, 149.62, 147.67, 138.21, 128.94, 127.17, 126.81, 56.27 (br), 43.75 

(br), 43.05, 39.16, 38.40, 32.45, 31.75, 31.71, 31.67, 30.20, 28.31, 28.07, 28.00, 25.78, 19.50. 

(2-Phenylpiperidin-1-yl)(3-((cuban-1-ylmethyl)thio)-1H-1,2,4-triazol-1-yl)methanone (28f) 

27 (1.5 eq, 11 mg, 0.069 mmol) and 26c (1 eq, 10 mg, 0.046 mmol) were coupled 

according to General procedure F to obtain the title compound as a white solid 

(16 mg, 0.030 mmol, 64%). 
1H NMR (500 MHz, CDCl3) δ 8.75 (s, 1H), 7.41 – 7.32 (m, 4H), 7.31 – 7.27 (m, 1H), 

5.94 – 5.84 (m, 1H), 4.43 – 4.32 (m, 1H), 4.03 – 3.96 (m, 1H), 3.86 – 3.80 (m, 3H), 3.80 – 3.73 (m, 3H), 

3.36 (s, 2H), 3.03 (td, J = 13.4, 2.8 Hz, 1H), 2.52 – 2.44 (m, 1H), 2.10 – 1.99 (m, 1H), 1.81 – 1.59 (m, 4H). 
13C NMR (126 MHz, CDCl3) δ 163.35, 149.60, 147.58, 138.23, 128.93, 127.15, 126.81, 56.34 (br), 48.75, 

48.65, 44.01, 43.06 (br), 35.13, 28.03, 25.75, 19.49. 
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(3-(((Adamant-1-yl)methyl)thio)-1H-1,2,4-triazol-1-yl)(morpholino)methanone (28g) 

4-Morpholinecarbonyl chloride (2 eq, 12 mg, 0.080 mmol) and 26a (1 eq, 10 

mg, 0.040 mmol) were coupled according to General procedure G to obtain 

the title compound as a white solid (5 mg, 0.01 mmol, 34%). 
1H NMR (500 MHz, CDCl3) δ 8.71 (s, 1H), 4.10 – 3.67 (m, 4H), 3.82 – 3.76 (m, 4H), 3.03 (s, 2H), 1.99 (p, J 

= 3.1 Hz, 3H), 1.75 – 1.55 (m, 12H). 
13C NMR (126 MHz, CDCl3) δ 164.37, 148.41, 147.40, 66.74, 46.77 (br), 45.74, 41.66, 36.85, 33.93, 29.85, 

28.55. 

(3-((2-(Adamant-2-yl)ethyl)thio)-1H-1,2,4-triazol-1-yl)(morpholino)methanone (28h) 

4-Morpholinecarbonyl chloride (2 eq, 11 mg, 0.076 mmol) and 26b (1 eq, 

10 mg, 0.038 mmol) were coupled according to General procedure G to 

obtain the title compound as a white solid (9 mg, 0.02 mmol, 55%). 
1H NMR (500 MHz, CDCl3) δ 8.73 (s, 1H), 4.18 – 3.58 (m, 4H), 3.81 – 3.76 (m, 

4H), 3.15 – 3.09 (m, 2H), 1.92 – 1.69 (m, 17H), 1.56 – 1.49 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.59, 148.37, 147.67, 66.73, 46.75 (br), 43.93, 39.17, 38.38, 32.75, 31.78, 

30.30, 28.29, 28.07. 

(3-((Cuban-1-ylmethyl)thio)-1H-1,2,4-triazol-1-yl)(morpholino)methanone (28i) 

4-Morpholinecarbonyl chloride (14 mg, 0.092 mmol) and 26c were coupled 

according to General procedure G to obtain the title compound as a white solid 

(13 mg, 0.038 mmol, 41%). 
1H NMR (500 MHz, CDCl3) δ 8.73 (s, 1H), 4.06 – 3.99 (m, 1H), 4.08 – 3.70 (m, 4H), 3.90 – 3.85 (m, 3H), 

3.85 – 3.81 (m, 3H), 3.81 – 3.76 (m, 4H), 3.49 (s, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.68, 148.32, 147.52, 66.72, 57.02, 48.78, 48.66, 46.98 (br), 44.06, 35.34. 
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Supplementary information 

 

Supplementary Figure S6.1. Full gel images of cellular cABPP assays. Representative fluorescence images and 

coomassie protein loading controls of cABPP experiments on Neuro-2a cells, shown for compound 17 (A) and KT182 

(B). Activity-based probes (ABPs) used are indicated, as well as intended inhibitor target and most relevant off-targets.
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N-acylphosphatidylethanolamines (NAPEs) are a diverse family of lipids with multifaceted 

biological functions, but they are relatively underexplored.1,2 Recently, Phospholipase A2 

Group IV E (PLA2G4E) was shown to be capable of calcium-dependent production of 

NAPEs in cells.3,4 PLA2G4E is a member of the PLA2G4 family, which consists of six serine 

hydrolases (PLA2G4A–F).5 These enzymes are characterized by a Ser-Asp catalytic dyad and 

an N-terminal calcium-dependent lipid binding C2 domain.5,6 PLA2G4E has an additional 

C-terminal polybasic stretch which is involved in its subcellular localization.7 It was reported 

to be a principal N-acyltransferase that is able to synthesize NAPEs in a calcium-dependent 

fashion.3 It is mainly expressed in brain, testes, heart and skeletal muscle, and expression 

levels were linked to Alzheimer’s disease and panic disorder.3,8,9 In addition, it appeared to 

be involved in recycling cargo from the clathrin-independent endocytic machinery back to 

the plasma membrane.7 Whether NAPEs are involved in these functions is unclear.  

No inhibitors of PLA2G4E have been published to date. PLA2G4E inhibitors would be 

instrumental in elucidating the physiological role of this enzyme in NAPE biology in an 

acute and time-dependent manner. Selective inhibitors are also required to establish the 

therapeutic potential of targeting PLA2G4E. Therefore, the overarching aim of this thesis 

was to develop cellular active inhibitors of PLA2G4E.  

 

Chapter 1 gives a comprehensive overview of the current understanding of NAPE biology 

and PLA2G4E. NAPEs are glycerophospholipids with three fatty acyl groups. When these 

are embedded in lipid membranes, NAPEs may be involved in regulation of membrane 

dynamics, including membrane curvature, fusion and interactions with membrane-

associated proteins.10–14 NAPEs may also serve as signaling molecules. Hypophagic 

functions have been attributed to them, though it is disputed whether the effects reported 

are truly NAPE-specific.15,16 Their levels are markedly increased in degenerating tissue, an 

effect observed in e.g. infarcted heart, ischemic brain and inflamed testes.17–19 In addition, 

NAPE levels are elevated in models of neurodegeneration, and a protective role has been 

proposed in Parkinson’s disease.14,20–22 Furthermore, biosynthesis and metabolism of 

NAPEs plays an important role in the homeostasis of other structural and signaling lipids. 

They are produced from phosphatidylethanolamine (PE) and phosphatidylcholine (PC)3,23, 

levels of which have also been linked to neurodegenerative diseases.24–26 Four pathways 

for the metabolism of NAPEs to N-acylethanolamines (NAEs) have been reported, 

generating various classes of important metabolites, including phosphatidic acid (PA), 

lysophosphatidic acid (LPA) and free fatty acids (FFAs).27 Depending on their structure, 

NAEs exert diverse signaling functionalities through the activation of various receptors, 

which leads to satietal, anti-inflammatory, analgesic, anti-addictive or anxiolytic effects, 

among others.28–34 NAEs are metabolized by the enzyme fatty acid amide hydrolase (FAAH), 

terminating their biological actions. 

 

In Chapter 2, the development of novel PLA2G4E inhibitors is reported. Previously, a 

competitive activity-based protein profiling (ABPP) assay was developed to measure the 
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activity of PLA2G4E.35 Screening of a focused library of lipase inhibitors identified 1,2,4-

triazole ureas as inhibitors of PLA2G4E. Compound 1 was selected as starting point for hit 

optimization, based on its potency, lipophilic efficiency (LipE) and ligand efficiency (LE) 

(Figure 7.1A). 26 analogs were synthesized and tested for inhibitory activity with the aim 

of deducing structure-activity relationships (SAR) and improving the potency. Increasing 

the distance between the phenyl in the amine group and the reactive urea and increasing 

steric bulk resulted in improved potency, leading to the identification of a 4-benzyl-

piperidine group providing 10-fold potency improvement. Ortho and meta substitutions 

on this benzyl ring were tolerated, but para substitutions were preferred. 4-(4-Chloro-

benzyl)piperidine-containing compound WEN091 was identified as the most potent 

PLA2G4E inhibitor (pIC50 = 8.01 ± 0.02). WEN091 demonstrated ∼100-fold potency 

increase compared to 1 and improved LipE and LE (Figure 7.1A). 

 

 

 

Figure 7.1. Structures and properties of PLA2G4E inhibitors 1–WEN175. A) Potency and physicochemical properties 

of hit 1 and inhibitor WEN091. Potency on PLA2G4E determined using gel-based ABPP on HEK293T overexpression 

lysate (pIC50 ± SEM, N ≥ 2). Molecular weight (MW) and topological polar surface area (tPSA) calculated using 

ChemDraw Professional 16.0; HAC = heavy atom count; Lipophilic efficiency LipE = pIC50 – clogP (DataWarrior 5.0.0); 

Ligand efficiency LE = 1.4pIC50/HAC. B) Inhibitory activity of inhibitors WEN091–WEN258 (pIC50 ± SEM) determined 

using gel-based ABPP on overexpression lysate (PLA2G4E) or Neuro-2a cells (FAAH, DAGLβ, ABHD6) (N ≥ 2). C) 

Chemical structure of PLA2G4E probe WEN175. 
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WEN091 was further biochemically profiled in Chapter 3. The activity on PLA2G4E was 

tested in a natural substrate conversion assay based on liquid chromatography-mass 

spectrometry (LC-MS) analysis. WEN091 dose-dependently inhibited the formation of 

NAPE from exogenous PC and PE in human and mouse PLA2G4E overexpression lysate as 

well as in mouse brain homogenate (pIC50 = 6.9–7.1). The compound was more than 20-

fold selective over PLA2G4B–D and at least ten-fold over the calcium-independent NAPE 

biosynthetic enzymes phospholipase A/acyltransferase (PLAAT) 2–5. The compound was 

not active on NAPE phospholipase D (NAPE-PLD) or the cannabinoid (CB1/2) receptors. 

ABPP profiling of its selectivity on mouse brain proteome and living cells showed inhibition 

of several serine hydrolases, such as ABHD6, DAGLα and FAAH. WEN091, but not its 

negative control analog WEN258 (see below), reduced endogenous cellular levels of 

NAPEs, lyso-NAPEs and glycerophospho-palmitoylethanolamine. Both compounds 

showed cellular activity on FAAH, but only treatment with WEN258 affected the NAE levels, 

suggesting that steady state NAE levels in these cells are controlled by PLA2G4E and FAAH. 

N-22:6 lyso-NAPE levels were not elevated in overexpressing cells, but were after treatment 

with WEN091 or WEN258, leading to the hypothesis that these lipids are biosynthesized 

in a PLA2G4E and ABHD4-independent fashion. Both inhibitors lowered levels of the 

endocannabinoid 2-arachidonoylglycerol (2-AG), but only WEN091 showed inhibition of 

its biosynthetic enzyme DAGLβ. This suggested ABHD6 might be responsible for tonic 

2-AG production in these cells, which is in line with previous findings.36 In conclusion, 

WEN091 is a potent PLA2G4E inhibitor with selectivity for calcium-dependent NAPE 

biosynthesis in vitro that was able to reduce PLA2G4E-mediated NAPE production in 

Neuro-2a cells.  

 

In Chapter 4, the SAR study of PLA2G4E inhibitors was expanded with 38 analogs of 

WEN091 to improve its selectivity over FAAH. It was concluded that the sulfone was 

important for activity on PLA2G4E, but not on FAAH. Converting this to a sulfonamide 

decreased activity on both enzymes and led to lower selectivity. Bulky substituents on the 

triazolyl leaving group provided higher selectivity over FAAH, leading to the identification 

of 4-trifluoromethoxybenzyl-containing compound IK015 as potent PLA2G4E inhibitor 

(pIC50 = 8.10 ± 0.02) with over 800-fold selectivity over FAAH in vitro (Figure 7.1B). Further 

investigation of the steric and electronic properties of this benzyl group did not improve 

the potency or selectivity. Analogs of the piperidine moiety lowered activity on PLA2G4E. 

IK015 and sulfonamide analog WEN222 (Figure 7.1B) were selected for further 

biological characterization. The compounds were selective over PLA2G4B–D, NAPE-PLD 

and CB1 and CB2 receptors. In addition, IK015 and WEN222 showed at least 10-fold 

selectivity over PLAAT2–5 and more than 30-fold selectivity over most serine hydrolases 

characterized in mouse brain proteome, but selectivity over ABHD6 was limited (∼4-fold). 

In Neuro-2a cells, IK015 inhibited several enzymes at 1 µM, including ABHD6, ABHD12 

and FAAH. WEN222 was less active on most enzymes, which might indicate restricted 

membrane permeability. Similar to WEN091, the compounds showed increased activity 
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on FAAH in the cellular assay. Altogether, IK015 and WEN222 are potent and selective 

PLA2G4E inhibitors in vitro with an improved selectivity profile compared to IK015, but 

showed activity on several serine hydrolases at higher concentrations. Pyrazole urea 

WEN258 was identified as structural analog with a similar off-target profile to WEN091, 

IK015 and WEN222 but no activity on PLA2G4E (Figure 7.1B).  

 

To support the evidence of WEN091’s cellular activity on PLA2G4E, in Chapter 5, an 

activity-based probe (ABP) was developed to visualize intracellular target engagement. The 

design of probe WEN175 (Figure 7.1C) was based on PLA2G4E inhibitors identified in 

Chapters 2 and 4. The triazole ureas are hypothesized to covalently modify the catalytic 

serine of PLA2G4E by the formation of a carbamoyl adduct, which should allow to 

irreversibly label active enzyme. Therefore, the carbamoylating ‘staying group’ of WEN175 

was equipped with an alkyne handle to which a fluorophore could be conjugated after cell 

lysis using copper-catalyzed alkyne-azide cycloaddition (CuAAC). This ‘two-step labeling’ 

approach circumvented cell permeability issues associated with bulky, charged 

fluorophores.37,38 Probe WEN175 was able to dose-dependently label PLA2G4E 

overexpressed in Neuro-2a cells, demonstrating its applicability as cellular active PLA2G4E 

probe. WEN175 did not label PLA2G4E mutants in which the catalytic serine was 

substituted for an alanine (S412A) or the C2 domain (ΔC2) or polybasic domain (ΔPB) were 

removed, thereby illustrating the importance of this amino acid and motifs for the catalytic 

activity.39 Importantly, pre-treatment with WEN091 dose-dependently inhibited 

fluorescent labeling of PLA2G4E by WEN175, demonstrating cellular target engagement 

of WEN091. Despite WEN091’s low nanomolar IC50 in vitro, high concentrations (10 µM) 

were needed to obtain complete in situ target engagement, which is in line with the results 

from the targeted lipidomics experiments in Chapter 3. Limited cell penetration and/or 

high levels of competing substrates are likely to explain the need for high cellular 

concentrations of inhibitor WEN091. The tailored ABP WEN175 is an useful chemical tool 

to guide the design of novel PLA2G4E inhibitors with improved cellular activity.  

 

Caged hydrocarbons are polycyclic chemical structures with unique physicochemical 

properties, but they are not commonly applied in medicinal chemistry. In Chapter 6, nine 

1,2,4-triazole ureas substituted with caged hydrocarbons were synthesized and tested as 

inhibitors of ABHD6, ABHD16a and DAGLα/β to investigate the effect of caged 

hydrocarbons on the activity of the inhibitors. All compounds inhibited their primary target 

with sub-micromolar IC50 values in an ABPP assay on mouse brain proteome. Adamant-2-

ylethylene-containing ABHD6 inhibitor RED353 and cubanemethylene-containing DAGL 

inhibitor 2 were further profiled in cellular assays (Figure 7.2). 2’s activity on DAGLβ in 

Neuro-2a cells was lower than its activity on DAGLα in vitro, but RED353 inhibited ABHD6 

with pIC50 = 8.39 ± 0.03 and showed almost 300-fold selectivity over DAGLβ and 90-fold 

over FAAH. RED353 also inhibited ABHD6-mediated fluorogenic substrate conversion in 

an orthogonal assay and lowered cellular 2-AG, but not anandamide, levels, outperforming 
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widely used ABHD6 inhibitor KT182.40 These results confirm and extend the previous 

observation that ABHD6 is responsible for the tonic production of 2-AG in Neuro-2a cells.36  

 

 

Figure 7.2. Structure and properties of ABHD6 inhibitors RED353 and 2. Activity determined using gel-based ABPP 

on Neuro-2a cells (pIC50 ± SEM, N = 3). Molecular weight (MW) and topological polar surface area (tPSA) calculated 

using ChemDraw Professional 16.0, octanol/water partition coefficient (clogP) calculated using DataWarrior 5.0.0. 

Future directions 

Towards improved PLA2G4E and ABHD6 inhibitors 

Previously, triazole ureas have been successfully leveraged as tool compounds to study 

several brain serine hydrolases in vivo, e.g. ABHD6, ABHD16a and DAGLα/β40–43, thereby 

showing the future potential for the PLA2G4E inhibitors reported in this thesis. PLA2G4E 

inhibitor WEN091 showed high potency, cellular target engagement and efficacy in 

lowering cellular NAPE levels, but inhibited several additional serine hydrolases in Neuro-

2a cells. IK015 has an improved in vitro selectivity profile compared to WEN091 and lower 

off-target activity in Neuro-2a cells. Further characterization of this inhibitor by 

investigating in situ target engagement, inhibition of NAPE formation and activity on other 

enzymes involved in NAPE metabolism (ABHD4, PLAAT1–5) will be necessary to determine 

whether IK015 is a better lead candidate for in vivo PLA2G4E inhibition than WEN091. Of 

note, IK015 did show inhibition of FAAH and ABHD6 at concentrations below 1 µM in a 

cellular setting and a relatively high topological polar surface area, which may limit brain 

penetration. Further optimization of the selectivity and physicochemical properties of this 

chemotype might, therefore, be required. 

Structure-based drug design could guide the design of the next series of PLA2G4E 

inhibitors. Currently, there are no crystal structures available of PLA2G4E. IK015 was, 

therefore, docked into a homology model of hPLA2G4E built based on the crystal structure 

of hPLA2G4D.44 The predicted binding pose suggests the existence of a narrow pocket 

lined with hydrophobic residues, limited space around the chlorine atom and a larger 

pocket around the trifluoromethoxy substituent, in line with the SAR results from Chapters 

2 and 4 (Figure 7.3). The SAR suggest that substituents that create new interactions with 

the active site may be introduced on the ortho or meta position of the piperidyl benzyl or 

para position of the sulfonyl benzyl. These substituents might be able to increase the 

inhibitor’s affinity for PLA2G4E and selectivity over other targets. Improving the inhibitor’s 
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potency may potentially allow to remove heteroatoms to reduce the tPSA. One should, 

however, always take into consideration the effect modifications have on other physico-

chemical properties, such as the lipophilicity and molecular weight. A combination of 

modifications might be required to obtain the optimal balance. Characterization of the 

pharmacokinetic properties of the inhibitors will be necessary to assess their in vivo 

applicability. Results of these studies may demand further optimization of e.g. metabolic 

stability, plasma protein binding or brain penetration.  

The broad reactivity of triazole ureas towards serine hydrolases makes it challenging 

to obtain high selectivity, and many previously published triazole urea-based inhibitors 

have shown cross-reactivity with off-targets at elevated concentrations.40,41,43 In addition 

to (adverse) off-target effects, this could lead to limited metabolic stability of the 

compound due to rapid enzymatic hydrolysis.45,46 Increasing the non-covalent binding 

 

 

Figure 7.3. SAR overview and docking results of IK015. A) Summary of observations regarding the potency and 

selectivity of synthesized PLA2G4E inhibitors from the SAR studies in Chapters 2 and 4. B–E) IK015 (cyan carbon atoms) 

was covalently docked to Ser412 (bond not shown) in a homology model of hPLA2G4E (sand ribbon) based on 

hPLA2G4D.44 Several amino acids interacting with IK015 are displayed in element color. B) Highest-scored IK015 docking 

pose in hPLA2G4E model with predicted enzyme–inhibitor interactions indicated. Interacting amino acids are annotated. 

C) 2D representation of predicted interactions of IK015 with hPLA2G4E, corresponding to the docking pose in (B).  

D) Docking pose with pocket surface shown. Hydrophobic surface is indicated in brown, hydrophilic in blue. E) Docking 

pose with pocket surface indicating predicted hydrogen bond donating (magenta) and accepting (green) character. 
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affinity of the PLA2G4E inhibitors for PLA2G4E may allow to reduce the intrinsic reactivity 

of the urea warhead, which might lead to improved selectivity over other serine hydrolases. 

However, less promiscuous chemotypes might be better suited for specific PLA2G4E 

inhibition and high in vivo stability. 

 

ABHD6 inhibitor RED353 displayed high potency and a favorable selectivity profile in 

Neuro-2a cells. It showed lower activity on FAAH than KT182, but was more active on 

DAGLα and β. Previous studies on DAGL and ABHD6 inhibitors have shown increased 

selectivity for ABHD6 when polar groups were introduced on the piperidine or leaving 

group substituent.40,47,48 Hence, new derivatives of RED353 with polar substituents could 

be explored that might improve the ABHD6 selectivity. These can be used to study the 

contribution of ABHD6 to 2-AG production in other cell types and under different 

conditions. 

PLA2G4E inhibitors may elucidate PLA2G4E and NAPE biology 

PLA2G4A has been extensively exploited for the development of drugs against 

inflammatory conditions, and several PLA2G4A inhibitors have advanced into clinical 

trials.49,50 Similarly, multiple inhibitors of enzymes involved in the endocannabinoid system 

have been developed to study the therapeutic potential of their targets in inflammatory 

pain, anxiety or metabolic syndrome.51–54 In vivo active and selective PLA2G4E inhibitors 

would be valuable tools to study the role of PLA2G4E and NAPEs in (patho)physiological 

processes. They can be used to confirm the role of this enzyme in the homeostasis of 

NAPEs and its precursors PE and PC. Acute inhibition of PLA2G4E will allow to investigate 

its importance in the development of neurodegenerative diseases8,14,24 and may illuminate 

the functions of NAPEs during ischemia, cytotoxicity and inflammation.17,19,21 Furthermore, 

inhibition of NAPE biosynthesis may aid in clarifying the putative role of NAPEs as feeding 

hormones.15,16 As PLA2G4E was reported to be localized to the endocytic machinery7, 

inhibitors could be used to elucidate the function of PLA2G4E in endocytic recycling, and 

the role of NAPEs or other products and substrates of PLA2G4E in this process. This might 

also increase our knowledge on the involvement of the endocannabinoid system in 

intercellular signaling. In these studies, previously reported NAPE-PLD inhibitors can be 

used to distinguish the effects of NAPEs from that of NAEs.54 In addition, PLAAT inhibitors 

can be used in conjunction with PLA2G4E inhibitors to investigate the regulation of the 

two pathways of NAPE biosynthesis, including their substrate preference and 

spatiotemporal activity.55,56  

A PLA2G4E probe that is able to visualize endogenous activity could be used to 

investigate the relation between the enzymatic activity and subcellular localization of 

PLA2G4E. Furthermore, it may show PLA2G4E activity and localization in different cell types 

or brain regions. Expression of (lyso)-NAPE hydrolase ABHD4 was recently shown to be 

tightly regulated in developing neurons.57 Visualization of PLA2G4E activity in neuronal 
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cells in different developmental states could help to elucidate which metabolites are 

associated with neuronal maturation, differentiation and fate. 

Closing remarks 

Selective and cellular active inhibitors are instrumental to study the (patho)physiological 

functions of enzymes. In this work, compounds WEN091, WEN222, WEN258, IK015 and 

WEN175 are presented as the first-in-class tool compounds to study the biology of 

PLA2G4E. These inhibitors and activity-based probe will be valuable to elucidate the 

importance of PLA2G4E in NAPE biosynthesis in different cells, tissues and conditions. In 

conjunction with previously reported inhibitors of PLAAT1–5 and NAPE-PLD, these 

compounds can be used to study the functionalities and roles of NAPEs in homeostasis 

and disease. The chemical tools developed in this thesis may help to uncover new 

therapeutic possibilities to treat conditions involving neurodegeneration, inflammation or 

feeding.  
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Experimental procedures 

Computational chemistry 

The homology structure model of human PLA2G4E was generated from the X-ray structure of 

hPLA2G4D (5IXC44, obtained from The Protein Data Bank), which shared 47% sequence identity with 

hPLA2G4E, using SWISS-MODEL. The obtained structure was pre-processed with Schrödinger Protein 

Preparation Wizard using default parameters. IK015 was pre-processed with Schrödinger LigPrep 

using default parameters. IK015 was subsequently docked to the PLA2G4E model using CovDock, 

selecting Ser412 as the reactive residue performing nucleophilic attack on a double bond in thorough 

sampling mode. Docking results were visually analyzed and images created in BIOVIA Discovery Studio 

2016, during which the covalent bond between the protein and ligand was removed for practical 

purposes.  
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N-acylphosphatidylethanolamines (NAPE’s) zijn een veelzijdige lipidenfamilie met 

uiteenlopende biologische functies, maar ze zijn relatief weinig onderzocht.1,2 Van 

Fosfolipase A2 Groep IV E (PLA2G4E) is recentelijk aangetoond dat het in staat is tot 

calcium-afhankelijke productie van NAPE’s in cellen.3,4 PLA2G4E is lid van de PLA2G4-

familie, die uit zes serinehydrolases bestaat (PLA2G4A–F).5 Deze enzymen worden 

gekenmerkt door een Ser-Asp katalytische dyade en een N-terminaal, calcium-afhankelijk 

lipidenbindend C2-domein.5,6 PLA2G4E heeft daarnaast een C-terminaal, polybasisch 

gebied dat betrokken is bij de subcellulaire lokalisatie.7 Er is gerapporteerd dat het 

voornamelijk een N-acyltransferase is die in staat is op een calcium-afhankelijke manier 

NAPE’s te synthetiseren.3 Het komt voornamelijk tot expressie in de hersenen, testikelen, 

skeletspieren en het hart, en er zijn verbanden gelegd tussen het expressieniveau en de 

ziekte van Alzheimer en paniekstoornissen.3,8,9 Daarnaast is gebleken dat het betrokken is 

bij het terugvoeren van vracht vanuit het clathrine-onafhankelijke endocytosesysteem naar 

de plasmamembraan.7 Het is nog onduidelijk of NAPE’s betrokken zijn bij deze functies. 

Vooralsnog zijn er geen remmers van PLA2G4E gepubliceerd. PLA2G4E-remmers 

zouden van pas kunnen komen om de fysiologische rol van dit enzym in NAPE-biologie 

op te helderen door middel van acute modulatie. Selectieve remmers zijn ook vereist om 

het therapeutisch potentieel van PLA2G4E-remming vast te stellen. Het overkoepelende 

doel van dit proefschrift was daarom het ontwikkelen van cellulair actieve remmers van 

PLA2G4E. 

 

Hoofdstuk 1 geeft een bondig overzicht van de huidige kennis over de biologie van 

NAPE’s en PLA2G4E. NAPE’s zijn glycerofosfolipiden met drie vetzuurstaarten. Wanneer die 

ingebed zitten in lipidenmembranen, kunnen NAPE’s betrokken zijn bij de regulatie van 

membraandynamiek, zoals membraanbuiging, -fusie en interacties met membraan-

geassocieerde eiwitten.10–14 NAPE’s kunnen ook dienen als signaalmoleculen. Er zijn 

hypofage werkingen aan ze toegeschreven, hoewel betwist wordt dat de gerapporteerde 

effecten daadwerkelijk specifiek voor NAPE’s zijn.15,16 Hun niveaus zijn opvallend verhoogd 

in beschadigd weefsel, een effect dat gezien is in bijvoorbeeld hartinfarcten, ischemisch 

hersenweefsel en ontstoken testikelen.17–19 Ook zijn ze verhoogd in modellen van 

neurodegeneratie en is een beschermende rol tegen de ziekte van Parkinson 

gesuggereerd.14,20–22 Daarnaast spelen de biosynthese en het metabolisme van NAPE’s een 

belangrijke rol in de homeostase van andere structuur- en signaallipiden. Ze worden 

geproduceerd uit fosfatidylethanolamine (PE) en fosfatidylcholine (PC)3,23, lipiden waarvan 

de niveaus ook gerelateerd zijn aan neurodegeneratieve ziekten.24–26 Er zijn vier routes 

beschreven voor de omzetting van NAPE’s in N-acylethanolamines (NAE’s), waarbij 

verschillende klassen van belangrijke metabolieten vrijkomen, waaronder fosfatidezuur 

(PA), lysofosfatidezuur (LPA) en vrije vetzuren (FFA’s).27 Afhankelijk van hun structuur 

oefenen NAE’s verschillende signaalfuncties uit door middel van activatie van verscheidene 

receptoren, wat leidt tot onder meer verzadigings-, anti-inflammatoire, pijnstillende, 
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antiverslavings- of angstverlagende effecten.28–34 NAE’s worden afgebroken door fatty acid 

amide hydrolase (FAAH), wat hun biologische activiteit stopt. 

 

In Hoofdstuk 2 wordt de ontwikkeling van nieuwe PLA2G4E-remmers besproken. Eerder 

is er een competitieve activity-based protein profiling (“op activiteit gebaseerde 

eiwitprofilering”, ABPP)-assay ontwikkeld om de activiteit van PLA2G4E te meten.35 Het 

screenen van een gerichte bibliotheek van lipaseremmers heeft geleid tot de identificatie 

van 1,2,4-triazoolurea als remmers van PLA2G4E. Verbinding 1 is geselecteerd als startpunt 

voor hitoptimalisatie, vanwege haar potentie, lipofiele efficiëntie (LipE) en ligandefficiëntie 

(LE) (Figuur 7.1A). Er zijn 26 analogen gesynthetiseerd en getest op hun remmende 

activiteit, met als doel structuur-activiteitsrelaties (SAR’s) te bepalen en de potentie te 

verbeteren. Het vergroten van het sterisch volume en het vergroten van de afstand tussen  

 

 

Figuur 7.1. Structuren en eigenschappen van PLA2G4E-remmers 1–WEN175. A) Potentie en fysicochemische 

eigenschappen van hit 1 en remmer WEN091. Potentie op PLA2G4E bepaald met behulp van gel-gebaseerde ABPP op 

HEK293T-overexpressielysaat (pIC50 ± SEM, N ≥ 2). Moleculair gewicht (MW) en topologische polaire oppervlakte (tPSA) 

berekend met ChemDraw Professional 16.0; HAC = aantal zware atomen; Lipofiele efficiëntie LipE = pIC50 – clogP 

(DataWarrior 5.0.0); Ligandefficiëntie LE = 1.4pIC50/HAC. B) Remmende activiteit van remmers WEN091–WEN222 

(pIC50 ± SEM) bepaald met behulp van gel-gebaseerde ABPP op overexpressielysaat (PLA2G4E) of Neuro-2a-cellen 

(FAAH, DAGLβ, ABHD6) (N ≥ 2). C) Chemische structuur van PLA2G4E-probe WEN175. 
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de fenyl in de aminegroep en het reactieve ureum resulteerden in verhoogde potentie, wat 

leidde tot de identificatie van een 4-benzylpiperidinegroep die een potentieverbetering 

van tien keer veroorzaakte. Ortho- en meta-substituties op deze benzylring waren 

toegestaan, maar para-substituties hadden de voorkeur. 4-(4-Chlorobenzyl)piperidine-

bevattende verbinding WEN091 is geïdentificeerd als de meest potente PLA2G4E-remmer 

(pIC50 = 8.01 ± 0.02). WEN091 liet zo’n honderdvoud potentietoename zien ten opzichte 

van 1 en een verbeterde LipE en LE (Figuur 7.1A). 

 

WEN091 is verder biochemisch gekarakteriseerd in Hoofdstuk 3. De activiteit op PLA2G4E 

is getest in een natuurlijksubstraatconversieassay gebaseerd op vloeistofchromatografie-

massaspectrometrieanalyse (LC-MS). WEN091 remde dosisafhankelijk de vorming van 

NAPE uit exogeen PC en PE, zowel in overexpressielysaat van humaan en muizen-PLA2G4E 

als in muizenbreinhomogenaat (pIC50 = 6.9–7.1). De verbinding had een selectiviteit van 

meer dan twintigvoud over PLA2G4B–D en minstens tienvoud over de 

calciumonhafhankelijke NAPE-biosynthetiserende enzymen fosfolipase A/acyltransferase 

(PLAAT) 2–5. De verbinding was niet actief op NAPE-specifieke fosfolipase D (NAPE-PLD) 

of de cannabinoïdenreceptoren (CB1/2). ABPP-profilering van de selectiviteit in 

muizenbreinproteoom en levende cellen liet remming van verschillende serinehydrolases 

zien, waaronder ABHD6, DAGLα en FAAH. WEN091 verlaagde endogene cellulaire niveaus 

van NAPE’s, lyso-NAPE’s en glycerofosfo-palmitoylethanolamine, maar de 

negatievecontroleanaloog WEN258 (zie hieronder) deed dit niet. Beide verbindingen 

lieten cellulaire activiteit op FAAH zien, maar alleen behandeling met WEN258 had effect 

op de NAE-niveaus, wat suggereert dat steady-state NAE-niveaus in deze cellen 

gereguleerd worden door PLA2G4E en FAAH. N-22:6 lyso-NAPE-niveaus waren niet 

verhoogd door overexpressie, maar wel na behandeling met WEN091 of WEN258, wat 

tot de hypothese heeft geleid dat deze lipiden op een PLA2G4E- en ABHD4-onafhankelijke 

manier gesynthetiseerd worden. Beide remmers verlaagden de niveaus van 

endocannabinoïde 2-arachidonoylglycerol (2-AG), maar alleen WEN091 liet remming zien 

van het biosynthetische enzym DAGLβ. Dit suggereert dat ABHD6 mogelijk 

verantwoordelijk is voor de tonische productie van 2-AG in deze cellen, wat in lijn is met 

eerdere bevindingen.36 Concluderend, WEN091 is een potente PLA2G4E-remmer met 

selectiviteit voor de calciumafhankelijke NAPE-biosynthese in vitro die in staat was 

PLA2G4E-gemedieerde NAPE-vorming te verminderen in Neuro-2a-cellen. 

 

In Hoofdstuk 4 is de SAR-studie van PLA2G4E-remmers uitgebreid met 38 analogen van 

WEN091 om hun selectiviteit over FAAH te verbeteren. Geconcludeerd werd dat de sulfon 

belangrijk was voor de activiteit op PLA2G4E, maar niet op FAAH. Deze sulfon veranderen 

in een sulfonamide verlaagde de activiteit op beide enzymen en leidde tot lagere 

selectiviteit. Grote substituenten op de vertrekkende triazolylgroep zorgden voor hogere 

selectiviteit over FAAH, wat leidde tot de identificatie van 4-trifluoromethoxybenzyl-

bevattende verbinding IK015 als potente PLA2G4E-remmer (pIC50 = 8.01 ± 0.02) met meer 
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dan 800-voud selectiviteit over FAAH in vitro (Figuur 7.1B). Verder onderzoek naar de 

sterische en elektronische eigenschappen van deze benzylgroep verhoogde de potentie 

of selectiviteit niet. Analogen van het piperidinedeel verlaagden de activiteit op PLA2G4E. 

IK015 en sulfonamideanaloog WEN222 (Figuur 7.1B) zijn geselecteerd voor verdere 

biologische karakterisatie. De verbindingen waren selectief over PLA2G4B–D, NAPE-PLD 

en de CB1- en CB2-receptoren. Daarnaast lieten IK015 en WEN222 minstens tienvoud 

selectiviteit zien over PLAAT2–5 en meer dan dertigvoud selectiviteit over de meeste 

serinehydrolases die in muizenbreinproteoom gekarakteriseerd konden worden, maar de 

selectiviteit over ABHD6 was beperkt (viervoud). In Neuro-2a-cellen remde IK015 enkele 

enzymen op 1 µM, waaronder ABHD6, ABHD12 en FAAH. WEN222 was minder actief op 

de meeste enzymen, wat zou kunnen duiden op beperkte membraanpermeabiliteit. Net 

als WEN091 lieten deze verbindingen verhoogde activiteit zien op FAAH in de cellulaire 

assay. Alles tezamen zijn IK015 en WEN222 potente en selectieve PLA2G4E-remmers in 

vitro met een verbeterd selectiviteitsprofiel ten opzichte van WEN091, maar lieten ze 

remming van andere serinehydrolases zien bij hogere concentraties. Pyrazoolureum 

WEN258 is geïdentificeerd als structuuranaloog met een vergelijkbaar off-targetprofiel 

met WEN091, IK015 en WEN222, maar zonder activiteit op PLA2G4E (Figuur 7.1B). 

 

Om het bewijs van de cellulaire activiteit van WEN091 op PLA2G4E te ondersteunen, is in 

Hoofdstuk 5 een activity-based probe (“activiteitsgebaseerde sonde”, ABP) ontwikkeld om 

intracellulaire target engagement (“doelwitbinding”) te visualiseren. Het ontwerp van probe 

WEN175 (Figuur 7.1C) was gebaseerd op PLA2G4E-remmers die geïdentificeerd waren in 

Hoofdstukken 2 en 4. Er wordt verondersteld dat de triazoolurea de katalytische serine 

van PLA2G4E covalent modificeren door de vorming van een carbamoyladduct, wat het 

mogelijk zou moeten maken actief enzym irreversibel te labelen. Daarom werd de 

carbamoylerende “blijvende groep” uitgerust met een alkyn, waaraan na cellyse een 

fluorofoor geconjugeerd kan worden door middel van koper-gekatalyseerde alkyn-azide 

cycloadditie (CuAAC). Deze tweestapslabelingbenadering omzeilde de celpermeabiliteits-

problemen waarmee grote, geladen fluoroforen gepaard gaan.37,38 Probe WEN175 was in 

staat PLA2G4E die tot overexpressie gebracht was in Neuro-2a-cellen dosisafhankelijk te 

labelen, wat zijn toepasbaarheid als cellulair actieve PLA2G4E-probe aantoonde. WEN175 

labelde geen PLA2G4E-mutanten waarin de katalytische serine vervangen was voor een 

alanine (S412A) of waarin het C2-domein (ΔC2) of polybasisch domein (ΔPB) verwijderd 

was, waarmee het belang van dit aminozuur en deze motieven onderstreept werd.39 

Voorbehandeling met WEN091 remde de labeling van PLA2G4E door WEN175 op een 

dosisafhankelijke manier, wat de cellulaire target engagement van WEN091 met PLA2G4E 

aantoonde. Ondanks de laag-nanomolair IC50 van WEN091 in vitro waren hoge 

concentraties (10 µM) nodig om volledige in situ target engagement te bewerkstelligen, 

wat overeenkomt met de resultaten uit de gerichte lipidomicsexperimenten van 

Hoofdstuk 3. Dat deze hoge cellulaire concentraties van WEN091 nodig waren, kan 

waarschijnlijk verklaard worden door beperkte celpermeabiliteit en/of hoge niveaus van 
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competerende substraten. De gespecialiseerde ABP WEN175 is een waardevol chemisch 

hulpmiddel om het ontwerp van nieuwe PLA2G4E-remmers met verbeterde cellulaire 

activiteit te sturen. 

 

Gekooide koolwaterstoffen zijn polycyclische chemische structuren met unieke 

fysicochemische eigenschappen, maar worden niet algemeen toegepast in medicinale 

chemie. In Hoofdstuk 6 zijn negen 1,2,4-triazoolurea gesubstitueerd met gekooide 

koolwaterstoffen en getest als remmers van ABHD6, ABHD16a en DAGLα/β om het effect 

van gekooide koolwaterstoffen op de activiteit van de remmers te onderzoeken. Alle 

verbindingen remden hun primaire doelwit met submicromolaire IC50-waarden in een 

ABPP-assay op muizenbreinproteoom. Adamant-2-ylethyleenbevattende ABHD6-remmer 

RED353 en cubaanmethyleenbevattende DAGL-remmer 2 zijn verder geprofileerd in 

cellulaire experimenten (Figuur 7.2). De activiteit van 2 op DAGLβ in Neuro-2a-cellen was 

lager dan haar activiteit op DAGLα in vitro, maar RED353 remde ABHD6 met pIC50 = 8.39 

± 0.03 en liet bijna 300-voud selectiviteit zien over DAGLβ en 60-voud over FAAH. RED353 

remde ook de ABHD6-gemedieerde omzetting van fluorogeen substraat in een 

orthogonale assay en verlaagde de cellulaire niveaus van 2-AG, maar niet van anandamide, 

waarmee het de veelgebruikte ABHD6-remmer KT182 overtrof.40 Deze resultaten 

bevestigen en borduren voort op de eerdere observatie dat ABHD6 verantwoordelijk is 

voor de tonische productie van 2-AG in Neuro-2a-cellen.36 

 

 

Figuur 7.2. Structuur en eigenschappen van ABHD6-remmers RED353 en 2. Activiteit bepaald met behulp van gel-

gebaseerde ABPP op Neuro-2a-cellen (pIC50 ± SEM, N = 3). Moleculair gewicht (MW) en topologische polaire 

oppervlakte (tPSA) berekend met ChemDraw Professional 16.0, octanol/water-partitiecoëfficient (clogP) berekend met 

DataWarrior 5.0.0. 

Vervolgstudies 

Richting verbeterde PLA2G4E- en ABHD6-remmers 

Triazoolurea zijn eerder succesvol toegepast als chemisch hulpmiddel om meerdere 

serinehydrolases in de hersenen, zoals ABHD6, ABHD16a en DAGLα/β, in vivo te 

bestuderen40–43, wat het toekomstig potentieel van de PLA2G4E-remmers beschreven in 

dit proefschrift schetst. PLA2G4E-remmer WEN091 heeft hoge potentie, cellulaire target 

engagement en werkzaamheid in het verlagen van cellulaire NAPE-niveaus laten zien, maar 

remde daarnaast enkele serinehydrolases in Neuro-2a-cellen. IK015 heeft een verbeterd 
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in vitro-selectiviteitsprofiel ten opzichte van WEN091 en lagere off-targetactiviteit in 

Neuro-2a-cellen. Verdere karakterisatie van deze remmer door het onderzoeken van in 

situ target engagement, inhibitie van NAPE-vorming en activiteit op andere enzymen die 

betrokken zijn bij NAPE-metabolisme (ABHD4, PLAAT1–5) is nodig om te bepalen of IK015 

een betere lead-kandidaat is voor in vivo PLA2G4E-remming dan WEN091. IK015 liet wel 

remming van FAAH en ABHD6 zien bij concentraties onder de 1 µM in een cellulaire 

omgeving en heeft een relatief grote topische polaire oppervlakte (tPSA), wat de 

hersenpenetratie kan beperken. Verdere optimalisatie van de selectiviteit en 

fysicochemische eigenschappen van dit chemotype zouden daarom nodig kunnen zijn. 

Structuurgebaseerd medicijnontwerp zou het ontwerp van de volgende serie 

PLA2G4E-remmers kunnen sturen. Op dit moment zijn er geen kristalstructuren van 

PLA2G4E beschikbaar. IK015 is daarom geplaatst in een digitaal homologiemodel van 

PLA2G4E dat gebouwd is op basis van de kristalstructuur van PLA2G4D.44 De voorspelde 

bindingspose lijkt te duiden op de aanwezigheid van een nauwe holte die bekleed is met 

hydrofobe residuen, beperkte ruimte rondom het chlooratoom en een grotere holte 

rondom de trifluoromethoxysubstituent, in overeenstemming met de SAR-resultaten uit 

Hoofdstukken 2 en 4 (Figuur 7.3). De SAR suggereert dat substituenten die nieuwe 

interacties met de active site aan kunnen gaan, geïntroduceerd zouden kunnen worden op 

de ortho- of meta-positie van de piperidylbenzylgroep of op de para-positie van de 

sulfonylbenzylgroep. Deze substituenten kunnen mogelijk de affiniteit van de remmer voor 

PLA2G4E en zijn selectiviteit over andere doelwitten verhogen. Het verbeteren van de 

potentie van de remmer zou de mogelijkheid kunnen bieden heteroatomen te verwijderen 

om de tPSA te verlagen. Men moet echter altijd de gevolgen die modificaties hebben op 

andere fysicochemische eigenschappen, zoals de lipofiliciteit en moleculair gewicht, in 

ogenschouw nemen. Mogelijk is een combinatie van modificaties vereist om een optimale 

balans te verkrijgen. Het in kaart brengen van de farmacokinetische eigenschappen van de 

remmers zal nodig zijn om hun in vivo-toepasbaarheid te bepalen. Resultaten uit deze 

studies nopen mogelijk tot verdere optimalisatie van bijvoorbeeld metabole stabiliteit, 

plasmaeiwitbinding of hersenpenetratie. 

De brede reactiviteit van triazoolurea ten opzichte van serinehydrolases maakt het 

uitdagend om hoge selectiviteit te verkrijgen, en veel eerder gepubliceerde triazoolureum-

gebaseerde remmers hebben dan ook kruisreactiviteit laten zien met off-targets bij hogere 

concentraties.40,41,43 Naast (nadelige) off-targeteffecten kan dit leiden tot beperkte 

metabole stabiliteit van de verbinding door snelle enzymatische hydrolyse.45,46 Het 

verhogen van de niet-covalente bindingsaffiniteit van de PLA2G4E-remmers voor PLA2G4E 

zou de mogelijkheid kunnen bieden de intrinsieke reactiviteit van de ureumwarhead te 

verlagen, wat zou kunnen leiden tot verbeterde selectiviteit over ander serinehydrolases. 

Echter, minder promiscue chemotypen zijn wellicht meer geschikt voor specifieke 

PLA2G4E-remming en hoge in vivo-stabiliteit. 
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Figuur 7.3. SAR-overzicht en dockingsresultaten van IK015. A) Samenvatting van observaties betreffende de potentie 

en selectiviteit van gesynthetiseerde PLA2G4E-remmers uit de SAR-studies in Hoofdstukken 2 en 4. B–E) IK015 (cyaan-

kleurige koolstofatomen) is covalent gedockt aan Ser412 (binding niet getoond) in een homologiemodel van hPLA2G4E 

(zandkleurig lint), gebaseerd op hPLA2G4D.44 Enkele aminozuren die interageren met IK015 zijn weergegeven in 

elementkleuren. B) Hoogstgerangschikte dockingspose van IK015 in het hPLA2G4E-model met voorspelde enzym–

remmerinteracties aangegeven. Interagerende aminozuren zijn geannoteerd. C) 2D-weergave van de voorspelde 

interacties van IK015 met hPLA2G4E, corresponderend met de dockingspose in (B). D) Dockingspose met 

holteoppervlak weergegeven. Hydrofoob oppervlak is weergegeven in het bruin, hydrofiel in blauw. E) Dockingspose 

met holteoppervlak dat gekleurd is naar voorspeld waterstofdonerend (magenta) en -accepterend (groen) karakter. 

 

 

ABHD6-remmer RED353 toonde hoge potentie en een gunstig selectiviteitsprofiel in 

Neuro-2a-cellen. Hij liet lagere activiteit zien op FAAH dan KT182, maar was actiever op 

DAGLα en β. Eerdere studies naar DAGL- en ABHD6-remmers hebben verbeterde 

selectiviteit voor ABHD6 aangetoond wanneer polaire groepen geïntroduceerd werden op 

de piperidine of de vertrekkendegroepsubstituent.40,47,48 Nieuwe derivaten van RED353 

met polaire substituenten die de selectiviteit voor ABHD6 zouden kunnen verbeteren, 

zouden daarom onderzocht kunnen worden. Deze kunnen gebruikt worden om de 

bijdrage van ABHD6 aan 2-AG-productie te onderzoeken in andere celtypen en onder 

andere omstandigheden. 
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PLA2G4E-remmers kunnen mogelijk PLA2G4E- en NAPE-biologie ophelderen 

PLA2G4A is uitgebreid geëxploiteerd voor de ontwikkeling van medicijnen tegen 

inflammatoire aandoeningen, en enkele PLA2G4A-remmers zijn tot in klinische tests 

onderzocht.49,50 Ook zijn er meerdere remmers van enzymen die betrokken zijn bij het 

endocannabinoïdensysteem ontwikkeld om het therapeutisch potentieel van hun 

doelwitten in ontstekingspijn, angst of metabool syndroom te bestuderen.51–54 In vivo-

actieve en selectieve PLA2G4E-remmers zouden waardevolle hulpmiddelen zijn om de rol 

van PLA2G4E en NAPE’s in (patho)fysiologische processen te bestuderen. Ze kunnen 

gebruikt worden om de rol van dit enzym te bestuderen in de homeostase van NAPE’s en 

hun precursors PE en PC. Acute inhibitie van PLA2G4E maakt het mogelijk zijn belang in 

de ontwikkeling van neurodegeneratieve ziekten te onderzoeken8,14,24 en kan de functies 

van NAPE’s tijdens ischemie, cytotoxiciteit en ontsteking belichten.17,19,21 Bovendien zou 

remming van NAPE-biosynthese kunnen helpen bij het verduidelijken van de mogelijke rol 

van NAPE’s als verzadigingshormoon.15,16 Omdat gerapporteerd is dat PLA2G4E 

gelokaliseerd is bij het endocytosesysteem7, zouden remmers gebruikt kunnen worden om 

de functie van PLA2G4E in endocytische recycling op te helderen, alsmede de rol van 

NAPE’s of andere substraten en producten van PLA2G4E in dit proces. Dit kan ook onze 

kennis uitbreiden over de betrokkenheid van het endocannabinoïdensysteem bij 

intercellulaire signaaltransductie. In deze studies kunnen eerder gepubliceerde NAPE-PLD-

remmers gebruikt worden om onderscheid te maken tussen de effecten van NAPE’s en 

NAE’s.54 Daarnaast kunnen PLAAT-remmers in combinatie met PLA2G4E-remmers gebruikt 

worden om de regulatie van de twee routes voor NAPE-biosynthese te bestuderen, 

waaronder hun substraatvoorkeuren en spatiotemporele activiteit.55,56 

Een PLA2G4E-probe die in staat is endogene activiteit zichtbaar te maken, zou gebruikt 

kunnen worden om de relatie tussen de enzymatische activiteit en subcellulaire lokalisatie 

te onderzoeken. Bovendien zou deze de PLA2G4E-activiteit en -lokalisatie in verschillende 

celtypen en hersenregio’s kunnen laten zien. Onlangs is aangetoond dat de expressie van 

(lyso)-NAPE-hydrolase ABHD4 strak gereguleerd is in ontwikkelende neuronen.57 Het 

zichtbaar maken van PLA2G4E-activiteit in neuronale cellen in verschillende stadia van 

ontwikkeling kan helpen op te helderen welke metabolieten betrokken zijn bij neuronale 

maturatie, differentiatie en bestemming. 

Tot slot 

Selectieve en cellulair actieve remmers zijn nuttig om de (patho)fysiologische functies van 

enzymen te bestuderen. In dit proefschrift zijn verbindingen WEN091–WEN222 

gepresenteerd als de eerste chemische instrumenten in hun klasse om de biologie van 

PLA2G4E te bestuderen. Deze remmers en activity-based probe zullen waardevol zijn in het 

ophelderen van het belang van PLA2G4E in NAPE-biosynthese in verschillende cellen, 

weefsels en onder verschillende omstandigheden. In combinatie met eerder 

gerapporteerde remmers van PLAAT1–5 en NAPE-PLD kunnen deze verbindingen gebruikt 
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worden om de functies en rollen van NAPE’s in homeostase en ziekte te bestuderen. De 

chemische hulpmiddelen die in dit proefschrift ontwikkeld zijn, kunnen mogelijk helpen bij 

het ontdekken van nieuwe therapeutische mogelijkheden om aandoeningen waarbij 

neurodegeneratie, ontstekingen en voeding betrokken zijn te behandelen. 

Dankwoord 

Olivier Béquignon en Gerard van Westen worden hartelijk bedankt voor het bouwen van 

het homologiemodel en het uitvoeren van de computationele experimenten. 
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Experimentele procedures 

Computationele chemie 

Het homologiestructuurmodel van humaan PLA2G4E is met behulp van SWISS-MODEL gegenereerd 

uit de röntgenstructuur van hPLA2G4D (5IXC44, verkregen uit The Protein Data Bank), die 47% 

sequentie-identiteit deelt met hPLA2G4E. De verkregen structuur is voorbehandeld met Schrödinger 

Protein Preparation Wizard met standaardparameters. IK015 is voorbehandeld met Schrödinger 

LigPrep met standaardparameters. IK015 is vervolgens in het PLA2G4E-model geplaatst met behulp 

van CovDock, waarbij Ser412 geselecteerd is als het reactieve residu dat een nucleofiele aanval uitvoert 

op een dubbele band, in thorough sampling mode. Dockingsresultaten zijn visueel geanalyseerd en 

afbeeldingen zijn gecreëerd in BIOVIA Discovery Studio 2016, waarbij de covalente binding tussen het 

eiwit en ligand verwijderd is om praktische redenen. 
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