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Summary 

Epoxieicosatrienoic acids (EETs) are endogenous chemical mediators derived from 

arachidonic acid that show anti-inflammatory, antihypertensive, analgesic, angiogenic 

and antiatherosclerotic effects. Soluble epoxide hydrolase (sEH) converts EETs to their 

corresponding dihydroxyeicosatrienoic acids, whereby the biological effects of EETs are 

diminished, eliminated, or altered. Therefore, it has been proposed that inhibition of 

sEH may have therapeutic effects in various inflammatory and pain-related diseases. A 

number of very potent sEH inhibitors (sEHIs) have been developed, several of them 

featuring an adamantane moiety that may account for the low solubility and poor 

pharmacokinetic profile that have hampered their progress into clinics. In this context, 

the present thesis has been focused on the design and synthesis of novel sEHIs replacing 

the adamantane moiety by adamantane-like scaffolds in order to improve their drug-

like properties. First, the introduction of an oxygen atom in the adamantane nucleus of 

known sEHIs provided a new family of 2-oxaadamantane-based inhibitors endowed with 

nanomolar potency and improved aqueous solubility and permeability. A screening 

cascade was conducted in order to biologically characterize the new inhibitors and to 

select a candidate for subsequent in vivo studies, which revealed that the candidate 

reduced inflammatory and endoplasmic reticulum stress markers and diminished the 

pancreatic damage in a murine model of cerulein-induced acute pancreatitis (AP). 

Second, the exploration of the size of the lipophilic unit of sEHIs showed that the active 

center of sEH is flexible and can accommodate both larger and smaller polycycles than 

adamantane, and that the replacement of the adamantane moiety by larger polycyclic 

rings led to more potent compounds than the replacement by smaller ones. Taking into 

account these results, the last step was the development of a new family of sEHIs 

bearing the benzohomoadamantane scaffold, which features in its structure the 

synthetically versatile homoadamantane unit fused with an aromatic ring. This new 

family encompasses compounds endowed with excellent inhibitory activities in human, 

murine and rat sEH, improved water solubility and good microsomal stability. Further in 

vitro profiling and pharmacokinetic studies allowed us to select different candidates for 

the in vivo efficacy studies. One of them significantly reduced pancreatic damage and 

improved the health status of the animals after the induction of AP by cerulein. On the 

other hand, the compound optimized for the treatment of neuropathic pain fully 

abolished the capsaicin-induced allodynia in mice, outperforming other sEHI tested. 

Overall, a plethora of very potent sEHIs endowed with improved DMPK properties that 

present efficacy in several in vivo murine models have been developed in the present 

Thesis.





 

 Abbreviation list 

AA  Arachidonic acid 

AD  Alzheimer’s disease 

AP  Acute Pancreatitis 

AEPU  N-adamantyl-N’-[5-(2-(2-ethoxyethoxy)ethoxy)pentyl]urea 

AP  Acute pancreatitis 

AUDA  12-(3-(1-adamant-1-yl)ureido)dodecanoic acid 

BBB  Blood-brain barrier 

cAMP  Cyclic adenosine monophosphate 

CDU  N-cyclohexyl-N’-dodecylurea 

CNS  Central Nervous System 

COPD  Chronic obstructive pulmonary disease 

COXs  Cyclooxigenases 

COXIBs  COX-2-selective inhibitors 

CUDA  12-(3-cyclohexylureido)dodecanoic acid 

CYP  Cytochromes 

DCU  N,N’-dicyclohexylurea 

DAST  Diethylaminosulfur trifluoride 

DCM  Dichloromethane  

DiHETrEs Dihydroxyeicosatrienoic acids 

DiHFAs  Dihydroxy-fatty acids 

DNA  Deoxyribonucleic acid 

DMF  Dimethylformamide 

DMPK  Drug metabolism and pharmacokinetics 

DMSO  Dimethylsulfoxide 

EDCI  N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide 

EETs  Epoxyeicosatrienoic acids 

EH  Epoxide hydrolases 

EpFAs  Epoxy-fatty acids 

https://en.wikipedia.org/wiki/Drug_metabolism
https://en.wikipedia.org/wiki/Pharmacokinetics
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ER  Endoplasmic reticulum 

FAs  Fatty acids 

FDA  Food and Drug Administration 

GABA   -aminobutyric acid 

GPCRs  G-Protein coupled receptors 

GSK  GlaxoSmithKline 

HDL   High-density lipoprotein 

hERG   Human ether-a-go-go-related gene 

HETEs  Hydroxyeicosatetraenoic acids 

HOBt  Hydroxybenzotriazole 

IL  Interleukin 

iNOS  Inducible nitric oxide synthase 

IKK  IĸB kinase 

kDa  Kilodalton 

KO  Knock out 

LTA4  Leukotriene A4  

LHS  Left-hand side 

LipE  Lipophilic ligand efficiency   

LOXs  Lipooxygenases  

LTs  Leukotrienes 

mEH  Microsomal epoxide hydrolase 

MetS  Metabolic syndrome 

MTD  Maximum tolerated dose 

NADP  Nicotinamide adenine dinucleotide phosphate 

NP  Neuropathic Pain 

NF-B  Nuclear factor B 

NO  Nitric Oxide 

NMDA  N-methyl-D-aspartic acid 

NSAIDs  Non-steroidal anti-inflammatory drugs 

Papp  Apparent permeability coefficient  



 

PBMC   Peripheral Blood Mononuclear Cells  

PBS  Phosphate-buffered saline 

PD  Pharmacodynamic  

PGIs  Prostacyclins 

PGE2  Prostaglandin E2  

PGs   Prostaglandins 

PK  Pharmacokinetic 

PLA2  Phospholipase A2 

PPARs  Peroxisome proliferator-activated receptors 

PUFA  Polyunsaturated fatty acids 

RAF-1  Raf-1 Proto-Oncogene, Serine/Threonine Kinase 

RHS  Right-hand side 

SAR  Structure-activity relationship 

sEH  Soluble epoxide hydrolase 

sEHIs  Soluble epoxide hydrolase inhibitors 

STZ  Streptozotocin 

t-AUCB  Trans-4-[4-(3-adamantan-1-yl-ureido)cyclohexyloxy]benzoic acid 

THLE-2  Transformed Human Liver Epithelial-2 cell line 

TPPU  1-(1-Propionylpiperidin-4-yl)-3-[4-(trifluoromethoxy)phenyl]urea 

t-TUCB Trans-4-[4-[3-(4-trifluoromethoxyphenyl)-ureido]cyclohexyloxy]benzoic 
acid  

TNF-α  Tumor necrosis factor α  

TXs   Thromboxanes 

UCD  University of California Davis 

VCAM-1 Vascular cell adhesion molecule-1 

VEGF  Vascular endothelial growth factor 

11β-HSD1 11beta-hydroxysteroid dehydrogenase type 1 
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1.1. Arachidonic acid cascade 

Arachidonic acid (AA) is an essential ω-6, 20-carbon polyunsaturated fatty acid that 

is abundant in the phospholipids of cellular membrane.  In response to a stimulus such 

as growth factors, hormones or cytokines, phospholipase A2 (PLA2) promotes its 

cleavage from the membrane being released to the cytosol, where it is involved in 

numerous cell signaling and regulation pathways and making it available for its oxidation 

by the enzymes of the AA cascade.1,2 Released AA can be metabolized to different 

classes of chemical mediators called eicosanoids via three pathways: cyclooxygenases 

(COXs), lipoxygenases (LOXs) and cytochromes (CYP) (Figure 1). The COX pathway 

includes COX-1 and COX-2 that catalyze the production of prostaglandin H2 which, in 

turn, is transformed to other prostaglandins (PGs), prostacyclins (PGIs) and 

thromboxanes (TXs), endowed with pro-inflammatory properties. In contrast, 

leukotrienes (LTs) are generated by the 5-LOX pathway which plays a significant part in 

the cause of asthma, arthritis, allergy and inflammation.3 Both pathways have been 

extensively studied and pharmaceutically targeted. Of note, COXs are very popular 

targets for the treatment of inflammatory diseases. Non-steroidal anti-inflammatory 

drugs (NSAIDs), that block the COX-1 and COX-2 enzymes, and coxibs, that selectively 

block COX-2, lead to a decrease in pro-inflammatory metabolites.4 On the other hand, 

zileuton, clinically used for asthma, is the only FDA approved 5-LOX inhibitor.5,6  

Most research has been focused on the cyclooxygenase and lipoxygenase pathways, 

but increasing attention is being paid to the third branch of the AA cascade, the CYP450. 

The CYP pathway produces two types of eicosanoid products, the epoxyeicosatrienoic 

acids (EETs), formed by CYP epoxygenases, and the hydroxyeicosatetraenoic acids 

(HETEs), formed by CYP oxidases.7 The oxygenase pathway converts AA via CYP4A to 

HETEs such as 20-HETE, exhibiting pro-inflammatory and vasoconstrictor properties. In 

contrast, the epoxygenase pathway catalyses the formation of four regioisomers of EETs 

(5,6-, 8,9-, 11,12- and 14,15-EETs) via the subfamilies CYP2C and CYP2J. EETs are 

                                                      

1 Harizi, H.; Corcuff, J. B.; Gualde, N. Trends Mol. Med. 2008, 14, 461-469. 
2 Hanna, V. S.; Hafez, E. A. A. J. Adv. Res. 2018, 11, 23-32. 
3 Funk, C. D. Science 2001, 294, 1871-1875. 
4 Meirer, K.; Steinhilber, D.; Proschak, E. Basic Clin. Pharmacol. Toxicol. 2014, 114, 83-91. 
5 Rubin, P.; Mollison, K. W. Prostaglandins Other Lipid Med. 2007, 83, 188–197. 
6 Sinha, S.; Doble, M.; Manju, S. L. Bioorg. Med. Chem 2019, 27, 3745–3759 
7 Spector, A. A.; Norris, A. W. Am. J. Physiol. Cell Physiol. 2007, 292, C996-C1012. 
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endowed with potent antiinflammatory and antihypertensive properties and have been 

reported to produce beneficial effects in disease models related to cardiovascular 

diseases, diabetes, inflammatory pain and other indications.8 

 

Figure 1. Arachidonic acid cascade. Three metabolic pathways of AA: the COX, LOX and CYP450 

enzymatic routes, resulting in the production of several chemical mediators involved in 

inflammatory processes. Inhibitors of COX are used for the treatment of pain and 

inflammation. Leukotriene antagonists and 5-LOX inhibitors are indicated in asthmatic and 

allergic states.  

1.2. Epoxyeicosatrienoic acids (EETs) 

EETs are chemical mediators that move biological processes toward a homeostatic 

or status quo condition. Storage, metabolism and excretion of EETs are all processes 

highly interlinked to maintain tissue homeostasis. Once formed, EETs undergo hydrolysis 

by soluble epoxide hydrolase (sEH) to the corresponding dihydroxyeicosatrienoic acids 

(DiHETrEs) that present less activity than the EETs and, therefore, hydrolysis by sEH is 

considered a quenching process.8  

                                                      

8 Kaspera, R.; Totah, R. A. Expert Opin. Drug Metab. Toxicol. 2009, 5, 757-771. 
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Although the EETs receptor or receptors still remain unknown, they have been 

suggested to act trough specific G-Protein coupled receptors (GPCRs) to intracellular 

signaling cascades, however none of which have been identified to date. These lipidic 

mediators present autocrine and paracrine functions due to binding to the GPCRs, 

activating ion channels and several intracellular signal transduction pathways. Their 

potent anti-inflammatory property is produced by inhibiting the activity of IkB kinase 

(IKK) and tumor necrosis factor α (TNF-α), thus decreasing the activation of cytokine-

induced NF-kB and its subsequent transcriptional activity and, consequently, 

diminishing the inflammatory process.4 Moreover, EETs activate different subfamilies of 

nuclear peroxisome proliferator-activated receptors (PPARs), decreasing the expression 

of inducible COX-2.  

Apart from the anti-inflammatory property, EETs exhibit other beneficial effects on 

biological systems, such as analgesic, anti-hypertensive, anti-platelet aggregation, 

fibrinolytic, pro-angiogenic and anti-apoptotic effects.9,10 

Consequently, since the discovery of the biological role of EETs and their 

metabolism, the inhibition of sEH has emerged as a promising therapeutic strategy for 

the treatment of several conditions. Considering the interesting properties of the EETs 

and their inactivation when transformed to DiHETrEs, the study of sEH has gained 

importance in recent years, especially regarding the design of sEH inhibitors (sEHIs) that 

increase the concentration of the EETs and, consequently, maintaining their anti-

inflammatory, vasodilator and/or analgesic effect. In this context, it is noteworthy that 

there have been described different alternative metabolic routes that ensure the 

regulation of EETs concentration in plasma and tissues.11  For this reason, the complete 

inhibition of sEH may only lead to a moderate increase of EET levels, limiting the target-

related side effects with the administration of potent sEHIs. 

                                                      

9 El-Sherbeni, A. A.; El-Kadi, A. O. S. Arch. Toxicol. 2014, 88, 2013-2032. 
10 Duflot, T.; Roche, C.; Lamoureux, F.; Guerrot, D.; Bellien, J. Expert Opin. Drug Discov. 2014, 9, 229-243. 
11 Imig, J. D. Physiol. Rev. 2012, 92, 101-130. 
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1.3. Soluble epoxide hydrolase 

 Epoxide Hydrolases 

Epoxide hydrolases (EH) represent a group of enzymes that convert various types 

of epoxides to vicinal diols by the addition of a water molecule. There are several EH in 

mammals which are named according their subcellular location, including soluble 

epoxide hydrolase (sEH), microsomal epoxide hydrolase (mEH), cholesterol epoxide 

hydrolase, which hydrates the 5,6-oxide of cholesterol and other 5-epoxy steroids, and 

leukotriene A4 hydrolase and hepoxilin A3 hydrolase.12 However, the most studied EHs 

have been the sEH and mEH, which clearly differ in specificity towards certain 

substrates. While the mEH activity is focused on the metabolism of xenobiotic epoxides 

and degrades preferentially epoxides on cyclic systems, the sEH produce the hydrolysis 

of endogenous epoxy-fatty acids, such as the oxidation of linoleic acid, linolenic acid or 

the EETs.13 Thus, the main metabolic pathway of EETs is the soluble epoxide hydrolase 

(sEH, EPHX2, EC 3.3.2.3), which transform EETs to their corresponding DiHETrEs whereby 

the biological effects of EETs are diminished, eliminated or altered (Figure 2).13 

 

Figure 2. Transformation of active EETs to inactive DiHETrEs by the sEH enzyme. 

                                                      

12 Newman, J.W.; Morisseau, C.; Hammock, B. D. Prog. Lipid Res. 2005, 44, 1-51. 
13 Morisseau, C.; Hammock, B. D. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 311–333. 
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 sEH: structure and function 

The human sEH is encoded by the EPHX2 gene, composed of 19 exons and located 

in the short branch of chromosome 8, that encode for 555 amino acid residues. This 

enzyme belongs to the α/β-hydrolase fold family of proteins and is a homodimer 

composed of two monomeric subunits of 62 kDa arranged in anti-parallel fashion and 

separated by a short proline-rich linker (Figure 3). 14,15,16 

 

Figure 3. Structure of the human sEH dimer. The N-terminal domains are in green, the C-

terminal domains are in blue, and the proline-rich linker segment (Ile-219-Asp-234) is in red. 

PDB 1S80.17 Figure taken from reference 14. 

This enzyme, localized in the cytosol and in peroxisomes, has two distinct activities 

in two separate structural domains of each monomer.17 The N-terminal domain exhibits 

a phosphatase activity that hydrolyzes lipid phosphatases, while the C-terminal domain 

presents the epoxide hydrolase activity that converts epoxides to their corresponding 

diols.18  

In contrast to the well-understood function of the C-terminal hydrolase domain, the 

role of the N-terminal phosphatase domain remains unclear.19 In vitro, the phosphatase 

                                                      

14 Harris, T. R.; Hammock, B. D. Gene 2013, 526, 61-74. 
15 Gomez, G. A.; Morisseau, C.; Hammock, B. D.; Christianson, D. W. Biochemistry 2004, 43, 4716-4723.   
16 Arand, M.; Cronin, A.; Oesch, F.; Mowbray, S. L.; Jones, T. A. Drug Metab. Rev. 2003, 35, 365-383. 
17 Gorman, J.; Shapiro, L. Acta Crystallogr. Sect. D 2004, 60, 1600-1605. 
18 Morisseau, C.; Sahdeo, S.; Cortopassi, G.; Hammock, B. D. Anal. Biochem. 2013, 434, 105–111. 
19 Kramer, J. S.; Woltersdorf, S.; Duflot, T.; Hiesinger, K.; Lillich, F. F.; Knöll, F.; Wittman, S. K.; Klinger, F.-
M.; Brunst, S.; Chaikuad, A.; Morisseau, C.; Hammock, B. D.; Buccellati, C.; Sala, A.; Rovati, G. E.; Leuillier, 
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activity of the N-terminal domain is able to hydrolyze diverse lipid phosphates, including 

farnesyl pyrophosphate, sphingosine-1-phosphate, and lysophosphatidic acid.20 

Although the mechanism of lipid phosphate hydrolysis is well-investigated,21 neither its 

endogenous substrate nor its physiological and possibly pathophysiological role have 

yet been identified. 

In contrast, the function of the C-terminal domain is well-known and it provides the 

EH activity. The catalytic mechanism of the sEH has been elucidated in the last few years 

in order to define the key residues involved in the hydrolysis of the epoxides.  All the EH 

are characterized by a catalytic triad that includes a nucleophilic aspartic acid and a 

histidine-aspartic pair and have a two-step mechanism involving the formation of a 

covalent intermediate. Computational studies and X-ray crystallographic data revealed 

that sEH has an “L shaped” hydrophobic pocket, whose branches measure 10 and 15 Å, 

respectively, and with the catalytic triad placed between them (Figure 4).22 Despite 

being mainly hydrophobic, each branch of the pocket features residues that are involved 

in specific interactions, such as hydrogen bonds, Van der Waals and π-stacking 

interactions. In addition, the branches are open to the solvent. 

 

Figure 4. Schematic representation of the catalytic pocket of the sEH. Catalytic center (blue), 

long branch (purple) and short branch (green). 

                                                      

M.; Fraineau, S.; Rondeaux, J.; Hernandez-Olmos, V.; Heering, J.; Merk, D.; Pogoryelov, D.; Steinhilber, D.; 
Knapp, S.; Beillen, J.; Proschak, E. J. Med. Chem. 2019, 62, 8443-8460. 
20 Morisseau, C.; Schebb, N. H.; Dong, H.; Ulu, A.; Aronov, P. A.; Hammock, B. D. Biochem. Biophys. Res. 
Commun. 2012, 419, 796−800. 
21 De Vivo, M.; Ensing, B.; Dal Peraro, M.; Gomez, G. A.; Christianson, D. W.; Klein, M. L. J. Am. Chem. Soc. 
2007, 129, 387−394. 
22 Amano, Y.; Yamaguchi, T.; Tanabe, E. Bioorg. Med. Chem. 2014, 22, 2427-2434. 
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The catalytic center is placed in the corner of the “L-shaped” tunnel and consists of 

two tyrosine residues (Tyr 382 and Tyr 465) that polarizes the epoxide by acting as 

hydrogen bond donors to activate the epoxide ring opening by the backside attack via 

an SN2-type reaction of the nucleophilic carboxylate of an aspartic acid residue (Asp334), 

oriented and activated by a histidine residue (His523), to form a hydroxyl alkyl-enzyme 

intermediate. Then, after different proton shifts, the intermediate is rapidly attacked by 

a water molecule releasing a diol product and the original enzyme (Figure 5).14,15,23,24,25 

 

Figure 5. Putative catalytic mechanism of human sEH. The catalytic center (blue) promotes the 

hydrolysis of the epoxide of EET (black) to the corresponding DiHETrE using a water molecule 

(orange). In the last step of the cycle, the triad is reformed in order to hydrolyse another EET. 

Adapted from reference 13.  

                                                      

23 Borhan, B.; Jones, A. D.; Pinot, F.; Grant, D. F.; Kurth, M. J.; Hammock, B. D. J. Biol. Chem. 1995, 270, 
26923-26930. 
24 Arand, M.; Wagner, H.; Oesch, F. J. Biol. Chem. 1996, 271, 4223-4229. 
25 Schitt, B.; Bruice, T.C. J. Am. Chem. Soc. 2002, 12, 14558-14570. 
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 sEH: tissue and subcellular distribution 

Human sEH presents a widespread distribution pattern in several tissues and 

organs.26 The specific activity of sEH is highest in the liver, followed by the kidney, lung, 

heart and brain. Moreover, sEH activity has also been observed in spleen, adrenals, 

intestine, urinary bladder, vascular endothelium and smooth muscle, placenta, skin, 

mammary gland, testicles and leucocytes.12,27 

Regarding the subcellular location, the sEH was historically referred to as the 

cytosolic EH based on the primary isolation of characteristic activity in cytosolic cellular 

fractions. Indeed, approximately 60% of the total sEH activity was isolated in the citosol. 

However, the sEH has also been shown to localize in peroxisomes, being isolated in the 

light mitochondrial fraction.12  

1.4. sEH as a potential therapeutic target 

The beneficial properties of EETs and the regulation of their levels by the action of 

the sEH enzyme has gained interest in the last decades due to the huge therapeutical 

potential derived from the inhibition of the sEH. Indeed, the efficacy of sEHIs for the 

treatment of different diseases have been demonstrated in several animal models 

(Figure 6). The beneficial properties of EETs and the advantages from inhibiting sEH in 

several conditions will be discussed below. 

 

Figure 6. Potential applications for sEHIs. 

                                                      

26 Enayetallah, A. E.; French, R. A.; Thibodeau, M. S.; Grant, D. F. J. Histochem. Cytochem. 2004, 52, 447-
454.  
27 Gill, S. S.; Hammock, B. D. Biochem. Pharmacol. 1980, 29, 389-395. 
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 Inflammation 

Inflammation is a complex, highly orchestrated process that has a domino-like 

effect on the initiation and development of a wide range of systemic illnesses.28 In recent 

years, several in vivo and in vitro studies have provided support for the concept that 

EETs exhibit a broad spectrum of anti-inflammatory activity against acute and chronic 

inflammation.7,11,29,30 

EETs have been reported to play an important role in regulating inflammation31 

following three main mechanisms: inhibition of the activation of nuclear factor B (NF-

B) induced by TNF-α, activation of subfamilies of nuclear PPARs and down-regulating 

COX-2 transcription, resulting in lower production of pro-inflammatory prostaglandin E2 

(PGE2).32,33,34,35. Additionally, 11,12-EET blocks the nuclear translocation of the NF-ĸB, by 

inhibiting the IKK, increases vascular cell adhesion molecule-1 (VCAM-1) expression in 

endothelial cells and decreases interleukin-1-induced fever, all of them known as pro-

inflammatory mediators.28 Moreover, EETs have been reported to activate GPCR, fact 

that increases the cyclic adenosine monophosphate (cAMP) levels. Given that the agents 

that elevate cAMP also inhibit the NF-kB transcription, they are known to be anti-

inflammatory agents (Figure 7).7  

                                                      

28 Shahabi, P.; Siest, G.; Visvikis-siest, S. Drug Metab. Rev. 2014, 46, 33-56. 
29 Campbell, W. B.; Fleming, I. Pflugers Arch.-Eur. J. Physiol. 2010, 459, 881-895. 
30 Deng, Y.; Theken, K. N.; Lee, C. R. J. Mol. Cell Cardiol. 2010, 48, 331-341. 
31 Node, K.; Huo, Y.; Ruan, X.; Yang, B.; Spiecker, M.; Ley, K.; Zeldin, D. C.; Liao, J. K. Science 1999, 285, 
1276-1279. 
32 Imig, J.; Hammock, B. Nat. Rev. Drug Discov. 2009, 8, 794-805. 
33 Morisseau, C. Biochimie 2013, 95, 91-95. 
34 Liu, Y.; Zhang, Y.; Schmelzer, K.; Lee, T.S.; Fang, X.; Zhu, Y.; Spector, A. A.; Gill, S.; Morisseau, C.; 
Hammock, B. D.; Shyy, J. Y.-J. Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 16747-16752. 
35 Morisseau, C.; Hammock, B. D. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 37-58. 
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Figure 7.  Effect of sEHIs by increasing epoxy-fatty acids (EpFAs) levels and blocking 

inflammation process through several mechanisms. PLA2: phospholipase A2. FAs: fatty acids. 

DiHFAs: dihydroxy-fatty acids. IKK: I κB kinase. iNOS: inducible nitric oxide synthase. VCAM-1: 

vascular cell adhesion molecule 1. IL: interleukin. NO: nitric oxide. Figure taken from reference 

35. 

 Vasodilatation and Cardiovascular Diseases 

Another therapeutic area of interest for sEHIs is cardiovascular diseases, especially 

due to the potent vasodilatory effects that present EETs. There are a number of 

mechanisms by which EETs can potentially affect blood pressure including direct effects 

on vascular tone in small resistance arteries and ascending dilation as well as action in 

the kidney through enhanced natriuresis. 35,36 

All regioisomeric EETs are vasodilators, with 11,12-EET and 14,15-EET presenting 

the most important vasodilator activity. These two regioisomeric EETs are generated by 

endothelial cells and dilate blood vessels by activating large-conductance Ca2+-activated 

K+ channels on vascular smooth muscle cells, resulting in K+ efflux from the smooth 

muscle cell and subsequent membrane hyperpolarization leading to a dilation of the 

vessels (Figure 8).32,37   

                                                      

36 Imig, J. D. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2004, 287, R35.  
37 Ellinsworth, D. C.; Earley, S.; Murphy, T. V.; Sandow, S. L.  Pflugers Arch. 2014, 466, 389-405. 
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This vasodilator effect of EETs has been confirmed by several studies using different 

sEHIs in various animal models of hypertension, resulting in an increase of the EET levels 

and the reduction of blood pressure.38,39 

 

Figure 8: Mechanism of action for EETs on vascular tone, remarking the final relaxation of the 

muscle cell and subsequent dilation of blood vessels. 

Apart from the vasodilatory activity of EET, the inhibition of sEH presents other 

benefits in cardiovascular diseases. Given that atherosclerosis is considered to be an 

inflammatory disease and is frequently associated with hypertension, it has been 

demonstrated that the inhibition of sEH in a mammalian model of atherosclerosis by an 

orally sEHI attenuates the atherosclerotic lesion formation.40 Moreover, the inhibition 

of sEH in mice effectively decreases plasma LDL-C levels and effectively raises circulating 

high-density lipoprotein (HDL) and decreases the size of atherosclerotic plaque, inducing 

regression of atherosclerosis.41 

Finally, it has been shown that sEHIs have cardiovascular-protective effects in 

cerebral ischaemia, cardiac ischaemia, cardiac hypertrophy and arrhythmia,42,43,44,45 

                                                      

38 Loch, D.; Hoey, A.; Morisseau, C.; Hammock, B. O.; Brown, L. Cell Biochem. Biophys. 2007, 47, 87-98. 
39 Imig, J. D.; Zhao, X.; Zaharis, C. Z.; Olearczyk, J. J.; Pollock, D. M.; Newman, J. W.; Kim, I.-H.; Watanabe, 
T.; Hammock, B. D. Hypertension 2005, 46, 975-981. 
40 Ulu, A.; Davis, B. B.; Tsai, H.-J.; Kim, I.-H.; Morisseau, C.; Inceoglu, B.; Fiehn, O.; Hammock, B. D.; Weiss, 
R. H. J. Cardiovasc. Pharmacol. 2008, 52, 314-323. 
41 Shen, L.; Peng, H.; Peng, R.; Fan, Q.; Zhao, S.; Xu, D.; Morisseau, C.; Chiamvimonvat, N.; Hammock, B. D. 
Atherosclerosis 2015, 239, 557-565. 
42 Shrestha, A.; Krishnamurthy, P. T.; Thomas, P.; Hammock, B. D.; Hwang, S. H. J. Pharm. Pharmacol. 2014, 
66, 1251-1258. 
43 Xu, D.; Davis, B. B.; Wang, Z.; Zhao, S.; Wasti, B.; Liu, Z.; Li, N.; Morisseau, C.; Chiamvimonvat, N.; 
Hammock, B. D. Int. J. Cardiol. 2013, 167, 1298-1304. 
44 Zhang, W.; Otsuka, T.; Sugo, N.; Ardeshiri, A.; Alhadid, Y. K.; Iliff, J. J.; DeBarber, A. E.; Koop, D. R.; 
Alkayed, N. J. Stroke 2008, 39, 2073-2078. 
45 Xu, D.; Li, N.; He, Y.; Timofeyev, V.; Lu, L.; Tsai, H.; Kim, I.; Tuteja, D.; Mateo, R. K. P.; Singapuri, A.; Davis, 
B. B.; Low, R.; Hammock, B. D.; Chiamvimonvat, N. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 18733-18738. 
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among others, suggesting that these agents have broad potential for the treatment of 

many cardiovascular diseases and associated morbidity.46,47,48 

 Pain 

Given the effectiveness in reducing inflammation in some rodent models,7,11,29,30,49 

it was thought the sEHIs to also reduce inflammatory pain. Using both thermal and 

mechanical models of hyperalgesia and allodynia in pain states induced by 

lipopolysaccharide, TNF-α, and carrageenan, sEHIs were shown to return the pain 

sensation to normal state in a dose dependent manner.50 Interestingly, the sEHIs 

synergize in reducing inflammatory pain with NSAIDs and COX-2-selective inhibitors 

(COXIBs), and they reduce the vascular side effects associated with the use of these 

drugs.51 

A different type of pain is the neuropathic pain (NP), which is a component of many 

disease states, such as diabetes mellitus, and there is no current treatment to treat it 

efficiently. Taking into account the effectiveness in reducing inflammation and 

inflammatory pain in some rodent models, it was not surprising that the inhibition of 

sEH also reduce NP.50,52,53 Although NSAIDs such as diclofenac are widely used for NP, 

their behavior in controlled studies is erratic. In the streptozotocin (STZ)-induced Type 

1 diabetes rat model, celecoxib did not present beneficial effects on diabetes-induced 

NP, and diclofenac slightly reduced pain. However, the sEHIs synergized with these COX 

inhibitors to reduce pain perception.51 In fact, it has been shown that sEHIs can be used 

effectively in combination with NSAIDs and COXIBs not only to treat inflammatory pain 

but possibly also neuropathic and other chronic pain conditions while reducing the 

cardiovascular side effects associated with the long-term use of these COX inhibitors.54 

                                                      

46 Spector, A. A., Fang, X., Snyder, G. D., Weintraub, N. L. Prog. Lipid Res. 2004, 43, 55–90. 
47 Imig, J. D. Cardiovasc. Drug Rev. 2006, 24, 169–188. 
48 Marino, J. P. Jr. Curr. Top. Med. Chem. 2009, 9, 452-463. 
49 Pillarisetti, S.; Khanna, I. Inflamm. Allergy Drug Targets 2012, 11, 143-158. 
50 Hammock, B. D.; Wagner, K.; Inceoglu, B. Pain Manage. 2011, 1, 383-386. 
51 Liu, J.-Y.; Li, N.; Yang, J.; Li, N.; Qiu, H.; Ai, D.; Chiamvimonvat, N.; Zhu, Y.; Hammock, B. D. Proc. Natl. 
Acad. Sci. U. S. A. 2010, 107, 17017-17022. 
52 Wagner, K.; Inceoglu, B.; Dong, H.; Yang, J.; Hwang, S. H.; Jones, P.; Morisseau, C.; Hammock, B. D. Eur. 
J. Pharmacol. 2013, 700, 93-101. 
53 Sing, K.; Lee, S.; Liu, J.; Wagner, K. M.; Pakhomova, S.; Dong, H.; Morisseau, C.; Fu, S. H.; Yang, J.; Wang, 
P.; Ulu, A.; Mate, C. A.; Nguyen, L. V; Hwang, S. H.; Edin, M. L.; Mara, A. A.; Wul, H.; Newcomer, M. E.; 
Zeldin, D. C.; Hammock, B. D. J. Med. Chem. 2014, 57, 7016-7030. 
54 Schmelzer, K. R.; Inceoglu, B.; Kubala, L.; Kim, I.; Jinks, S. L.; Eiserich, J. P.; Hammock, B. D. Proc. Natl. 
Acad. Sci. U. S. A. 2006, 103, 13646-13651. 
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Indeed, the sEHIs have proven to be more potent than the commonly used gabapentin 

for pain relief in diabetic NP.54 

The mechanism by which the sEH intervenes in the nociception process has been 

confirmed to imply opioid and GABAergic pathways, as well as PPARs.55 On one hand, 

EETs activate both PPARα and PPARγ inhibiting inflammatory gene expression including 

cytokines, vascular adhesion molecules, exert antioxidant properties and inhibit NFkB 

activity. Moreover, intrathecal administration of an agonist of PPARγ rapidly attenuated 

mechanical and thermal hypersensibility associated with nerve injury in a dose-

dependent manner.56  Therefore, the activation of PPARs by EETs can affect not only 

inflammation but also pain. On the other hand, the antinociception produced by 14,15-

EET appear to require opioid receptor without having any direct binding or affinity to 

them. Thus it appears that 14,15-EET activates, by yet to be identified mechanism, β-

endorphin and met-encephalin, which subsequently act on µ- and -opioid receptors to 

produce antinociception (Figure 9).55 Additionally, it has been shown that NP is largely 

regulated by endoplasmic reticulum (ER) stress and that sEHIs modulate this 

parameter.57,58 

In fact, the current objective of the pharmaceutical company EicOsis is to establish 

sEH as a valid therapeutic strategy for NP. Indeed, its candidate EC5026 has been 

recently introduced in phase 1 clinical trials for the treatment of NP associated with 

diabetes and has been given “fast-track” status for its clinical development by the 

FDA.59,60  

                                                      

55 Pillarisetti, S.; Khanna, I. Drug Discov. Today 2015, 20, 1382-1390. 
56 Oliveira, A. C. P.; Bertollo, C. M.; Rocha, L. T. S.; Nascimiento, E. B.; Costa, K. A.; Coelho, M. M. Eur. J. 
Pharmacol. 2007, 561,194–201. 
57 Bettaieb, A.; Nagata, N.; Aboubechara, D.; Chahed, S.; Morisseau, C.; Hammock, B. D.; Haj, F. G. J. Biol. 
Chem. 2013, 288, 14189-14199. 
58 Inceoglu, B.; Bettaieb, A.; Trindade da Silva, C. A.; Lee, K. S. S.; Haj, F. G.; Hammock, B. D. Proc. Natl. 
Acad. Sci. U. S. A. 2015, 112, 9082-9087. 
59 U.S. National Library of Medicine. Clinicaltrials.gov. (2019). Identifier NCT04228302. 
60 https://www.eicosis.com (assessed 21 April, 2020). 
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Figure 9. sEH inhibition can provide beneficial effects in NP trough several pathways. EETs 

interact with GPCRs. A: 14,15 EET can induce, in neuronal cells, the endogenous opioid system 

(met-enkephalin and β-endorphin). Endogenous opioids can in turn act on opioid receptors to 

provide effective pain relief. B: In the presence of elevated cAMP, EETs can repress induction 

of COX-2 gene and induce StARD1 gene responsible for neurosteroids production, that are 

potent positive allosteric modulators of -aminobutyric acid A (GABAA) receptor which play a 

crucial role in processing of peripheral nociceptive messages. C: EETs, through elevation of 

cAMP and/or activation of PPARs, can produce anti-inflammatory effects in neuronal and 

vascular endothelial cells. Figure taken from reference 55. 

 Diabetes and Metabolic Syndrome 

Metabolic syndrome (MetS) is a multifactorial disease that consists of dyslipidemia, 

cardiovascular disease, type 2 diabetes mellitus, and obesity. MetS affects multiple 

organs and particularly their sensitivity to insulin. Indeed, insulin insensitivity is a 

characteristic feature of MetS and reflects the fact that higher concentrations of insulin 

are required to initiate insulin-dependent signaling events as well as the removal of 

glucose from the bloodstream. CYP-sEH pathway is intimately involved in regulating 

metabolic pathways and this pathway is altered in MetS and diabetes. Lipids regulate 

different metabolic processes, such as EETs, that play a significant role in the physiology 

and pathophysiology of the endocrine system in relation to glucose homeostasis.  
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In fact, EETs control the insulin release and the modulation of insulin sensitivity.61 

In several different animal models of diabetes, increased expression of the sEH has been 

associated with increased ER stress in hepatic and adipose tissue. In contrast, poly 

unsaturated fatty acids (PUFA)-epoxides protect diverse tissues against diabetes and 

insulin resistance by reducing ER stress.62 It was observed that sEH KO (Ephx2(-/-)) mice 

presented a significant decrease in plasma glucose,63 while prevented hyperglycaemia 

and increased insulin secretion in mice treated with STZ, a model of chemically induced 

diabetes.64 Moreover, these findings were also confirmed with the pharmacological 

inhibition of sEH, that attenuated the hyperglycaemia induced in diabetic STZ-mice, 

improved glucose tolerance without affecting insulin tolerance and significantly reduced 

islet cell apoptosis, suggesting that the sEH inhibition provides significant protection 

against islet β-cell damage and improves glucose homeostasis in STZ-induced diabetes.65 

As mentioned before, EETs can activate PPAR- and, consequently, regulate 

adipogenesis and mediate the levels of different lipids contributing to metabolic 

homeostasis.66,67 Moreover, expression of sEH is increased in developing adipose tissue 

of obese mice, suggesting a role of sEH and EETs in lipid regulation and adipogenesis. 

Therefore, it has been shown that the inhibition of sEH has therapeutic potential in the 

control of diet-induced prediabetes and MetS. Indeed, the chronic administration of a 

potent sEHI in a chronic high-carbohydrate, high-fat feeding rats ameliorated the 

symptoms of MetS in vivo including glucose, insulin and lipid abnormalities, changes in 

pancreatic structure, increased cytosolic blood pressure and cardiovascular and liver 

structural and functional abnormalities. Moreover, the sEH inhibition also improved 

plasma liver enzymes and decreased steatosis compared to untreated animals.68 

                                                      

61 Falck, J. R.; Manna, S.; Moltz, J.; Chacos, N.; Capdevila, J. Biochem. Biophys. Res. Commun. 1983, 114, 
743-749. 
62 Dos Santos, L. R. B.; Fleming, I. Prostaglandins Other Lipid Mediat. 2020, 148, 106407. 
63 Luria, A.; Bettaieb, A.; Xi, Y.; Shieh, G.-J.; Liu, H.-C.; Inoue, H.; Tsai, H.-J.; Imig, J. D.; Haj, F. G.; Hammock, 
B. D. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 9038-9043. 
64 Luo, P.; Chang, H.H.; Zhou, Y.; Zhang, S.; Hwang, S. H.; Morisseau, C.; Wang, C.-Y.; Inscho, E. W.; 
Hammock, B. D.; Wang, M.H. J. Pharmacol. Exp. Ther. 2010, 334, 430-438. 
65 Chen, L.; Fan, C.; Zhang, Y.; Bakri, M.; Dong, H.; Morisseau, C.; Madddipati, K. R.; Lui, P.; Wang, C.-Y.; 
Hammcok, B. D.; Wang, M.-H. Prostaglandins Other Lipid Mediat. 2013, 104-105, 42-48. 
66 Iyer, A.; Fairlie, D. P.; Prins, J. B.; Hammock, B. D.; Brown, L. Nat. Rev. Endocrinol. 2010, 6, 71-82. 
67 De Taeye, B. M.; Morisseau, C.; Coyle, J.; Covington, J. W.; Luria, A.; Yang, J.; Murphy, S. B.; Friedman, 
D. B.; Hammock, B. B.; Vaughan, D. E. Obesity 2010, 18, 489-498. 
68 Iyer, A.; Kauter, K.; Alam, M. A.; Hwang, S. H.; Morisseau, C.; Hammock, B. D.; Brown, L. Exp. Diabetes 
Res. 2012, 2012, 14-16. 
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Finally, it has been shown that an increase in sEH expression may account for some 

of the organotypic changes usually linked with the development of insulin resistance. In 

this sense, one potential application for sEHIs is the treatment of diabetic retinopathy, 

where sEH expression and activity is elevated.69 

 Pulmonary Diseases 

Whereas LOX inhibitors and other drugs are widely used to reduce acute lung 

inflammation, new drugs are needed for chronic lung inflammation.70 In this sense, it 

was shown that epoxy fatty acids regulate pulmonary vascular tone and human lung 

inflammation.71 It was confirmed administrating sEHIs to a smoke-induced rat chronic 

obstructive pulmonary disease (COPD) model, which attenuate the inflammation 

associated with acute exposure to tobacco smoke.72 Moreover, the inhibition of sEH also 

improved lung function by reducing tobacco smoke-induced respiratory resistance and 

tissue damping.73 Additionally, the administration of a sEHI alleviated bleomycin-

induced inflammation and maintained the alveolar structure of the pulmonary tissues 

in a mouse model of pulmonary fibrosis.74 These data suggest that sEH may be a 

potential therapeutic target for the treatment of COPD and other pulmonary disorders 

that present an inflammatory component, such as asthma and cystic fibrosis. 

Indeed, the sEHI GSK2256294, developed by GlaxoSmithKline, is currently in clinical 

trials for the treatment of COPD in obese smokers. To date, it has been well‐tolerated 

and demonstrated sustained inhibition of sEH activity.75 
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 Central Nervous System (CNS) Disorders 

The study of the potential application of sEHIs in neurodegenerative diseases has 

started recently. sEH is widely expressed in neurons, astrocytes and microvascular 

endothelial cells in the cortex, hippocampus and central nervous system vasculature, 

indicating that EETs are extensively metabolized in the CNS and exert a wide range of 

physiological effects, such as regulating neurohormone and neuropeptide release, 

promoting communication between neurons, and forming nerve-derived relaxing 

factors.76 In fact, it has been described that EETs present neuroprotective effects by 

regulating neuronal excitability, increasing cerebral blood flow, inhibiting neuronal 

apoptosis, reducing neuroinflammation, promoting the recovery of neural function after 

a traumatic brain injury and reducing endoplasmic reticulum and oxidative stress.77 

Therefore, sEH has been shown to be a therapeutic target against a wide array of disease 

models with neuroinflammation as a common pathology and neuronal loss possibly 

through multiple anti-inflammatory and pro-survival signalling pathways.78,79 Indeed, 

several studies have related the inhibition of sEH with different CNS diseases such as 

neurodegenerative disorders,78,80,81 stroke,82 Parkinson,83,84,85 Alzheimer’s disease 

(AD)86,87 or psychiatric diseases,83,88,89 among others.  
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 Other potential indications for sEHIs 

The inhibition of sEH has been also considered for the treatment of other 

conditions. In brief, inhibitors of the sEH display a protective effect on renal damage 

induced by hypertension or inflammation.90,91  On the other hand, given the structural 

similarity of some sEHIs with sorafenib, the only FDA-approved small molecule used for 

the treatment of advanced hepatocellular carcinoma, they have showed similar 

cytotoxicity than sorafenib in various human cancer cell lines.92,93,94 

1.5.  Design of sEHIs 

Given the aforementioned enormous therapeutic potential of the regulation of EETs 

levels, the extensive knowledge about the mechanism of action of the sEH and the 

growing number of crystal structures of the enzyme that helped in the identification of 

a diversity of functional groups that can be considered for the ligand design, it seems 

reasonable that several academic groups and pharmaceutical companies have been 

interested on the discovery of potent sEHIs for the development of therapeutic agents. 

Indeed, since the early 2000s, inhibitors of sEH have been under active development 

and major advances have been made in their potency and pharmacokinetic properties, 

allowing oral administration.  

From an academic point of view, the research group of Prof. Bruce D. Hammock 

from the University of California Davis (UCD) has been the major contributor of sEHIs.  

35,95,96,97 Some pharmaceutical companies have also entered the arena of the discovery 

of potent sEHIs, such as Boehringer Ingelheim, Merck, Astellas Pharma, Hoffman La 

Roche, Sumitomo, Pfizer and AstraZeneca. Although all of them have published several 
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articles and have applied for patent applications, it seems that nowadays only GSK is 

actively working on this field, having a candidate in several clinical trials. 

The structural types of sEHIs are extremely broad, which is consistent with the wide 

binding pocket of the enzyme. An historical review of the discovery of sEH follows below. 

 Early inhibitors  

The first compounds to show inhibitory activity of sEH were trans-3-phenylglycidols 

and substituted chalcone oxides (Figure 10). The trans-3-phenylglycidols are 

enantioselective slow-binding inhibitors of sEH. Some examples showed potency in the 

low micromolar range, except the ones that do not feature the hydroxyl group that 

presented a clear decreased potency.98 Substituted chalcone oxides are more potent 

inhibitors than the previous ones, mostly because their mechanism of action involves a 

stable covalent enzyme-inhibitor intermediate.99 Unfortunately, these early inhibitors 

of the sEH were too unstable for their effective use in in vitro and in vivo assays, because 

they were rapidly inactivated by glutathione transferases.96,97,100 

 

Figure 10. Early inhibitors of the sEH. 

 Discovery of the pharmacophore 

Since the early 2000s, several pharmacophores have emerged demonstrating that 

functional groups such as ureas, carbamates, amides, thioureas and, in a less extent, 

thioesters, carbonates and esters fit well into the active site of the sEH. Therefore, in 

recent years, there has been a significant and rapid development of compounds 
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featuring mainly a urea or amide group as reversible sEHIs.101,102,103,104 The design of 

these compounds was based on the knowledge of the catalytic mechanism of the 

enzyme. Indeed, urea is the most used group as a central pharmacophore for the design 

of sEHIs, as it mimics the endogenous epoxide substrate by binding to the key residues 

of the catalytic center. Thus, the oxygen atom of the carbonyl of the urea presents 

hydrogen bond interactions with both tyrosines, Tyr382 and Tyr465, mimicking the 

oxygen atom of the endogenous epoxide. On the other hand, the NH groups of the urea 

act as hydrogen bond donors to the aspartic acid residue Asp334. For this reason, these 

inhibitors are known as transition state competitive inhibitors (Figure 11).105 

 

 

Figure 11. Schematic representation of the hydrogen bond interactions of the endogenous 

epoxide and the urea group with the active site of the sEH. Adapted from reference 105. 

Urea derivatives are a subclass of selective and stable sEHIs with improved 

bioavailability compared with chalcone oxides and trans-3-phenylglycidols. Ureas are 

potent inhibitors of both the rodent and human sEH with IC50 in the low nanomolar or 

even subnanomolar range. 
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The first lead was a common reaction side product in organic chemistry, N,N’-

dicyclohexylurea (DCU), displaying good inhibitory activity against the human 

enzyme.101  Indeed, DCU was the first urea used in vivo to demonstrate potential 

beneficial cardiovascular actions of the sEHIs, lowering blood pressure in hypertensive 

rats, although it did not have the physical properties necessary for pharmaceutical 

formulation.106 Then, one cyclohexyl group was substituted by an alkyl chain to obtain 

N-cyclohexyl-N’-dodecylurea (CDU), that presented in vivo efficacy protecting the kidney 

in a rat model of angiotensine-dependent hypertension.90 Unfortunately,  the use of this 

drug was also limited due to its rapid metabolisation in hepatic microsomes, leading to 

a more water-soluble carboxylic derivative.107  Then, to increase water solubility and 

allow oral administration, a carboxylic acid was added at the end of the hydrocarbon 

chain to form the 12-(3-cyclohexylureido)dodecanoic acid (CUDA).  

 

Figure 12. First series of cyclohexyl-based potent sEHIs with limited stability and water 

solubility. 

In fact, different carbocyclic substituents were introduced, such as phenyl, 

cyclooctyl and adamantyl groups, among others, leading to potent inhibitors (Figure 12). 

Regrettably, these dialkylureas presented high melting points and limited water 

solubility.108   
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 Adamantane-based inhibitors 

From this first series of compounds, the adamantane moiety presented the highest 

inhibition activity against the human sEH. Taking into account the characteristics of the 

binding site of sEH and the overall high hydrophobicity of the tunnel, the introduction 

of an adamantane ring proved to be a successful strategy for the space-filling of the 

cavity. Incorporation of functional polar groups, such as carboxylic acid, into the alkyl 

chain of adamantyl-based ureas resulted in compounds that were weak structural 

mimics of EETs with improved physical properties.108,109 In this sense, a substitution of 

the cyclohexyl of CUDA by an adamantyl group led to 12-(3-(1-

adamantyl)ureido)dodecanoic acid (AUDA), that exhibited excellent inhibition of murine 

and human sEH and enhanced water solubility.108 AUDA emerged as an improved sEHI 

and has been extensively used as a tool molecule to validate efficacy in models of 

hypertension, cardio-protection and inflammation.39,43,109,110 Moreover, addition of 

polar ethylene glycol linkers in the alkyl chain afforded new compounds with similar 

properties as AUDA, such as N-adamantyl-N’-[5-(2-(2-ethoxyethoxy)ethoxy)pentyl]urea 

(AEPU) (Figure 13). 

 

 

Figure 13. Improved sEH featuring an adamantane moiety with enhanced water solubility but 

presenting rapid metabolism. 
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These compounds further improved water solubility and lowered melting points 

than DCU and CDU, but they were still rapidly metabolised through β-oxidation because 

of the alkyl chain.111,112 In order to improve physical properties, particularly solubility 

and stability of these disubstituted ureas, extensive SAR studies were carried out to 

introduce new polar pharmacophores. Importantly, with the aim to eliminate the 

possibility of β-oxidation, the alkyl chain was replaced by a conformationally restricted 

molecule in the right-hand side (RHS) of the molecule, such as a heterocycle or a phenyl 

ring.113,114 The group of Prof. B. D. Hammock designated a general structure for the 

design of new sEHIs, with the urea or amide moiety as the primary pharmacophore that 

interacts with the catalytic triad of sEH. At least one free NH is needed, since hydrogen 

bond-stabilized salt bridges are formed between this group and residues of the C-

terminal domain of sEH.115 This fact supports the hypothesis that ureas and their 

derivatives mimic features that are present in transient intermediates or transition 

states that occur during the epoxide ring opening of the EETs by sEH. Then, a secondary 

pharmacophore was designed with polar functional groups such as carbonyl, ester, 

ether, sulfonamide, or amide being ∼7 Å away from the urea carbonyl, in order to 

improve aqueous solubility and PK (pharmacokinetic) properties without reducing 

potency. Moreover, a polar tertiary pharmacophore such as an ester, ether, acid, or 

amine that is 13 atoms or ∼17 Å away from the urea carbonyl was also identified. The 

linker that connects the primary and the secondary pharmacophores, or the secondary 

and the tertiary pharmacophores, can be either a conformationally flexible alkyl or 

restricted cyclic structures such as aryl, cycloalkyl, or azacycloalkyl group (Figure 

14).97,116 Interestingly, it was discovered that when the linker is constituted by 

conformationally restricted cyclic groups, the oral bioavailability is higher than with 

flexible alkyl chains. Apart from improving metabolic stability of the compounds, the 

incorporation of the secondary and tertiary pharmacophores enhanced the water 

solubility and lowered the melting points. 
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Figure 14. Representation of general structure for the design of improved adamantane-based 

inhibitors. RHS: Right-hand side. LHS: Left-hand side. Figure adapted from reference 97. 

 Improved adamantane-based sEHIs 

In order to eliminate the possibility of β-oxidation, the alkyl chain was replaced by 

a conformational restricted group. The linker between the primary and secondary 

pharmacophores was defined as a saturated ring, such as piperidine or cyclohexane 

(trans-4-[4-(3-adamantan-1-yl-ureido)cyclohexyloxy]benzoic acid, t-AUCB), or an 

aromatic ring, as in the case of the salicylate 3 (Figure 15). 

 

Figure 15. Structures of some potent sEHIs featuring a conformationally restricted RHS, with 

improved microsomal stability against β-oxidation. Primary pharmacophore coloured in 

orange, linkers in black, secondary pharmacophore in blue and tertiary pharmacophore in 

green. 
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In the case of the salicylate urea-based sEHI 3, where the linker is a phenyl group, 

the compound exhibited good potency and excellent stability, which was further 

reflected by its superior oral drug exposure compared with AUDA.117 Another compound 

designed following the general structure described by Prof. Hammock was t-AUCB 

(Figure 16), an orally bioavailable sEHI with excellent inhibitory potency against the sEH 

from a variety of species, and stable against the human microsomes.111 

 

Figure 16. Crystal structure of t-AUCB (green) bound to sEH (PDB ID code 3WKE). Figure taken 

from reference 22. 

Importantly, a piperidine moiety was identified as a promising linker between the 

primary and secondary pharmacophores, resulting in highly potent analogues such as 

APAU,113 that presented promising results in several in vitro and in vivo efficacy 

studies118,119,120,121, 122, 123 and was the first sEHI to reach clinical trials.  
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 Non adamantane-based sEHIs 

Although the adamantane-based inhibitors are endowed with excellent inhibitory 

potencies, it has been shown that the adamantane moiety does not possess the optimal 

drug-like properties. First, the high lipophilicity of the adamantane moiety permits this 

group to fit very well in the hydrophobic pocket of the sEH, but compromises negatively 

the water solubility of the molecule. This is an important parameter as poorly soluble 

compounds not only create problems for in vitro and in vivo assays in drug discovery, 

but also place a significant burden on drug development.124 Second, the adamantane 

nucleus is prone to rapid metabolism in vivo giving rise to a variety of less active or even 

inactive hydroxylated derivatives. This results in low drug concentrations in blood and 

short in vivo half-life.112 Finally, the important lipophilicity of the adamantane moiety 

results in an increased probability of binding to multiple targets, leading to possible side 

effects and/or toxicity. 

Given the aforementioned issues of the adamantane nucleus, the left-hand side of 

the compounds was modified replacing the adamantyl moiety either by a phenyl ring or 

by other polycyclic rings, resulting in several analogues with subnanomolar IC50 against 

sEH.114  Moreover, some pharmaceutical companies have also entered in the field of the 

discovery of potent sEHIs without featuring the adamantane moiety, mainly in the 

context of the treatment of hypertension (Figures 17 and 18).125,126,127,128,129,130,131 The 

properties of the most relevant examples are discussed below. 
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Figure 17. Structure and potency of some of the most relevant sEHIs featuring a phenyl ring or 

alternative hydrophobic polycyclic rings in the LHS of the molecule. 

 

TPPU was developed by the group of Prof. Hammock at UCD. It is an analogue of 

the clinical candidate APAU (AR9281), in which the adamantane moiety has been 

replaced by a substituted phenyl ring. TPPU maintains the excellent inhibitory activity of 

previous ureas, improving solubility and pharmacokinetic properties compared to 

APAU.114 
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TPPU is commercially available and is the most widely used sEHI in both in vitro an 

in vivo assays to demonstrate the efficacy of sEHI in several disease models, including 

dogs and primates,114,132,133,134,135,136 and moderately penetrates the blood-brain barrier 

(BBB).137 Moreover, apart from inhibiting the sEH, it is a potent inhibitor of p38 kinase, 

also involved in inflammatory processes.87 

t-TUCB (EC1728) was also developed by Prof. Hammock’s group.111 This potent sEHI 

has been successfully tested in several animal models42,138,139 and, importantly, in the 

treatment of laminitis suffered by horses.140 Due to the promising results on treating 

this inflammation that progress to the inability to walk, the company EicOsis, a spin-off 

from the UCD, is developing this product for veterinary use.141  

AS2586114, an amide developed by Astellas Pharma, is a very potent human, 

murine, and rat sEHI, with very good solubility, excellent pharmacokinetic properties, 

and able to cross the BBB. Although it does not feature an adamantane moiety, it 

incorporates another bicyclic hydrocarbon in the left-hand side of the molecule. There 

are several publications with this inhibitor proving its efficacy in different CNS-related 

disorders.142,143 

                                                      

132 Tsai, H.-J.; Hwang, S. H.; Morisseau, C.; Yang, J.; Jones, P. D.; Kasagami, T.; Kim, I.-H.; Hammock, B. D. 
Eur. J. Pharm. Sci. 2010, 40, 222-238. 
133 Ulu, A.; Appt, S.; Morisseau, C.; Hwang, S. H.; Jones, P.; Rose, T.; Dong, H.; Lango, J.; Yang, J.; Tsai, H.; 
Miyabe, C.; Fortenbach, C.; Adams, M.; Hammock, B. D. Br. J. Pharmacol. 2012, 165, 1401-1412. 
134 Liu, J.-Y.; Lin, Y.-P.; Qiu, H.; Morisseau, C.; Rose, T. E.; Hwang, S. H.; Chiamvimonvat, N.;  Hammock, B. 
D. Eur. J. Pharm. Sci. 2013, 48, 619-627. 
135 Guo, Y.; Luo, F.; Zhang, X.; Chen, J.; Shen, L.; Zhu, Y.; Xu, D. J. Cell. Mol. Med. 2018, 22, 1489-1500. 
136 Harris, T. R.; Bettaieb, A.; Kodani, S.; Dong, H.; Myers, R.; Chiamvimonvat, N.; Haj, F. G.; Hammock, B.  
D. Toxicol. Appl. Pharm. 2015, 286, 102-111. 
137 Ostermann, A. I.; Herbers, J.; Willenberg, I.; Chen, R.; Hwang, S. H.; Greite, R.; Morisseau, C.; Gueler, F.; 
Hammock, B. D.; Schebb, N. H. Prostaglandins Other Lipid Med. 2015, 121, 131-137. 
138 Zhang, C.-H.; Zheng, L.; Gui, L.; Lin, J.-Y.; Zhu, Y.-M.; Deng, W.-S.; Luo, M. Clin. Res. Hepatol. Gas. 2018, 
42, 118-125. 
139 Guedes, A. G. P.; Aristizabal, F.; Sole, A.; Adedeji, A.; Brosnan, R.; Knych, H.; Yang, J;. Hwang, S.-H.; 
Morisseau, C.; Hammock, B. D. J. Vet. Pharmacol. Ther. 2018, 41, 230-238. 
140 Guedes, A.G. P.; Morisseau, C.; Sole, A.; Soares, J. H. N.; Ulu, A.; Dong, H.; Hammock, B. D. Vet. Anaesth. 
Analg. 2013, 40, 440-448. 
141 https://www.eicosis.com/our-approach/animal-health/ (Accessed April 21, 2020). 
142 Ma, M.; Ren, Q.; Fujita, Y.; Ishima, T.; Zhang, J.C.; Hashimoto, K. Pharmacol. Biochem. Behav. 2013, 110, 
98-103. 
143 Taguchi, N.; Nakayama, S.; Tanaka, M. Neurosci. Res. 2016, 111, 56-63. 
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Figure 18. Structure and potency of non-adamantane based sEHIs unrelated with TPPU or t-

TUCB. 

BI-1935, is another amide, developed by Boehringer Ingelheim, with low nanomolar 

potency in the human and rat sEH, and endowed with excellent pharmacokinetics 

properties. It showed a dose dependent effect on mean arterial pressure blood pressure 

in Dahl salt sensitive rats. It is freely offered by Boehringer Ingelheim through its open 

discovery program “opnMe”.144 

 

 sEHIs in clinical trials 

To date, three sEHIs have reached clinical trials for different indications: APAU, 

GSK2256294 and EC5026. Unfortunately, none of them had got into the market yet. 

APAU, also known as AR9281, was the first sEHI that entered clinical trials for the 

treatment of mild to moderate hypertension in pacients with type 2 diabetes. It was 

discovered by the group of Prof. Hammock, at the UCD, and developed by the spin-off 

Arete Therapeutics. This potent compound is orally available but presented poor water 

solubility and variable pharmacokinetic profile, apart from extensive metabolism. It 

showed a high level of safety but failed in phase II because it did not show efficacy in 

                                                      

144 https://opnme.com/molecules/seh-bi-1935 (Accessed April 21, 2020). 
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early-stage hypertension and impaired glucose tolerance.145 This failure was attributed 

to poor PK properties and variable effects of the inhibitor in vivo.146  

The second inhibitor to reach clinical trials was the amide GSK2256294, developed 

by GlaxoSmithKline (GSK) using a DNA-encoded chemical library. Indeed, it is the first 

molecule discovery from this technology to enter human clinical testing.147 This 

compound present excellent sEH inhibitory potency in the subnanomolar range, very 

good pharmacokinetic profile148,149 and is not able to cross the BBB. GSK started the 

safety phase I in 2013 and demonstrated that it was well‐tolerated and showed 

sustained in vivo inhibition of sEH enzyme activity.76 Initially, this compound was 

evaluated for the treatment of COPD in obese smokers,150,151 but, recently, GSK started 

a phase II clinical trial to verify its efficacy in the treatment of subarachnoid 

hemorrhage.152 Moreover, GSK is also recruiting patients for another phase II with its 

candidate to evaluate its effect on insulin sensitivity.153 Importantly, both studies are still 

active. On the other hand, GSK has recently published the effects of the topical 

administration of GSK2256294 in a preclinical mouse model of diabetic wound 

healing,154 and the effects of oral administration in preclinical models of ulcerative colitis 

                                                      

145 Chen, D.; Whitcomb, R.; MacIntyre, E.; Tran, V.; Do, Z. N.; Sabry, J.; Patel, D. V.; Anandan, S. K.; Gless, 
R.; Webb, H. K. J. Clin. Pharmacol. 2012, 52, 319-328. 
146 Evaluation of Soluble Epoxide Hydrolase (sEH) Inhibitor in Patients With Mild to Moderate 
Hypertension and Impaired Glucose Tolerance. U.S. National Library of Medicine. Clinicaltrials.gov 
Identifier NCT00847899. 
147 Belyanskaya, S. L; Ding, Y.; Callahan, J. F.; Lazaar, A. L. Israel, D. I. ChemBioChem, 2017, 18, 837-842. 
148 Thalji, R. K.; McAtee, J. J.; Belyanskaya, S.; Brandt, M.; Brown, G. D.; Costell, M. H.; Ding, Y.; Dodson, J. 
W.; Eisennagel, S. H.; Fries, R. E.; Gross, J. W.; Harpel, M. R.; Holt, D. A.; Israel, D. I.; Jolivette, L. J.; Krosky, 
D.; Li, H.; Lu, Q.; Mandichak, T.; Roethke, T.; Schnackenberg, C. G.; Schwartz, B.; Shewchuk, L. M.; Xie, W.; 
Behm, D. J.; Douglas, S. A.; Shaw, A. L.; Marino Jr. J. P. Bioorg. Med. Chem. Lett. 2013, 23, 3584-3588. 
149 Podolin, P. L.; Bolognese, B. J.; Foley, J. F.; Long III, E.; Peck, B.; Umbrecht, S.; Zhang, X.; Zhu, P.; 
Schwartz, B.; Xie, W.; Quinn, C.; Qi, H.; Sweitzer, S.; Chen, S.; Galop, M.; Ding, Y.; Belyanskaya, S. L.; Israel, 
D. I.; Morgan, B. A.; Behm, D. J.; Marino Jr, J. P.; Kurali, E.; Barnette, M. S.; Mayer, R. J.; Booth-Genthe, C. 
L.; Callahan, J. F. Proc. Natl. Acad. Sci. U. S. A. Prostaglandins Other Lipid Mediators 2013, 104, 25-31. 
150 Yang, L.; Cheriyan, J.; Lazaar, A.; Maki-Petaja K.; Wilkinson, I. J. Am. College Card. 2016, 67, 2308. 
151 Yang, L.; Cheriyan, J.; Gutterman, D. D.; Mayer, R. J.; Ament, Z.; Griffin, J. L.; Lazaar, A. L.; Newby, D. E.; 
Tal-Singer, R.; Wilkinson, I. B. Chest 2017, 151, 555-563. 
152 Subarachnoid Hemorrhage and Soluble Epoxide Hydrolase Inhibition Trial (SUSHI). U.S. National Library 
of Medicine. Clinicaltrials.gov Identifier NCT03318783. 
153 Soluble epoxide hydrolase inhibition and insulin resistance. U.S. National Library of Medicine. 
Clinicaltrials.gov Identifier NCT03486223. 
154 Reisdorf, W. C.; Rajpal, N.; Gehman, A. J.; Jain, P.; Burgert, M. E.; Sonti, S.; Agarwal, P.; Rajpal, D. K. 
BioRxiv Mar. 8, 2019. http://dx.doi.org/10.1101/571984 (accessed 25 March, 2020). 
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and Crohn's disease, suggesting that the inhibition of the sEH is a promising therapeutic 

strategy for the treatment of inflammatory bowel disease.155 

Finally, EC5026, developed by EicOsis, a new spin-off from the UCD, also led by Prof. 

Bruce D. Hammock. This potent compound is inspired by TPPU, adding a fluorine atom 

in the benzene ring in order to increase the water solubility.156 Phase I clinical trials 

started in December 2019157 and the goal of the company is to evaluate its efficacy in 

diabetic neuropathic pain and in the treatment of chemotherapy-induced neuropathic 

pain.158  

 Marketed drugs with sEH inhibition activity 

It is also interesting that some marketed drugs present effects on sEH. Even they 

were not designed against this enzyme, they have inhibitory activity of sEH and, even 

more interesting, it seems beneficial for their effect.  

This is the case of the anticancer drug sorafenib (Figure 19), which is a multikinase 

inhibitor that targets RAF-1 and VEGF receptor kinase.159 Structurally, it contains a 

suitable pharmacophore for inhibiting sEH, and it has been shown that it presents 

inhibitory activity in both in vitro and in vivo assays.92,160 Interestingly, the off-target 

effect of sorafenib on sEH is beneficial to reduce some of the side effects that are 

associated with this class of drugs when they are administered at high doses.149  

                                                      

155 Reisdorf, W. C.; Xie, Q.; Zeng, X.; Xie, W.; Rajpal, N.; Hoang, B.; Burgert, M. E.; Kumar, V.; Hurle, M. R.; 
Rajpal, D. K.; O’Donnell, S.; MacDonald, T. T.; Vossenkämper, A.; Wang, L.; Reilly, M.; Votta, B. J.; Sánchez, 
Y.; Agarwal, P. PLoS One 2019, 14, e0215033. 
156 Hammock, B. D.; Lee, K. S. S.; Inceoglu, A. B. (Eicosis). WO 2015/148954 A1. March 27, 2014. 
157 Safety, Tolerability, and Pharmacokinetics of Oral EC5026 in Health Human Subjects. (2019) U.S. 
National Library of Medicine. Clinicaltrials.gov Identifier NCT04228302. 
158 http://www.eicosis.com/news.html (accessed March 25, 2020). 
159 Wilhelm, S.; Carter, C.; Lynch, M.; Lowinger, T.; Dumas, J.; Smith, R.; Schwartz, B.; Simatov, R.; Kelley, 
S. Drug Discovery, 2006, 5, 835-844. 
160 Liu, J.-Y.; Park, S.-H.; Morisseau, C.; Hwang, S. H.; Hammock, B. D.; Weiss, R. H. Mol. Cancer Ther. 2009, 
8, 2193–2203. 
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Figure 19. Structure and sEH inhibitory potency of the marketed drugs sorafenib and 

triclocarban. 

Another case is triclocarban (Figure 19), an antimicrobial agent that has been widely 

used for over 40 years in personal care products, for instance soaps or disinfectants.161 

This substance presented sEH inhibition both in vitro101 and in a murine model, leading 

to anti-inflammatory in vivo effects.162 Despite this, it has been demonstrate that 

exposure to triclocarban by environmental contamination to produce systemic 

inhibition of the sEH and lead to significant alterations in the immune system is unlikely. 

Nevertheless, the regular use of personal care products with triclocarban as an 

antimicrobial might result in downstream biological effects, which are anticipated to be 

greater near the site of application and could be either beneficial (dental and dermal 

inflammation, as well as other inflammatory diseases) or unwanted.92,162 Indeed, 

triclocarban was banned by the FDA in 2016.163 

 Potential side effects of sEHIs 

During phase I clinical trials with AR9281 it was not observed any adverse reaction, 

even when it was administrated at high doses, up to 2 grams every day for seven 

consecutive days.145 Despite this observation, it is worth mentioning that sEHIs might 

cause side effects, that can be either related to their mechanism of action or related to 

other effects produced by the compounds themselves. The higher potency and best 

pharmacokinetic profile of the compounds, the less possibility to produce adverse 

reactions, obtaining a good therapeutic index for that product. Importantly, a search for 

off-target effects needs to be systematically considered. Some important potential off-

targets of sEHIs are CYP enzymes, the microsomal EH, kinases and hERG and other ion 

                                                      

161 Schebb, N. H.; Inceoglu, B.; Ahn, K. C.; Morisseau, C.; Gee, S. J.; Hammock, B. D. Environ. Sci. Technol. 
2011, 45, 3109–3115. 
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Toxicol. Appl. Pharmacol. 2011, 255, 200–206. 
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channels. To date, no significant off-target actions by sEHIs of different chemical 

structures have been reported.97,115 As mentioned before, even with total inhibition or 

knockout of sEH, it is difficult to obtain large increase in plasma levels of EETs, because 

other metabolic pathways regulates EETs concentrations, thus limiting the mechanism-

related side effects.11,97 Nevertheless, some effects of epoxy-fatty acids suggest caution. 

For instance, EETs present an angiogenic effect, particularly in the presence of vascular 

endothelial growth factor, that is attractive in wound healing or the treatment of some 

developmental abnormalities, but it can produce a dangerous effect by enhancing 

growth and metastasis of some tumours.164 Moreover, sEHIs stabilize blood clotting 

time.165 For this reason, sEHI could interact with agents such as rofecoxib, which 

decrease clotting time, or aspirin, which increase clotting time.166 Many people take 

aspirin or other drugs to increase clotting time, for this reason, overcoming this side 

effect could be seen as crucial. These data also suggest that the benefits and risks of EET 

mimics and sEHIs should be balanced and that patient populations be selected carefully. 

1.6. Previous work in our research group 

 Polycyclic scaffolds 

In the past years, the research group of Dr. Santiago Vázquez has been focused on 

the synthesis of bioactive compounds derived from adamantane-like polycyclic moieties 

and their application to different biological targets. Thus, ring-expanded, ring-

contracted, oxa-derivatives and related compounds have been synthesized by the group 

and their biological effects have been evaluated by several pharmacologists on different 

targets of therapeutic interest (Figure 20). 
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Figure 20. Some of the polycyclic scaffolds synthesized and used by the group of Dr. Santiago 

Vázquez for the design of bioactive compounds. 

The potential therapeutic effects of many of these polycycles as adamantane 

surrogates have been determined on several targets, such as the M2 channel of the 

influenza A virus,167,168,169,170,171 or the human NMDA channel.172,173,174,175,176,177  

                                                      

167 Duque, M. D.; Ma, C.; Torres, E.; Wang, J.; Naesens, L.; Juárez-Jiménez, J.; Camps, P.; Luque, F. J.; 
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Lamb, R. A.; Pinto, L. H.; Vázquez, S. J. Med. Chem. 2013, 56, 9265-9274. 
169 Torres, E.; Leiva, R.; Gazzarrini, S.; Rey-Carrizo, M.; Frigolé-Vivas, M.; Moroni, A.; Naesens, L.; Vázquez, 
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More recently, we have explored these polycyclic scaffolds in other targets, such as 

the human P2X7 channel178 and the 11β-HSD1 enzyme.179,180 

Importantly, the investigations of the group related to the inhibition of the M2 

channel of the influenza virus, showed, through a combination of synthesis, antiviral 

tests and computational modeling, that adamantane moiety is not always the best 

polycycle to occupy a lipophilic space on a biological target.  

 sEH inhibition 

Despite the efforts made from academic and industrial research groups in the 

development of new drug candidates, only a few sEHIs have entered into clinical trials, 

and any have reached the market yet, as mentioned previously. This fact demonstrates 

that the drug discovery process of sEHIs is complex and very challenging. Some of the 

main development limitations are the inappropriate physicochemical properties of the 

compounds, especially high lipophilicity, low water solubility and metabolic liability. 

Considering that the adamantane nucleus does not possess the optimum properties for 

the development of urea-based sEHIs because of its lipophilicity, solubility and stability, 

the group of Dr. Santiago Vázquez hypothesized that the replacement of the 

adamantane moiety of known sEHIs by other polycyclic structures may afford 

compounds with improved PK and PD (pharmacodynamic) profiles by changing their 

physicochemical properties while maintaining a good binding affinity for the target.  

Therefore, in the context of Dr. Elena Valverde’s Thesis, it was started a new project 

related to the discovery of novel sEHIs featuring adamantane-like scaffolds as 

hydrophobic moieties. In order to evaluate the effect of the new scaffolds in the 

inhibitory potency of sEH, they were placed as the LHS of the urea group and a selected 

unit from the literature was chosen as the RHS. Particularly, the 2,3,4-trifluorophenyl 

group was selected due to its facile synthesis and high inhibitory activity against sEH 

(Figure 21).181 

                                                      

178 Barniol-Xicota, M.; Kwak, S.-H.; Lee, S.-D.; Caseley, E.; Valverde, E.; Jiang, L.-H.; Kim, Y.-C.; Vázquez, S. 
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Figure 21. First batch of new sEHIs featuring adamantane-like scaffolds, with the most 

promising ones highlighted in blue; and second batch of new sEHIs analogs of AR9281 and t-

AUCB, featuring the most promising adamantane-like scaffolds.  
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Satisfyingly, all the new adamantyl-like ureas were potent sEHIs, with IC50 in the low 

nanomolar range, between 4 and 40 nM. Moreover, in order to confirm the ability of 

the new scaffolds to replace the adamantane in sEHIs, a second batch of compounds 

was synthesized with the more promising scaffolds (highlighted in blue in Figure 21), 

adding in the RHS the substituents of the potent sEHIs APAU and t-AUCB. The selection 

of the polycycles was made in accordance to sEH inhibitory activity, solubility values and 

lipophilic ligand efficiency (LipE) calculation, which is an estimate of the specificity of a 

molecule in binding to the target relative to lipophilicity. 

The compounds of the second batch showed IC50 values between 10 and 50 nM, 

slightly less potent than the adamantyl standards t-AUCB and APAU. But, importantly, 

they presented improved solubility values, especially by those scaffolds bearing an 

oxygen atom in their structure. 

In order to better understand the improved drug-like properties by replacing the 

adamantane nucleus by an oxa-polycyclic scaffold, it was measured the inhibition 

activity of the human sEH, experimental solubility, melting point and permeability of the 

2-oxaadamantanes 20, 23 and 16, analogs of AR9281, t-AUCB and 10, respectively (Table 

1). Gratifyingly, in the three series it was observed that the compounds featuring the 2-

oxaadamantane nucleus presented lower melting points, improved water solubility and 

higher membrane permeability trough Caco-2 cells. Notwithstanding, the introduction 

of the oxygen atom in the adamantane scaffold slightly reduced the potency. 
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Compounds X 
h sEH  
IC50 

(nM)[a] 

Solubility  
(µM)[b] 

Melting 
Point (°C) 

Permeability (Caco-2) 

Papp (nm/s) ER[c] 

AB BA  

 

 
AR9281 

 
CH2 8.0 24 202-204182 2.2 141.2 64.5 

20 O 29.9 59 172-173 22.4 94.5 4.3 

 

t-AUCB CH2 0.5 25 250-255111 1.9 210.3 111 

23 O 9.0 >100 255-257 1.4 75.5 55.4 

 

10 CH2 7.7 16 216-219 6.7 4.6 0.69 

16  O 21.3 27 196-198 168 151 0.9 

Table 1. Human sEH IC50 and solubility, melting point and permeability values for known 
adamantane inhibitors AR9281, t-AUCB and 11, and their oxygen analogs 20, 23 and 16. 
aIC50 values are the average of three replicates. The fluorescent assay as performed here 
has a standard error between 10 and 20%, suggesting that differences of two-fold or 
greater are significant. Because of the limitations of the assay, it is difficult to distinguish 
among potencies <0.5 nM. bSolubility in a 1% DMSO/99% PBS buffer solution. cThe efflux 
ratio was calculated as ER = (Papp B →A)/(Papp A → B). 
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Despite the promising results obtained to date with several sEHIs, it is still a major 

challenge to develop new compounds with optimal solubility, better pharmacokinetic 

profiles while maintaining the excellent potency of the already developed compounds.  

Considering that the adamantane-based derivatives present low solubility values 

and rapid metabolism, which represent two clear drawbacks for their further 

development, the research group of Dr. Santiago Vázquez started a new line of research 

focused on the design, synthesis and evaluation of new sEHIs with the aim of obtaining 

compounds with better solubility values and optimized physicochemical properties. 

Therefore, in the context of Dr. Elena Valverde’s Thesis it was found that the 

replacement of the adamantane nucleus of known sEHIs by other polycyclic scaffolds, 

especially those that present an oxygen atom in their structure such as the 2-

oxaadamantane moiety, lead to slightly less potent compounds but with improved 

solubility values, lower melting points and higher membrane permeability than their 

adamantane-based counterparts.  

 

Taking into account all this information, four main objectives were proposed for the 

present Thesis: 

 

1. Given that designing bioactive compounds is a multifactorial process and, in view 

of the significant increase in aqueous solubility and permeability and the 

decrease of the melting point of the compounds bearing the 2-oxaadamantane 

nucleus, it was considered to further explore this moiety as a scaffold for 

designing new sEHIs. Thus, the first goal was the synthesis of further 2-

oxaadamantane-based sEHIs, analogs of AR9281, in order to explore their 

potency and drug metabolism and pharmacokinetics (DMPK) properties such as 

solubility, metabolic stability, permeability and cytotoxicity. A screening cascade 

would allow us to select a suitable candidate in order to perform an in vivo proof 

of concept study in a murine model of acute pancreatitis (AP) (Figure 22). These 

results are disclosed in the Chapter 1 of this Thesis. 

 

https://en.wikipedia.org/wiki/Drug_metabolism
https://en.wikipedia.org/wiki/Pharmacokinetics
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Figure 22. Replacement of adamantane nucleus of AR9281 by the 2-oxaadamantane moiety to 

select a candidate for the in vivo assays. 

2. To explore the optimal size of the lipophilic unit of the sEHIs, synthesizing analogs 

of AR9281, t-AUCB and 11 where the adamantane nucleus is replaced by other 

polycyclic units of larger or smaller volume. The main purpose was to assess if 

alterations in the size of the lipophilic unit attached to the urea significantly 

impact its potency against the human sEH as well as influencing solubility, 

permeability and metabolic stability. In the context of Dr. Elena Valverde’s 

Thesis, several sEHIs with ring-contracted analogs of adamantane were 

synthesized. In the present thesis, ring-contracted analogs such as 

noradamantane and larger analogs such as diamantane were envisaged as a 

scaffolds for the synthesis of new sEHIs (Figure 23). These results are disclosed 

in Chapter 2. 

 

Figure 23. Replacement of the adamantane nucleus by smaller or larger units. 

 

3. Considering the improved properties of the replacement of the adamantane 

nucleus of AR9281 or t-AUCB by the phenyl ring of TPPU and EC5026, we 

considered the synthesis of new inhibitors bearing the very versatile 

benzohomoadamantane scaffold as the hydrophobic moiety of sEHIs. This 

polycyclic, readily accessible system, features in its structure the synthetically 

versatile homoadamantane unit fused with an aromatic ring. Thus, this 
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underexplored scaffold merges the phenyl ring of TPPU and EC5026 with the 

polycyclic core of AR9281 and t-AUCB.  A screening cascade would allow us to 

select two candidates for in vivo efficacy studies in a murine model of acute 

pancreatitis and in a predictive model of neuropathic pain (Figure 24). These 

results are disclosed in Chapters 3 and 4, respectively. 

 

Figure 24. Replacement of adamantane nucleus or phenyl ring of known sEHIs by the 

benzohomoadamantane moiety. 

4. Taking into account the previous work made in Chapters 3 and 4 around the 

benzohomoadamantane moiety as a suitable scaffold for the design and 

synthesis of sEHIs, we wanted to further explore this polycyclic nucleus. Thus, 

the hydrogen atoms of the aromatic ring were then substituted by several 

electron donating and electron withdrawing groups in order to obtain new 

benzohomoadamantane-based ureas as sEHIs (Figure 25). The results are 

disclosed in Chapter 5. 

 

Figure 25. Exploration of the substituents of the aromatic ring of the benzohomoadamantane 

scaffold for the synthesis of new sEHIs
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 Introduction 

Despite of the efforts made to obtain sEHIs with excellent potency, the pronounced 

lipophilicity of the adamantane group of the known sEHIs compromises negatively the 

overall water solubility of the molecules, an important physicochemical parameter in 

the early stages of drug discovery,124,183 thus limiting the discovery of new drug-like 

sEHIs. In order to fix that problem, we hypothesized that the introduction of an oxygen 

atom in several polycyclic scaffolds should increase the solubility and may impact in the 

overall drug-like properties of the known adamantane-based sEHIs without seriously 

compromising the inhibitory potency. Given the background of the group in the 

synthesis of polycyclic compounds and the synthetic accessibility of several 

oxapolycyclic amines,173,184,185,186 in the context of Elena Valverde’s Thesis, it was 

replaced the adamantane nucleus of the known potent sEHIs 10 and 11 by selected 

polycyclic scaffolds bearing an oxygen atom, furnishing the compounds 25, 26 and 16, 

presenting IC50 values against the human sEH in the same range of potency, around 30 

nM (Figure 26).  

 

Figure 26. Some of the oxapolycyclic-based sEHIs designed in the context of Dr. Elena 

Valverde’s Thesis. 

                                                      

183 Bhattachar, S. N.; Deschenes, L. A.; Wesley, J. A. Drug Discov. Today. 2006, 11, 1012-1018. 
184 Gagneux, A. R.; Meier, R. Tetrahedron Lett. 1969, 10, 1365-1368. 
185 Onajole, O. K.; Coovadia, Y.; Kruger, H. G.; Maguire, G. E. M.; Pillay, M.; Govender, T. Eur. J. Med. Chem. 
2012, 54, 1-9. 
186 Leiva, R.; Gazzarrini, S.; Esplugas, R.; Moroni, A.; Naesens, L.; Sureda, F. X.; Vázquez, S. Tetrahedron 
Lett. 2015, 56, 1272-1275. 
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Taking into account that the 2-oxaadamantane-1-amine was synthetically much 

more accessible than its isomer 2-oxaadamantane-5-amine and the chiral nature of the 

polycyclic core of compound 26, the synthesis of the oxa-analogs of AR9281 and t-AUCB 

was subsequently performed only with the 2-oxaadamantane-1-amine, obtaining 

compounds 20 and 23. 

Interestingly, although less potent than their adamantane analogs, the novel 2-

oxaadamantane-derived ureas were nanomolar inhibitors of the human enzyme. 

Gratifyingly the 2-oxaadamantane derivatives presented lower melting points, higher 

solubility values and increased membrane permeability.  

In view of the enhanced properties of the 2-oxaadamantane sEHIs 16, 20 and 23, it 

was envisaged the synthesis of two families of analogs of 16 with general structure I 

(undertaken in the context of Eugènia Pujol’s experimental prostgraduate Master) and 

analogs of 20 with general structure II, synthesized in the context of the present PhD 

Thesis (Figure 27).  

 

Figure 27. General structures I and II of the compounds prepared in this project, analogs of 

compounds 16 and 20, respectively. 

After exploring the potency of the new analogs as inhibitors of the human and 

murine sEH, their cytotoxicity and DMPK properties were evaluated for selecting a 

candidate to perform an in vivo proof of concept study in two murine models of AP. 
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 Discussion 

The compounds presented in this Thesis followed two different synthetic strategies. 

The first route involved the synthesis of isocyanate 28 from amine 27, followed by its 

reaction with the amines containing the RHS of the ureas, either directly or, for the less 

nucleophilic amines, after deprotonation with a strong base such as n-butyllithium. The 

second pathway involved the reaction of amine 27 in the presence of triethylamine with 

the isocyanate derived from the different anilines containing the RHS of the urea 

(Scheme 1). 

 

Scheme 1. General synthetic procedures for the preparation of 2-oxaadamant-1-yl ureas. 

For the first approach, it was necessary the preparation of the key isocyanate 28, 

starting from 2-oxaadamantane-1-amine, 27, in turn available from ketone 33.187,188 The 

synthesis of 33 started with a Weiss reaction, which implies the condensation of 

malondialdehyde, 30, prepared in situ from tetramethoxypropane, 29, with two 

equivalents of dimethyl 1,3-acetonedicarboxylate, 31, in basic media. Interestingly, this 

reaction consists in two aldol condensations, two dehydrations and two Michael 

reactions, that affords the tetraester 32. Then, hydrolysis and decarboxylation of the 

tetraester furnish the symmetric diketone 33 (Scheme 2). 

  

                                                      

187 Stetter, H.; Tacke, P. Chem. Ber. 1963, 96, 694. 
188 Bertz, S. H.J. Org. Chem. 1985, 50, 3585. 
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Scheme 2. Synthesis of ketone 33 and simplified mechanism of the Weiss reaction. 

 

Once the diketone 33 was obtained, two different procedures were followed for the 

synthesis of 2-oxaadamantane-1-amine 27. The first procedure was described by 

Gagneux and Meier and involves the reductive amination of diketone 33.184 Thus, the 

reaction of 33 with benzylamine 34, followed by reduction with LiAlH4 led to the amine 

35 in 55% overall yield. Finally, the hydrogenolysis of the benzyl group of 35 furnished 

the desired amine 27. 

Alternatively, the reaction of diketone 33 with sodium borohydride led to the 

alcohol 36, as reported previously by the team of Prof. Pelayo Camps and Prof. Diego 
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Muñoz-Torrero.189,190 The subsequent reaction with aqueous hydrazine furnished the 

hydrazine 37, which was subjected to a catalytic hydrogenation to afford the desired 

amine 27 (Scheme 3). 

 

Scheme 3. Two synthetic procedures followed to obtain the 2-oxaadamantane-1-amine, 27. 

The present Thesis has been mainly focused on the synthesis and evaluation of the 

analogs of compound 20, bearing a piperidine moiety in the RHS of the urea and the 2-

oxaadamantane-1-yl as a polycyclic scaffold in the LHS. 

For the preparation of this family of compounds, a straightforward synthesis was 

followed in order to obtain the different piperidine-substituted compounds. Starting 

from 2-oxaadamantane-1-amine, 27, in the presence of triphosgene and an aqueous 

solution of NaHCO3, led to the isocyanate 28. Then, it was treated with 1-

benzylpiperidine-4-amine, 38, furnishing the urea 39, which was subjected to a 

debenzilation by catalytic hydrogenation to obtain urea 40. This compound was used as 

a starting point for the synthesis of several analogs of 20 by the reaction of 40 with either 

the corresponding carboxylic acids in the presence of coupling agents such as HOBt and 

EDCI·HCl in ethyl acetate, or with the corresponding acyl chlorides or sulfonyl chlorides 

in the presence of a base such as triethylamine in dichlorometane as a solvent (Scheme 

4). 

                                                      

189 Camps, P.; El Achab, R.; Font-Bardia, M.; Görbig, D. M.; Morral, J.; Muñoz-Torrero, D.; Solans, X.; Simon, 
M. Tetrahedron, 1996, 52, 5867-5880.  
190 Camps, P.; El Achab, R.; Görbig, D.M.; Morral, J.; Muñoz-Torrero, D.; Badia, A.; Baños, J. E.; Vivas, N. 
M.; Barril, X.; Orozco, M.; Luque, F. J. J. Med. Chem.1999, 42, 3227-3242. 
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Scheme 4. Synthetic pathway for the synthesis of several analogs of 20. 

Alternatively, in those cases where the substituted aminopiperidines were 

commercially available, isocyanate 28 was directly reacted with them to obtain the final 

products. Overall, eleven new ureas were synthesized (Figure 28). Of note, compound 

50 was synthesized as an analog of 16. 

Once all the analogs of 16 and 20 were synthesized, a screening cascade was 

performed in order to select the best candidate for the in vivo studies in a murine model 

of acute pancreatitis. As a first step for the biological characterization of the novel ureas, 

their potency as human and murine sEHIs was tested by Dr. Christophe Morisseau, from 

the group of Prof. Bruce D. Hammock at the UCD. 

In line with the activities of compounds 16 and 20, the new 2-oxaadamantane-

based ureas presented IC50 in the nanomolar range although, for the examples where 

comparison was available, they were less potent than their adamantane analogs. This 

fact was computationally rationalized by molecular dynamics simulations performed by 

the group of Prof. Silvia Osuna, at the University of Girona. This computational study 

suggested that the introduction of an oxygen atom into the adamantane scaffold 

restricts its orientation within the hydrophobic pocket and weakens hydrogen bonds 

between the carbonyl group of 2-oxaadamantane-based inhibitors and the Asp335 

residue of the enzyme. 
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Figure 28. Structure of the 2-oxaadamantyl-based ureas synthesized in the present Thesis. 

Considering both the human and murine sEH inhibitory activity, four piperidine-

substituted 2-oxaadamant-1-yl ureas, 20, 42, 44 and 48, were selected for being moved 

forward in the screening cascade. Thus, these four inhibitors were characterized in 

terms of cytotoxicity in 2 different cell lines [Transformed Human Liver Epithelial-2 cell 

line (THLE-2) and Peripheral Blood Mononuclear Cells (PBMC)], performed by the group 

of Dr Julen Oyarzabal and Dr Antonio Pineda-Lucena of the Center for Applied Medical 

Research of Navarra (Spain); solubility, microsomal stability (human, mouse and rat 

species), human ether-a-go-go-related gene (hERG) inhibition and cytochromes P450 

(CYP) inhibition, experiments performed by the group of Prof. M. Isabel Loza and Prof. 

José M. Brea of the Drug Screening Platform/Biofarma Research Group of the University 

of Santiago de Compostela (Spain); and predicted brain permeability (PAMPA-BBB), 

experiment performed by Prof. Belén Pérez of the Autonomous University of Barcelona 

(Spain). Finally, an in vitro study of efficacy was performed by Dr. Javier Pizarro, from 

the group of Prof. Manuel Vázquez-Carrera of the University of Barcelona. These studies 

allowed us to select the best candidate to perform the in vivo studies. The selected 

compound was the sulfonamide 42, whose properties are collected in table 2. 
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Compound 

 

sEH IC50 (nM) 

Human: 197 

Mice: 79 

Rat: 2 

PAMPA-BBB CNS- 

Solubility in 1% DMSO:99% PBS buffer (µM) 34 

Liver microsomal stability 

(% parent at 60 min) 

Human: 73 

Rat: 64 

Mice: 64 

Selectivity over CYP2C19 (% inh. at 10 µM) 1 ± 1 

Cytotoxicity – LC50 (µM) 
THLE cells: >100 

PBMC cells: >20 

In vitro proof of concept efficacy study 

in AR42J pancreatic rat cells 

Reduction of inflammatory and 

ER stress markers 

Table 2. Biological profiling of the selected compound 42. 

At this point, it was crucial the synthesis of compound 42 in a larger scale in order 

to obtain enough compound to perform the in vivo assays: maximum tolerated dose 

(MTD) study, two pharmacokinetic studies and two in vivo efficacy studies in murine 

models of acute pancreatitis. Taking this into account, the synthetic pathway of 42 was 

modified in order to obtain a more convergent synthesis with better conversion in each 

step of the route. Thus, the commercially available Boc-protected aminopiperidine 51 

was coupled with the sulfonyl chloride 52. Removal of the Boc group in acidic media led 

to the sulfonamide 54 in excellent yield. Finally, 54 was reacted with the isocyanate 28 

in the presence of n-butyllithium to afford the desired compound 42 in medium yield 

(Scheme 5). 
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Scheme 5. Optimized synthetic pathway for the obtainment of the selected compound 42. 

A pharmacokinetic study allowed us to select the intraperitoneal route for the 

administration of 42 in the following in vivo studies, and the MTD study showed that the 

selected compound was well tolerated up to 80 mg/kg. Of note, both studies were 

performed by the company Draconis Pharma. 

Finally, in the efficacy in vivo studies, C57BL/6J mice were treated with the selected 

sEHI before (prevention) and after (treatment) the induction of AP by cerulein, following 

protocols already published by Bettaieb et al.191 Gratifyingly, in both the pre-induction 

and post-induction studies, the administration of 30 mg/kg of 42 diminished the 

overexpression of inflammatory and ER stress markers induced by cerulein and reduced 

pancreatic damage. These results suggest that sEHIs may be of clinical interest for 

treating AP. Due to the promising biological activity of 42, further optimization of new 

sEH inhibitors for the treatment of AP, an unmet medical need, was explored in the 

present Thesis. 

All the compounds disclosed in this Chapter as well as the 2-oxaadamantane-based 

sEHIs synthesized in the context of Eugènia Pujol’s experimental prostgraduate Master 

have been protected by a patent application.192   

                                                      

191 Bettaieb, A.; Chahed, S.; Bachaalany, S.; Griffey, S.; Hammock, B. D.; Haj, F. G. Mol. Pharmacol. 2015, 
88, 281-290. 
192 Vázquez Cruz, S.; Valverde Murillo, E.; Leiva Martínez, R.; Vázquez Carrera, M.; Codony Gisbert S. 
(Universitat de Barcelona). WO 2017/017048 A1, July 28, 2015. 
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Moreover, the aforementioned results have been submitted for publication to the 

Journal of Medicinal Chemistry.193 The current draft of this manuscript is included. 

Of note, while this Thesis was in progress, our group, in collaboration with those of 

Prof. Mercè Pallàs (UB), Carles Galdeano (UB) and Bruce D. Hammock (UCD), reported 

an in vivo study with the oxa-derivative 23 in two murine models of neurodegeneration 

and AD,194 where we have firmly established sEH as a promising target for the treatment 

of AD.  

 

                                                      

193 Codony, S.; Pujol, E.; Pizarro, J.; Feixas, F.; Valverde, E.; Loza, M. I.; Brea, J. M.; Saez, E.; Oyarzabal, J.; 
Pineda-Lucena, A.; Pérez, B.; Pérez, C.; Rodríguez-Franco, M. I.; Leiva, R.; Osuna, S.; Morisseau, C.; 
Hammock, B. D.; Vázquez-Carrera, M.; Vázquez, S. J. Med. Chem. (submitted 20th February, 2020). 
194 Griñán-Ferré, C.; Codony, S.; Pujol, E.; Yang, J.; Leiva, R.; Escolano, C.; Puigoriol-Illamola, D.; Companys-
Alemany, J.; Corpas, R.; Sanfeliu, C.; Loza, M. I.; Brea, J.; Morisseau, C.; Hammock, B. D.; Vázquez, S.; Pallàs, 
M.; Galdeano, C. Neurotherapeutics, 2020, https://doi.org/10.1007/s13311-020-00854-1. 
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 Introduction 

It has already been mentioned that crystallographic studies revealed that sEH has 

an active site with a catalytic triad at the corner of an L-shaped hydrophobic pocket. 

Taking this into account, lipophilic groups such as cyclohexyl or adamantyl are 

commonly present in potent sEHIs in order to stablish hydrophobic interactions with the 

lipophilic pocket of the enzyme. In fact, many sEHIs (such as AR9281, t-AUCB and 10, 

Figure 29) feature a common structure of Ad-NH-C(O)-NH-R, where Ad is adamant-1-yl 

and R is alkyl, aryl or heterocyclyl groups and have been evaluated in several in vivo 

models.195,196,197,198,199,200,201,202,203,204,205 

Although the adamantane moiety has been extensively used as a suitable polycyclic 

scaffold for the synthesis of potent sEHIs, the poor metabolic stability of the 

adamantane nucleus could limit their use as a drug for treating patients.132 Despite this, 

alternative polycyclic hydrocarbons as lipophilic unit of sEHIs have been little explored. 

In this project, we have synthesized and pharmacologically evaluated a series of ring 

contracted and ring expanded analogs of three potent adamantane-based sEHIs, 

AR9281, t-AUCB and 10, in order to explore if alterations in the size of the lipophilic unit 

attached to the urea significantly impact its potency toward the human and murine sEH 

as well as influencing solubility, permeability and metabolic stability (Figure 29). 

                                                      

195 Kim, I.-H.; Nishi, K.; Kasagami, T.; Morisseau, C.; Liu, J.-Y.; Tsai, H.-J-; Hammock, B. D.  Bioorg. Med. 
Chem. Lett. 2012, 22, 5889-5892. 
196 Huang, S.-X.; Cao, B.; Morisseau, C.; Jin, Y.; Long, Y.-Q.; Hammock, B. D. Med. Chem. Commun. 2012, 3, 
379-384. 
197 Kim, I.-H.; Lee, I.-H.; Nishiwaki, H.; Hammock, B. D.; Nishi, K. Bioorg. Med. Chem. 2014, 22, 1163-1175. 
198 Burmistrov, V.; Morisseau, C.; Lee, K. S. S.; Shihadih, D. S.; Harrris, T. R.; Butov, G. M.; Hammock, B. D. 
Bioorg. Med. Chem. Lett. 2014, 24, 2193-2197. 
199Burmistrov, V.; Morisseau, C.; Danilov, D.; Harris, T. R.; Dalinger, I.; Vatsadxe, I.; Shkineva, T.; Butov, G. 
M.; Hammock, B. D. Bioorg. Med. Chem. Lett. 2015, 25, 5514-5519. 
200 Kim, I.-H.; Park, Y.-K.; Nishiwaki, H.; Hammock, B.D.; Nishi K. Bioorg. Med. Chem. 2015, 23, 7199-7210. 
201 Burmistrov, V. V.; Butov, G. M.; Karlov, D. S.; Palyulin, V. A.; Zefirov, N. S.; Morisseau, C.; Hammock, B. 
D. Russ. J. Bioorg. Chem. 2016, 42, 404-414. 
202 Burmistrov, V.; Morisseau, C.; Harris, T. R.; Butov, G. M.; Hammock, B. D. Bioorg. Chem. 2018, 76, 510-
527. 
203 Burmistrov, V.; Morisseau, C.; Pitushkin, D.; Karlov, D.; Fayullin, R. R.; Butov, G. M.; Hammock, B. D. 
Bioorg. Med. Chem. Lett. 2018, 28, 2302-2313. 
204 Burmistrov, V. V.; Butov, G. M. Russ. J. Org. Chem. 2018, 54, 1307-1312. 
205 D’yachenko, V. S.; Danilov, D. V.; Shkineva, T. K.; Vatsadze, I. A.; Burmistrov, V. V.; Butov, G. M. Chem. 
Heterocycl. Compd. 2019, 55, 129-134. 
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Figure 29. Known adamantyl-based sEHIs AR9281, 10 and t-AUCB, and their envisaged ring 

contracted and ring expanded. The ring-contracted analogs of general formula III, IV and V had 

been already synthesized in the context of Dr. Elena Valverde’s Thesis, while the derivatives of 

general structures VI, VII, VIII and IX (highlighted in bold) were synthesized in the present 

Thesis. 

Figure 29 collects all the ring-contracted and ring-expanded analogs of AR9281, 10 

and t-AUCB envisaged to be synthesized and evaluated in this project. Of note, the 

bisnoradamantane-based ureas of general structure III, IV and V had been already 

synthesized and evaluated in the context of Dr. Elena Valverde’s Thesis, presenting all 

of them IC50 values in the low nanomolar range against the human sEH. Thus, in order 

to further explore the impact of the size of the polycyclic hydrocarbon as de lipophilic 

unit of sEHIs, in the present Thesis it was envisaged the synthesis of the ring contracted 

analogs featuring the noradamantane moiety of general formula VI and the ring 

expanded analogs derived from diamantane of general structures VII, VIII and IX. 
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 Discussion 

Ureas can be synthesized by the reaction of isocyanates with primary amines. Thus, 

for the synthesis of the new ring contracted and ring expanded analogs, it was necessary 

to obtain the corresponding polycyclic amines which, in the presence of triphosgene, 

lead to the desired isocyanates.  

Fortunately, the ring contracted 3-noradamantanamine, 55, and the diamantane-4-

amine, 56, are commercially available. In contrast, it was needed to synthesize the 

diamantane-3-amine, 59, and diamantane-2-amine, 61, starting from diamantane in 

both cases.  

 

Scheme 6. Structures and synthesis of the polycyclic amines used for the obtention of the new 

ring contracted and ring expanded analogs. 

The diamantanamine 59 was synthesized in two steps from commercially available 

diamantane, 57. Oxidation of 57 with sulfuric acid followed by a reductive amination of 

ketone 58 by ammonium acetate and sodium cyanoborohydride led to the desired 

amine 59. In contrast, the treatment of 57 with bromine and acetonitrile afforded the 

amide 60, which was hydrolyzed in acidic media to obtain the diamantanamine 61 

(Scheme 6). 

Finally, the synthesis of the final ureas bearing the different polycycles was 

undertaken. The synthetic pathway revolved around the reaction of either the 
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isocyanate of the corresponding polycyclic amine with a suitable aliphatic amine or the 

reaction of 2,3,4-trifluorophenylisocyanate 63 with the corresponding polycyclic amine. 

The isocyanates were prepared from the corresponding polycyclic amines in the 

presence of triphosgene and sodium hydrogen carbonate, using dichloromethane as a 

solvent or, in the case of 2,3,4-trifluorophenylisocyanate 63, it was obtained from the 

reaction of 2,3,4-trifluorophenylaniline 62 with triphosgene in the presence of 

triethylamine and toluene at 80 °C (Scheme 7). 

 

Scheme 7. General synthesis of the new ureas bearing ring contracted and ring expanded 

analogs of adamantane. 

As mentioned, the new compounds were designed as analogs of the known sEHIs 

AR9281, 10 and t-AUCB. Thus, apart from the trifluoroaniline as the RHS of the 

inhibitors, for the obtention of analogs of 10, 1-acetyl-4-aminopiperidine and t-4-[(4-

aminocyclohexyl)oxy]benzoic acid were used for the synthesis of the analogs of AR9281 

and t-AUCB, respectively. In contrast to the substituted aminopiperidine, the t-4-[(4-

aminocyclohexyl)oxy]benzoic acid 67 was not commercially available. Thus, it was 

synthesized as previously reported by Hwang et al.206 The synthetic pathway consisted 

                                                      

206 Hwang, S. H.; Wecksler, A. T.; Zhang, G.; Morisseau, C.; Nguyen, L. V; Fu, S. H.; Hammock, B. D. Bioorg. 
Med. Chem. Lett. 2013, 23, 3732-3737. 
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in the nucleophilic aromatic substitution of 4-fluorobenzonitrile 65 by trans-

aminocyclohexanol 64, and consecutive hydrolysis of the nitrile 66 to the carboxylic acid 

67 under basic conditions (Scheme 8). 

 

Scheme 8. Synthesis of the aminoacid 67. 

Unfortunately, all our attempts to synthesize ureas derived from diamantanamine 

61 were unsuccessful. For the preparation of these ureas, we could not apply the 

synthetic approach used for the other ones. The reaction of 61 with triphosgene in the 

presence of sodium hydrogen carbonate and triphosgene did not afford the expected 

isocyanate 68. Given this result, it was necessary the search of new methodologies for 

the synthesis of ureas. As an alternative to isocyanates, ureas can be synthesized 

through the formation of carbamate intermediates,207,208 that can be generated by the 

reaction of an amine with a chloroformate. Then, the carbamate can react with an amine 

to provide the desired urea. Regrettably, the reaction of 61 with the highly reactive 4-

nitrophenyl chloroformate did not afford the carbamate 69, even in the presence of a 

strong base such as sodium hydride (Scheme 9).  

One hypothesis for the poor reactivity of amine 61 is the steric hindrance around 

the amino group resulting from 1-3-diaxial interactions with the surrounding hydrogen 

atoms, thus preventing the attack of the lone pair of electrons of the nitrogen group to 

triphosgene or the chloroformiate. 

                                                      

207 Gallou, I.; Eriksson, M.; Zeng, X.; Senanayake, C.; Farina, V. J. Org. Chem. 2005, 70, 6960−6963. 
208 Ghosh, A. K.; Brindisi, M. J. Med. Chem. 2020, 63, 2751-2788. 
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Scheme 9. Attemps to obtain isocyanate 68 and carbamate 69 from diamantanamine 61. 

In the end, several ring contracted and ring expanded analogs of 10, t-AUCB and 

AR9281 were synthesized and evaluated (Figure 30). Compounds 10 and 11 were also 

obtained for comparative purposes. 

First, the potency of the new compounds as human and murine sEHIs was tested by 

Dr Christophe Morisseau from the group of Prof. Bruce D. Hammock at the UCD. As 

described in the article, results showed that the reduction of the polycyclic moiety from 

adamantane to bisnoradamante led to a reduction of the potency. Interestingly, the 

inhibitory potency was restored by the introduction of two methyl groups in the 

bridgehead positions of the bisnoradamantane moiety, probably because the addition 

of the methyl groups compensates the reduction in size from the adamantane to the 

bisnoradamantane scaffold. Regarding the ring expanded analogs, diamantane ureas 

analogs of AR9281 and t-AUCB showed IC50 values in the same range as that of their 

adamantane-based compounds. However, within the trifluorophenyl series analogs of 

10, the diamantane derivative was considerably less potent than its adamantane 

derivative, probably due to an opposite binding orientation in the hydrophobic pocket 

of the sEH, as previously observed for a different series of sEHIs.105  
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Figure 30. Ring contracted and ring expanded analogs of the adamantane-based sEHIs AR9281, 

10 and t-AUCB synthesized in this project. 

Interestingly, we did not find significant differences between the inhibitory 

activities in human and murine species when we tested the inhibition of the murine sEH 

of AR9281 and three analogs (22, 77 and 78), despite it has been considered that steric 

parameters have stronger effects on the potency of inhibitors against murine sEH rather 

than on the human enzyme.22,105,202,209 

                                                      

209 Jones, P. D.; Wolf, N. M.; Morisseau, C.; Whetstone, P.; Hock, B.; Hammock, B.D. Anal. Biochem. 2005, 
343, 66-75. 
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Next, microsomal stability, experimental solubility and permeability of the new 

ureas were determined by the group of Prof. M. Isabel Loza and Prof. José M. Brea of 

the Drug Screening Platform/Biofarma Research Group of the University of Santiago de 

Compostela (Spain). 

The in vitro stability of some representative new ureas in human microsomes was 

assesed in order to examine the impact of the different hydrophobic units in their 

metabolic stabilities. Given that diamantane moiety features more tertiary carbon 

atoms than the adamantane ring, which are prone to be hydroxylated, it was anticipated 

the adamantane-based ureas to be more stable than their diamantane-based analogs. 

This hypothesis was confirmed by the experimental results that showed that 

diamantane derivatives were extremely labile compounds, with their adamantane 

counterparts being considerably more stable. Moreover, ring contracted analogs 

bearing the bisnoradamantane and the noradamantane units presented similar or 

slightly reduced microsomal stability than those bearing the adamantane moiety.  

Additionally, experimental solubility of the new ureas was also determined. As 

expected, the diamantane derivatives were dramatically less soluble than their 

adamantane, noradamantane or bisnoradamantane counterparts. Of note, the 

acetylpiperidine serie presented the highest solubility values, with the two other series 

having similar solubility. 

Finally, the permeability assays trough Caco-2 cells showed that the size of the 

lipophilic unit of the sEHIs seemed to be of little relevance regarding permeability. 

Concerning the right-hand side of the ureas, acetylpiperidine derivatives were endowed 

with the best permeability, while the trifluorophenyl compounds displayed much lower 

permeability. As expected, benzoic acid derivatives were the less permeable 

compounds. 

With all this information, we conclude that the catalytic center of the sEH enzyme 

can accommodate polycycles of very different sizes, from the small bisnoradamantane 

moiety to the very large diamantane group. Interestingly, it seems that the replacement 

of the adamantane moiety by larger polycyclic rings led to more potent compounds than 

the replacement by smaller ones, particularly within the t-AUCB and AR9281 analogs. 
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These results were published in Bioorganic Medicinal Chemistry in 2019. This article is 

included in the following pages of this Thesis.210 

 

                                                      

210 Codony, S.; Valverde, E.; Leiva, R.; Brea, J.; Loza. M. I.; Morisseau, C.; Hammock, B. D.; Vázquez, S. 
Bioorg. Med. Chem. 2019, 27, 115078. 
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 Introduction 

Several of the very potent sEHIs developed by both industry and academy present 

an adamantane moiety in their structure. Of note, the adamantane-based inhibitor 

AR9281 was taken to clinical trials by Arete Therapeutics for the treatment of 

hypertension in diabetic patients. Although this compound showed a high level of safety 

even with the administration of 1.2 g/day, it failed in phase II in large part because of its 

poor pharmacokinetic properties, likely related with the adamantane moiety.145 Taking 

this precedent, the group of Prof. Bruce D. Hammock developed a second family of sEHIs 

presenting a phenyl ring as the hydrophobic moiety instead of the adamantane ring.  

Some of the compounds included in this new family are TPPU, used in several in vitro 

and in vivo studies,114,132,133,134,135,136 EC5026, currently in Phase 1 clinical trials for the 

treatment of neuropathic pain,60 and t-TUCB (EC1728), an analog of the adamantane-

based t-AUCB, which is being developed for veterinary uses by EicOsis (Figure 31).141 

These three compounds are very potent inhibitors of human and murine sEH and have 

considerably better solubility and pharmacokinetic properties than AR9281.  

 

Figure 31. Structure and inhibitory activity of some non adamantane-based sEHIs. 

On the other hand, as shown in Chapter 2 of the present thesis, we found that the 

lipophilic pocket of the sEH enzyme can accommodate polycycles of very different size, 

and that the replacement of the adamantane moiety by larger polycyclic rings is better 

than the replacement by smaller ones.210 
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 Discussion 

Taking into account that both adamantane and aromatic ring moieties (as in t-AUCB 

and t-TUCB, respectively) fit very well in the hydrophobic pocket of the sEH and that the 

replacement of adamantane by larger polycyclic rings (as in compound 76) is a good 

strategy to obtain potent sEHIs, we designed a new family of sEHIs replacing the 

adamantyl or phenyl ring of the known sEHIs by the very versatile 

benzohomoadamantane scaffold as the hydrophobic moiety (Figure 32). This polycyclic, 

readily accessible, features in its structure the synthetically versatile homoadamantane 

unit fused with an aromatic ring, as shown in several previous work by our research 

group.174,175,176,211 We expected the new compounds to be potent and to achieve the 

optimum drug-like properties by modifying the substituents in the 

benzohomoadamantane scaffold and/or the RHS of the molecule. 

 

 

 

 

 

 

 

 

Figure 32. Design of new compounds featuring the benzohomoadamantane scaffold. 

The R position of the benzohomoadamantane scaffold can be a methyl group or, 

alternatively, fluorine, chlorine or hydrogen atoms, among others. Moreover, the X 

position can be a methylene unit or an oxygen atom. Apart from these derivatizations in 

                                                      

211 Barniol-Xicota, M.; Escandell, A.; Valverde, E.; Julián, E.; Torrents, E.; Vázquez, S. Bioorg. Med. Chem. 
2015, 23, 290-296. 
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the polycyclic ring, the new sEHIs can be linked to the RHS of the molecules using the 

urea, thiourea or carbamate linkers, depending on the nature of Y and Z substituents. 

Finally, the RHS position can be substituted by several radicals, thus further increasing 

the chemical diversity of this new family of compounds.  

For the preparation of these new inhibitors, it was necessary to synthesize the 

appropriate polycyclic amines that were obtained following known procedures 

previously described by our group (Figure 33).174,175,176,211  

 

 

Figure 33. The benzohomoadamantane amines 80-84 used as starting materials for the 

obtention of the new compounds. 

 

The first step for the synthesis of the desired polycyclic amines was the obtention 

of the known diketone 88.212 Starting from the commercially available o-

phthaldialdehyde, 85, and two equivalents of dimethyl-1,3-acetonedicarboxylate, 86 in 

the presence of diethylamine and methanol, a Weiss-Cook condensation took place 

affording tetraester intermediate 87. Given the keto-enol tautomerism of 86, the 

reaction started through a double aldol-type condensation and subsequent dehydration 

under basic catalysis. Then, the second equivalent of the 86 undertook a double Michael 

addition to the α,β-unsaturated ketone leading to the tetraester 87. 

 

                                                      

212 Föshlisch, B.; Dukek, U.; Graessle, I.; Novotny, B.; Schupp, E.; Schwaiger, G.; Widmann, E. Liebigs. Ann. 
Chem. 1973; 11, 1839-1850. 
 



CHAPTER 3: BENZOHOMOADAMANTANE-BASED  sEHIs (I) 

234 

3.3 

Then, the tetraester 87 was subjected to hydrolysis in acidic media affording the 

corresponding acids, which decarboxylated in situ to give a mixture of diketone 88 and 

its hydrate, 89 (Scheme 10). In order to obtain the pure ketone, the mixture was 

dissolved in toluene and heated until reflux using a Dean-Stark apparatus to finally 

provide pure diketone 88. 

 

Scheme 10. Synthesis of diketone 88 from dialdehyde 85 and diester 86. 

The next step was a di-Wittig reaction of diketone 88 to form the diene 90 as a 

precursor for the obtention of the polycyclic amine 82, or a mono-Wittig reaction of 88 

to obtain the enone 91 as a precursor for the obtention of the polycyclic amines 83 and 

84 (Scheme 11). Of note, amines 80 and 81 were also obtained from diketone 88 

following a different synthetic procedure, which will be discussed later on. 
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Scheme 11. Conversion of diketone 88 to diene 91 or enone 92 through a controlled Wittig 

reaction. 

For these conversions it was required sodium hydride, anhydrous DMSO and 

methyltriphenylphosphonium iodide, 90, prepared reacting triphenylphosphine and 

iodomethane for 5 hours using toluene as a solvent. The transformation of 88 to diene 

91 or enone 92 was managed by controlling the equivalents of 

methyltriphenylphosphonium iodide. For the synthesis of 92, the reaction took place 

using 1 eq. of diketone, 1.25 eq. of the phosphonium salt and 1.25 eq. of sodium hydride. 

In contrast, if the desired product was the diene 91, it was necessary to use a larger 

excess of methyltriphenylphosphonium iodide (4.1 eq.) and sodium hydride (4.1 eq). 

The synthesis continued with a Prins-Ritter transannular cyclization with 

chloroacetonitrile in the presence of acidic media in order to obtain the 

chloroacetamides 93 and 94 (Scheme 12). 

 

Scheme 12. Preparation of chloroacetamides 93 and 94. 

The reaction mechanism of the Prins-Ritter transannular cyclization that afforded 

the desired chloroacetamides is shown in Scheme 13. The first step of this reaction 

involves the protonation of either the double bond of the diene 91 or the carbonyl group 

of enone 92. Then, in both cases, the π- electrons of the alkene attacked the formed 

cation to generate a tertiary carbenium ion. Next, the nitrogen atom of the nitrile group 
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attacked the carbocation to give a nitrilium ion intermediate, which was hydrolysed 

during the work up affording the desired chloroacetamides 93 and 94. 

 

 

Scheme 13. Mechanism of the Prins-Ritter transannulation. 

 

The next step in order to obtain the polycyclic amines 83 and 84 was the substitution 

of the hydroxyl group of 94 by a chlorine or fluorine atom, respectively. Thus, 

chloroacetamide 94 was treated either with the fluorinating agent (diethylamino)sulfur 

trifluoride (DAST) in dichloromethane to provide the fluorinated derivative 95, or with 

thionyl chloride for one hour under reflux conditions affording the desired chloride, 96 

(Scheme 14).  
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Scheme 14. Replacement of the hydroxyl group of 94 by fluorine or chlorine atoms. 

The final step for the obtention of the desired amines 82, 83 and 84 was the 

hydrolysis of the amide group. Previous work of our research group determined that the 

aqueous hydrolysis of this type of amides gave either low yields in acid media or high 

yields but under extreme basic conditions, so the efficiency of the deprotection was 

improved using an alternative method. Thus, the final amines were prepared by 

removing the chloroacetamide group using thiourea and glacial acetic acid in absolute 

ethanol, providing the desired amines 82, 83 and 84. Once deprotected, amines were 

treated with an excess of hydrogen chloride in diethyl ether to obtain the corresponding 

hydrochlorides in medium to excellent yields (Scheme 15).  

 

Scheme 15. Deprotection of chloroacetamides with thiourea and the mechanism of the 

reaction. 
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The mechanism of the deprotection started with a nucleophilic substitution of the 

chloride by the attack of the sulphur atom from the thiourea, followed by cyclization 

and the elimination of the amine provided the desired amines 82, 83 and 84. As 

aforementioned, amines 80 and 81 were synthesized following different synthetic 

procedures.  

Amine 81 was prepared starting from the intermediate acetamide 98 previously 

synthesized by Dr. Elena Valverde, which was subjected to hydrolysis in acidic media to 

provide the desired amine (Scheme 16). 

 

Scheme 16. Hydrolysis of the intermediate acetamide 98 in acidic conditions. 

Finally, amine 80 was synthesized starting from ketone 88, which was reduced by 

sodium borohydride to yield alcohol 99.  Then, 99 was treated with hydrazine in acidic 

media to provide hydrazine 100, which was subjected to a catalytic hydrogenation at 

atmospheric pressure using platinum oxide as the catalyst affording the desired amine 

80 (Scheme 17). 

 

Scheme 17. Synthetic pathway for the obtention of amine 80. 

In summary, scheme 18 shows the whole synthetic pathway followed to obtain the 

required amines for the synthesis of the new sEHIs bearing the benzohomoadamantane 

scaffold. 
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Scheme 18. Synthetic routes for the obtention of the benzohomoadamantane amines 

synthesized in this work. 
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First, we wanted to see the impact of the main pharmacophore in the new family of 

benzohomoadamantane-based sEHIs. With this purpose, compounds presenting 

carbamate, thiourea and urea as the main pharmacophores were synthesized starting 

from the polycyclic amine 82 in order to explore their potency as sEHIs (Scheme 19). The 

reaction of amine 82 with the commercially available 2,3,4-trifluorophenyl isocyanate, 

63, p-tolyl chloroformate, 101, and 4-(trifluoromethyl)phenyl isothiocyanate, 103, 

furnished the desired urea 19, carbamate 102 and thiourea 104, respectively.  

 

Scheme 19. Obtention of the new benzohomoadamantane-based urea 19, carbamate 102 and 

thiourea 104.  

The potency of these compounds as sEHIs was evaluated by Dr Christophe 

Morisseau, from the group of Prof. Bruce D. Hammock at UCD. According to our 

expectations, urea 19 revealed as a very potent sEHI in the low nanomolar range, while 

carbamate 102 and thiourea 104 presented much lower potency. For this reason, 

carbamate and thiourea derivatives were discarded and the urea group was chosen as 

the main pharmacophore for the synthesis of further benzohomoadamantane-based 

inhibitors.  

Having found that the benzohomoadamantane scaffold may successfully replace 

the adamantane group, the next step was the synthesis of three series of novel urea-

based sEHIs related to the potent compound 10, the clinical candidate AR9281, and t-

AUCB (Figure 34).  
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Figure 34. General structure XI of new ureas bearing the benzohomoadamantane moiety or 

its oxa-derivatives. 

The synthesis was undertaken in a similar way as in the 2-oxaadamantane-based 

inhibitors disclosed in Chapter 1. In order to obtain AR9281 and t-AUCB analogs, the 

isocyanate of the corresponding benzohomoadamantane amine was prepared by using 

triphosgene and sodium hydrogen carbonate. Then, the addition of the 1-acetyl-4-

aminopiperidine in DCM or the 4-[(trans-4-aminocyclohexyl)oxy]benzoic in DMF 

provided the desired ureas. On the other hand, analogs of 10 were obtained by the 

direct reaction of the commercially available 2,3,4-trifluorophenyl isocyanate with the 

corresponding polycyclic amine in dichloromethane (Scheme 20). 

 

Scheme 20. General synthetic pathways for the obtention of the new sEHIs. 

The structures of all the benzohomoadamantane-based ureas synthesized in this 

work are shown in Figure 35. First, the potency of the new ureas as sEHIs was evaluated. 

As described in the following article, the comparison of the compounds presenting an 
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oxygen atom in their benzohomoadamantane scaffold with their analogs presenting a 

methylene unit showed that, in all cases, the compounds bearing an oxygen atom were 

less potent than their methylene counterparts. Of note, the substitution of the position 

R in the benzohomoadamantane scaffold from a methyl group to a hydrogen atom in 

the AR9281 analogs also produced an important drop of the inhibitory activities. Given 

the aforementioned results, the oxa-benzohomoadamantane scaffold was discarded 

due to its lack of potency and compounds bearing the benzohomoadamantane moiety 

were further evaluated. 

 

Figure 35. Structure of the new sEHIs bearing the benzohomoadamanane scaffold. 

 

Next, we conducted a screening cascade consisting of experimental microsomal 

stability, solubility, permeability, cytochrome inhibition and hERG inhibition. All these 

assays were performed by the group of Prof. M. Isabel Loza and Prof. José M. Brea of 

the Drug Screening Platform/Biofarma Research Group of the University of Santiago de 

Compostela. Additionally, the cytotoxicity of the compounds in SH-SY5Y cells was 

evaluated by Drs Coral Sanfeliu and Rubén Corpas of the Institute of Biomedical 

Research of Barcelona (CSIC). Finally, we assessed, for a few selected compounds, the 

selectivity for two related targets: hLOX-5, measured by the group of Dr Maria I. 
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Rodríguez Franco, from the Institute of Medicinal Chemistry (CSIC, Madrid), and hCOX-

2, assessed by the company Eurofins. 

As described in the article, the results showed that the acetylaminopiperidine 

derivatives and the trifluorophenyl analogs bearing the benzohomoadamantane 

scaffold presented high metabolic liability. Hence, the t-AUCB series was selected and 

fully evaluated. Gratifiyingly, the compounds did not present cytotoxicity in SH-SY5Y 

cells, cytochrome inhibition, hCOX-s or hLOX-5 inhibition nor hERG inhibition. Therefore, 

the screening cascade allowed us to select compounds 108 and 110 for the in vivo 

studies, considering their biological profiling (Table 3). Both compounds presented 

excellent inhibitory activities against the human, murine and rat enzymes, acceptable 

microsomal stabilities, particularly in human microsomes, and better permeability 

trough Caco-2 cells than t-AUCB. 

 

Cpd 

sEH IC50 (nM)a 
Microsomal 

Stabilityb 

(h/m/r) 

Solubilityc 

(µM) 

Permeability (Caco-2) 
eLD50 

(µM) human murine rat Papp (nm/s) ERd 

AB BA 

t-AUCB 0.5 1.7 8.0f 94/92/46 25 1.9 210.3 111 NDg 

108 1 9.9 0.4 82/28/2 4 10 123.7 12.4 >100 

110 0.4 0.4 0.4 89/29/52 13 21.5 46.6 2.1 >100 

111 0.5 0.5 0.4 77/36/60 7 0.9 219.1 243.9 >100 

Table 3. IC50 in human, murine and rat sEH, microsomal stability, solubility and permeability 

values of the t-AUCB related compounds. aReported IC50 values are the average of three 

replicates. The fluorescent assay as performed here has a standard error between 10 and 20% 

suggesting that differences of two-fold or greater are significant. Because of the limitations of 

the assay it is difficult to distinguish among potencies < 0.5 nM.209 bPercentage of remaining 

compound after 60 min of incubation with human, mice and rat microsomes obtained from 

Tebu-Xenotech in the presence of NADP at 37 °C. cSolubility in a 1% DMSO : 99% PBS buffer 

solution. See the experimental section of the accompanying article for further details. dThe 

efflux ratio was calculated as ER = (Papp BA) / (Papp AB). See the experimental section of 

the accompanying article for further details. esEHI cytotoxicity tested by propidium iodide 

staining after 24h incubation in SH-SY5Y cells. See the experimental section of the 

accompanying article for further details. fTaken from reference 111. gND: Not determined. 
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Moreover, the CYP450 inhibition of 108 and 110 was evaluated using human 

recombinant cytochrome P450 enzymes. These assays were of great interest, mostly in 

terms of selectivity, as EETs are formed by several cytochrome P450 epoxygenase 

isoforms. Indeed, some ureas have been reported to inhibit cytochromes, such as SR 

9186.213,214 Satisfactorily, the tested compounds did not significantly inhibit the 

evaluated cytochromes at the tested concentration of 10 µM. 

Before conducting the in vivo efficacy study, we performed PK studies with the two 

selected compounds. The results showed that compound 110 presented a better profile 

than 108, considering its larger half-life, higher Cmax and AUC and lowest clearance. Thus, 

110 was selected for conducting the in vivo efficacy study in the well-known murine 

model of cerulein-induced AP.191,215,216 

The efficacy of the new sEHI 110 was assessed by Draconis Pharma at 0.1 and 0.3 

mg/kg in the cerulein-induced AP murine model using C57BL/6 male. The experimental 

procedure for the in vivo efficacy study was followed as described in already published 

protocols,191 administering intraperitoneally the selected compound after the induction 

of the AP by cerulein.  

First, the health status of animals was analyzed by monitoring their body weight. 

Gratifyingly, treated animals with both doses (0.3 and 0.1 mg/kg) of 110 showed an 

increment in body weight after the last injection of cerulein, although only the group 

treated at 0.3 mg/Kg reached statistical significance. Of note, this increment was not 

observed in animals treated only with cerulein. In addition, we measured compound 

concentration in plasma and pancreatic tissue at 10 hours post-administration, 

confirming that the administration of both doses of 0.1 mg/Kg and 0.3 mg/Kg produced 

enough plasma levels of compound 110 to inhibit the sEH and that the selected 

compound was able to reach the pancreatic tissue with the dosage of 0.3 mg/Kg. 

 

                                                      

213 Song, X.; Li, X.; Ruiz, C. H.; Yin, Y.; Feng, Y.; Kamenecka, T. M. Bioorg. Med. Chem. Lett. 2012, 22, 1611-
1614. 
214 Li, X.; Song, X.; Kamenecka, T. M.; Cameron, M. D. Drug Metab. Dispos. 2012, 40, 1803-1809. 
215 Bettaieb, A.; Morisseau, C.; Hammock, B. D.; Haj, F. G. Free Radic. Biol. Med. 2014, 75 Suppl 1, S32. 
216 Bettaieb, A.; Chahed, S.; Tabet, G.; Yang, J.; Morisseau, C; Griffey, S.; Hammock, B. D.; Haj, F. G. PLoS 
One 2014, 9, e113019. 
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Finally, histologic analysis of pancreas showed that mice treated with 109 at both 

doses presented diminished cerulein-induced effects, being the group treated with 0.3 

mg/kg the one that mostly reversed the pancreatic damage, edema and neutrophils 

infiltration. 

These promising results revealed that, with a dosage of only 0.3 mg/kg, our 

candidate 110 showed effectiveness at reducing symptoms and pancreatic damaged in 

a mice model of cerulein-induced AP. Worth to mention, the dosage used in this study 

was 100 times lower than the one used with the 2-oxaadamantane-based inhibitor 42 

disclosed in Chapter 1 and 10 times lower than the one employed in a related studied 

published using TPPU.191 

The results of this work are disclosed in a draft article included in the following 

pages of this Thesis. 

Noteworthy, the new sEHIs described herein bearing the benzohomoadamantane 

scaffold as well as the ones described in the next Chapters 4 and 5 of the present Thesis, 

have been protected by a patent application,217 which is currently under exam. This 

document is attached at the end of the Chapter 5. 

                                                      

217 Codony Gisbert, S.; Galdeano Cantador, C.; Leiva Martínez, R.; Larisa Turcu, A.; Valverde Murillo, E.; 
Vázquez Cruz, S. (Universitat de Barcelona). WO 2019/243414 A1, June 20, 2018. 
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ABSTRACT 

The pharmacological inhibition of the soluble epoxide hydrolase (sEH) has been 

validated for the treatment of inflammatory and pain related diseases. Certainly, a number 

of very potent sEH inhibitors (sEHI) have been developed, several of them featuring 

adamantyl or phenyl moieties, such as the clinical candidates AR9281 or EC5026. Herein 

we report a new series of sEHI where these hydrophobic moieties have been replaced by 

the versatile benzohomoadamantane scaffold, that features a polycyclic unit fused with 

an aromatic ring. Most of these new sEHI are endowed with excellent inhibitory activities 

against the human and murine sEH. Molecular dynamics simulations revealed that the 

addition of an aromatic ring into the adamantane scaffold produced conformational 

rearrangements in the active site region and adjacent regions to stabilize the aromatic ring 

of the benzohomoadamantane core. A screening cascade (solubility, cytotoxicity, 

metabolic stability, CYP450s, hLOX-5, hCOX-2 and hERG inhibition) allowed us to 

select a candidate for an in vivo efficacy study in a murine model of cerulein-induced 

acute pancreatitis. Of note, the administration of 22 produced an improvement of the 

health status of the animals and reduced pancreatic damage, showing that the 

benzohomoadamantane unit is a promising scaffold for the design of novel sEHI. 
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INTRODUCTION 

Arachidonic acid, a polyunsaturated fatty acid, is metabolized by cyclooxygenases 

(COXs), lipoxygenases (LOXs), and cytochrome P450s (CYPs). The COX and LOX 

pathways mainly lead to the production of pro-inflammatory lipid mediators, such as 

prostaglandins and leukotrienes, and have been pharmaceutically targeted.1 In contrast, 

the CYP pathway is involved in the production of pro- and anti-inflammatory lipid 

mediators. The CYP hydroxylases lead to 20-hydroxyeicosatetraenoic acid that present 

pro-inflammatory activity while the CYP epoxygenases produce epoxyeicosatrienoic 

acids (EETs), endowed with potent anti-inflammatory activity.2 However, the EETs are 

rapidly metabolized by the soluble epoxide hydrolase enzyme (sEH, EPHX2, EC 3.3.2.3) 

into the corresponding dihydroxyeicosatrienoic acids, which present less biological 

activity.3-4 It is known that the pharmacological inhibition of sEH in vivo stabilizes the 

concentration of EETs, reducing inflammatory and pain states, suggesting sEH as a 

pharmacological target for the treatment of inflammatory diseases.5-6  

X-ray crystallographic studies revealed that sEH has an L-shaped pocket with the active 

site at the corner. Although each branch of the pocket, of 10 and 15 Å of length, accepts 

a variety of functional groups, the entire pocket is essentially hydrophobic.7 Indeed, a 

number of very potent sEH inhibitors (sEHI) have been developed, several of them 

featuring lipophilic moieties such as adamantyl or phenyl groups (Figure 1).6 AR9281 

was taken to phase II by Arete Therapeutics for the treatment of hypertension in diabetic 

patients, but failed largely because of its poor pharmacokinetic properties, likely related 

with its adamantane unit.8 Then, GSK2256294, developed for chronic obstructive 

pulmonary disease by GlaxoSmithKline, has entered to phase I clinical trial for obese 

smokers and other indications such as subarachnoidal hemorrhage or diabetic patients 

with insulin resistance.9 Taking the failure of AR9281 into account, EicOsis has recently 
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replaced the adamantane moiety of AR9281 by an aromatic ring for its drug candidate 

EC5026, currently in Phase 1 clinical trials for the treatment of neuropathic pain.10 

 

 

Figure 1. Structure of the three sEHI that have entered clinical trials. 

 

We have recently found, using urea-based sEHI with lipophilic units of very different 

size, that the pocket of the sEH can accommodate polycycles of quite diverse volume, 

and that the replacement of the adamantane moiety by larger polycyclic rings, such as the 

diamantane moiety, may be better than the replacement by smaller ones. Indeed, urea 6, 

a diamantane analog of the well-known sEHI 4, t-AUCB, and 5, t-TUCB, showed to be 

a subnanomolar inhibitor of the human sEH (hsEH) (Figure 2).11 

 

 

Figure 2. Structure and IC50 in hsEH of compounds 4-6. 
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RESULTS AND DISCUSSION 

Design and synthesis of new sEHI. Taking into account that both adamantane and 

aromatic ring moieties fit very well in the hydrophobic pocket of the sEH and that the 

replacement of adamantane by larger polycyclic rings seems to be a promising strategy 

to obtain more potent sEHI, herein we have designed and synthesized a novel series of 

sEHI bearing the very versatile benzohomoadamantane scaffold as the hydrophobic 

moiety. This polycyclic, readily accessible,12,13,14,15 system features a homoadamantane 

unit fused with an aromatic ring and permits several chemical derivatizations in its 

structure (Figure 3). We expected this new scaffold to lead to potent sEHI and to achieve 

the optimum drug-like properties by modifying the substituents in the 

benzohomoadamantane unit and/or the right-hand side (RHS) of the molecule. 
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Figure 3. Known adamantyl- and phenyl-based sEHI 1a-b, 3, 4a-b, 5 and 7a-b, and 

general structure, I, of the new sEHI reported in this work. RHS = right-hand side (see 

below). IC50 values refer to hsEH. 

 

Thioureas, carbamates and, particularly, ureas, haven been reported as good 

pharmacophores for sEHI.6 For this reason, we first envisaged the synthesis of thiourea 

9, carbamate 11 and urea 13 in order to explore their relative potency as sEHI and to 

select the more suitable pharmacophore for the novel polycyclic scaffold (Scheme 1). The 

three compounds were easily synthesized in low to moderate yields from known 9-

methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine (II, R 

= CH3, X = CH2)
12 and 4-(trifluoromethyl)phenyl isothiocyanate, 8, p-tolyl 

chloroformate, 10, and 2,3,4-trifluorophenyl isocyanate, 12, respectively (Scheme 1). 

The inhibitory activities of the three compounds in human sEH were evaluated using a 

previously reported sensitive fluorescent-based assay (Table 1).16 While carbamate 11 

was a very weak inhibitor (IC50 = 12.7 µM) and thiourea 9 displayed only a moderate 

inhibition (IC50 = 138 nM), urea 13 revealed as a very potent human sEHI (IC50 = 1 nM) 

(Table 1). The superior potency of the urea is in agreement with previous results in other 

series of sEHI.17,18 For this reason, no further carbamates and thioureas derivatives were 

envisaged and the urea group was chosen as the main pharmacophore for the synthesis of 

further inhibitors.  

Having found that this novel scaffold may successfully replace the adamantane and/or the 

phenyl group found in known sEHI, next we synthesized a series of 

benzohomoadamantane derivatives related with the potent sEHI AR9281, t-AUCB, t-

TUCB, EC5026 and 7, in order to explore their potency and DMPK properties. Of note, 

a very recent work has described that the replacement of a methylene unit of the 
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adamantane moiety by an oxygen atom lead to more soluble compounds while only 

slightly reducing the inhibitory activity against the sEH (e.g. 1b, 4b and 7b in Figure 3).19 

In this sense, an oxygen atom was introduced in the benzohomoadamantane scaffold in 

order to explore whether a similar trend was also followed within this new family of sEHI 

(Figure 3 and Scheme 1). 

 

 

Scheme 1: Synthesis of new compounds 9, 11, 13-14, 16-18 and 20-23. 
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The synthesis of the new sEHI started from the suitably substituted 

benzohomoadamantane amines of general structure II.12,13,14,15 Thus, the synthesis of urea 

14 involved the reaction of 5-methyl-1,5,6,7-tetrahydro-1,5:3,7-

dimethanobenzo[e]oxonin-3(2H)-amine (II, R = CH3, X = O) with 2,3,4-

trifluorophenylisocyanate, 12, in dichloromethane (Scheme 1). For the obtention of the 

piperidine derivatives, we first prepared the isocyanate of the corresponding polycyclic 

amine II by reaction with triphosgene and saturated aqueous solution of NaHCO3. Once 

the desired isocyanate of general structure III was obtained, it was reacted with 1-acetyl-

4-aminopiperidine 15 in dichloromethane to obtain ureas 16-18 in moderate overall yields 

(Scheme 1). Finally, the t-AUCB analogs 20-23 were obtained in low to moderate yields 

by the reaction, in the presence of triethylamine, of the corresponding isocyanate in DMF 

with 4-((trans-4-aminocyclohexyl)oxy)benzoic acid, 19, prepared as previously reported 

(Scheme 1).20  

 

sEH inhibition and DMPK assays. The potency of the new compounds as inhibitors of 

the human sEH was tested using a previously reported sensitive fluorescent-based assay.16 

Gratifyingly, the potency of the new benzohomoadamantane ureas was in the same range 

than that of their corresponding adamantane-based analogs (compare 13 vs 7, 16 vs 

AR9281 and 20 vs t-AUCB) (Table 1).  The comparison of the compounds presenting a 

methylene unit in the polycyclic scaffold with their analogs featuring an oxygen atom (13 

vs 14, 16 vs 17 and 20 vs 21, Scheme 1 and Table 1) showed that, in all cases, the 

compound bearing an oxygen atom was less potent than its methylene counterpart, results 

that are in line with those previously found within the adamantane series of sEHI.19 

Interestingly, the AR9281 analogs 16 and 17 showed the largest difference (IC50 values 
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of 3.1 nM vs 941 nM, respectively, Table 1). Also, the replacement of the methyl group 

of the position R of the polycyclic scaffold by a hydrogen atom in the AR9281 analogs 

produced a dramatic drop of the inhibitory activity (compare 17, IC50 = 941 nM vs 18, 

IC50 >10 µM in Table 1). 

 

Cpd 

h sEHa 

IC50 (nM) 

Microsomal 

 Stabilityb 

(h / m / r) 

9  138  NDc 

11  >10000 ND 

7  7.7 79 / 77 / 81 

13  1.0 7 / 0.2 / ND 

14  20 77 / 23 / 33 

1, AR9281 8.0 72 / 100 / 87 

16  3.1 1 / 0.5 / ND 

17  941 ND 

18 >10000 ND 

4, t-AUCB 0.5 94 / 92 / 46 

20  0.9 82 / 28 / 2 

21  28 90 / 83 / ND 

 

Table 1.  Inhibition of human sEH and microsomal stability values of new 

benzohomoadamantane-based sEHI. aReported IC50 values are the average of three 

replicates. The fluorescent assay as performed here has a standard error between 10 and 

20% suggesting that differences of two-fold or greater are significant. Because of the 

limitations of the assay, it is difficult to distinguish among potencies < 0.5 nM.16 
bPercentage of remaining compound after 60 min of incubation with human, mice and rat 

microsomes obtained from Tebu-Xenotech in the presence of NADP at 37 ºC.  
cND: not 

determined. 

 

 

Considering the metabolism liability of the adamantane and adamantane-related 

scaffolds,21,22 we evaluated the in vitro stability in human, mice and rat microsomes of 

the new ureas bearing the benzohomoadamantane moiety (Table 1). Within the 

trifluorophenyl series, the substitution of the adamantane nucleus by the 
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benzohomoadamantane scaffold showed an important decrease of the microsomal 

stability (compare 7 vs 13, Table 1). By contrast, in the corresponding oxa-analog, 14, the 

stability seemed to be restored in human, but not in mice neither in rat (compare 13 vs 14, 

Table 1). Moreover, the analog of AR9281, 16, presented very high metabolic liability in 

the three species, as there was found not more than 1% of the remaining compound after 

being incubated with microsomes for 60 minutes (compare AR9281 vs 16, Table 1). 

Finally, within the t-AUCB series, the replacement of the adamantane moiety by the 

benzohomoadamantane scaffold led to similar stability in human microsomes, but to 

lower stability in mice and rat microsomes. Interestingly, in the oxa-analog 21 the stability 

was also maintained in mice microsomes (compare 20 and 21 vs t-AUCB, Table 1). 

Although it seems that the ureas presenting the oxa-benzohomoadamantane moiety were 

more stable in microsomes, taking into account that all these derivatives (14, 17, 18 and 

21) were considerably less potent, this oxa-polycyclic scaffold was abandoned and only 

the ureas featuring the benzohomoadamantane core were further evaluated.  

Overall, the t-AUCB family presented the most favorable properties in terms of potency 

and microsomal stability, and this series was selected for further optimization. As the 

adamantane nucleus contributes to the high lipophilicity of the known sEHI that 

compromises the solubility of these compounds, we next measured the solubility of the 

selected t-AUCB series in a 1% DMSO : 99% PBS buffer solution. As expected, the 

solubility decreases from the adamantane-based t-AUCB to the benzohomoadamantane 

analog 20 (Table 2) likely due to the increase from ten carbon atoms for the adamantane 

nucleus to sixteen for the new polycyclic scaffold. Taking this into account, we decided 

to explore novel substitutions in the R position of the benzohomoadamantane scaffold for 

improving solubility while maintaining or enhancing the potency and the microsomal 

stability of 20. Thus, the methyl group of 20 was replaced by chlorine and fluorine atoms 
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leading to compounds 22 and 23, respectively. The potency, microsomal stability, 

solubility and permeability of both compounds were assessed in order to explore their 

properties (Table 2). 

Satisfactorily, the evaluation of the inhibition activity against the human sEH showed that 

both compounds 22 and 23 were slightly more potent than 20, with IC50 values in the 

same range than t-AUCB. Of note, 22 and 23 presented the same potency inhibiting the 

human, murine and rat enzymes, while t-AUCB was three- and twenty-fold less potent in 

the murine and the rat enzyme, respectively (Table 2).  

Regarding metabolic stability, compounds 22 and 23 presented similar microsomal 

stabilities in human and mice than 20, while were more stable in rat microsomes (Table 

2). Furthermore, the experimental solubility values of these new halogenated compounds 

were determined. In line with a previous work with adamantane derivatives,23 the 

solubility increases when the methyl group is replaced by a halogen atom (compare 20 vs 

22 and 23, Table 2), particularly for the chlorinated compound 22.   

The Caco-2 cell permeability model was used in order to evaluate the permeability of the 

compounds. Apparent permeability values (Papp) were determined from the amount 

permeated through the Caco-2 cell membranes at both apical-basolateral (A-B) and 

basolateral-apical (B-A) direction. Gratifyingly, compounds 20 and 22 presented higher 

permeability values than t-AUCB, being 22 the one that presented the best profile (Table 

2).  

Moreover, the cytotoxicity of 20, 22 and 23 was evaluated in SH-SY5Y cells by 

propidium iodide staining, after 24 h of incubation. None of the compounds showed to be 

cytotoxic at the highest concentration tested (100 M). 
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Cpd 

sEH IC50 (nM)a 
Microsomal 

Stabilityb 

(h / m / r) 

Solubilityc 

(µM) 

Permeability (Caco-2) 
LD50

e 

(µM) 

IC50 

hLOX-5f 

(µM) 

IC50 

hCOX-2g 

(µM) human murine rat Papp (nm/s) ERd 

AB BA 

4, t-

AUCB 
0.5 1.7 8.0h 94 / 92 / 46 25 1.9 210.3 111 NDi ND ND 

20 0.9 9.9 0.4 82 / 28 / 2 4 10 123.7 12.4 >100 >100 >10 

22 0.4 0.4 0.4 89 / 29 / 52 13 21.5 46.6 2.1 >100 >100 >10 

23 0.5 0.5 0.4 77 / 36 / 60 7 0.9 219.1 243.9 >100 >100 >10 

 

Table 2. IC50 in human and murine and rat sEH, microsomal stability, solubility and 

permeability values of the t-AUCB related compounds. aReported IC50 values are the 

average of three replicates. The fluorescent assay as performed here has a standard error 

between 10 and 20% suggesting that differences of two-fold or greater are significant. 

Because of the limitations of the assay it is difficult to distinguish among potencies < 0.5 

Nm.16 bPercentage of remaining compound after 60 min of incubation with human, mice 

and rat microsomes obtained from Tebu-Xenotech in the presence of NADP at 37 ºC. 
cSolubility in a 1% DMSO : 99% PBS buffer solution, see experimental section for 

details. dThe efflux ratio was calculated as ER = (Papp BA) / (Papp AB). See the 

experimental section for further details. esEHI cytotoxicity tested by propidium iodide 

staining after 24h incubation in SH-SY5Y cells. See the experimental section for further 

details. fIC50 in human LOX-5 (hLOX-5). See the experimental section for further details. 
gIC50 in human COX-2 (hCOX-2) performed by Eurofins (catalogue reference 4186). 
hTaken from reference 24. iND: Not determined.  

 

 

Finally, the three inhibitors 20, 22 and 23 were tested for selectivity against hCOX-2 and 

hLOX-5, two enzymes involved in the AA cascade. Neither 20 nor the halogenated 

analogs 22 and 23 significantly inhibited these enzymes (see Table 2). 

Next, considering the best permeability of 20 and 22, both compounds were selected for 

CYPs and hERG inhibition assays. Cytochromes P450 (CYP) inhibition was evaluated 

using human recombinant cytochrome P450 enzymes CYP1A2, CYP2C9, CYP2C19, 

CYP2D6 and CYP3AE, through a fluorescence-detection method. These assays were of 

great interest, not only for the detection of possible drug-drug interactions, but also in 

terms of selectivity, as EETs are formed by several cytochrome P450 epoxygenase 
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isoforms, particularly CYP2C19. Satisfactorily, the tested compounds did not 

significantly inhibit the evaluated cytochromes. We considered acceptable IC50 values 

around 2 µM in the CYP2C19 taking into account that both compounds presented 2000-

fold more potency inhibiting the sEH. 

 

Cpd 

Cytochrome inhibitiona  hERG channel 

inhibition  

(% at 10 µM) 

CYP 

1A2 

CYP  

2C9 

CYP 

 2C19 

CYP 

2D6 

CYP 3A4b 

(BFC) (DBF) 

20  1 ± 2 17 ± 3 1.9 µM 1 ± 1  2 ± 2 14 ± 1 4 

22  14 ± 4 31 ± 3 2.2 µM 11 ± 3  1 ± 2 52 ± 4 44 

 

Table 3. Inhibition (expressed as % of inhibition at 10 µM or IC50) of recombinant human 

cytochromes P450 enzymes and inhibition of the hERG channel (expressed as % of 

inhibition at 10 µM). aThe cytochrome inhibition was tested at 10 µM. IC50 was calculated 

for those compounds that presented >50% of inhibition. bFor the study of CYP3A4, two 

different substrates were used: benzyloxytrifluoromethylcoumarin (BFC) and 

dibenzylfluorescein (DBF).  

 

Regarding the hERG inhibition assay, both compounds inhibited the channel only 4% and 

44% at 10 µM, respectively (Table 3). Overall, both compounds presented high potency 

inhibiting human, murine and rat enzymes, and did not significantly inhibited either 

cytochromes or hERG. Considering the biological profiling of the new sEH inhibitors, 

compounds 20 and 22 were selected as the candidates for the in vivo studies. 

 

In silico study: Molecular basis of benzohomoadamantane-derived soluble epoxide 

hydrolase inhibitors. The incorporation of an aromatic ring into the adamantane scaffold 

can potentially impact the orientation and molecular interactions of 

benzohomodamantane sEHI as compared to adamantane derivatives. To unravel how 
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bulky benzohomodamantene ureas are accommodated in the active site of sEH and to 

understand the molecular basis of their inhibitory mechanism, we performed molecular 

dynamics (MD) simulations for compounds t-AUCB, 20, 22, and 23. The MD simulations 

revealed that the addition of an aromatic ring into the adamantane scaffold of t-AUCB 

triggers conformational rearrangements in the active site and adjacent regions to stabilize 

the aromatic ring of the benzohomoadamantane scaffold. These interactions together with 

a network of hydrogen bonds and π-stacking interactions with the urea and benzoic acid 

moieties are key for retaining the inhibitors in the active site. 

First, we explored the preferred binding mode of the selected sEHI and the flexibility of 

the active site of the sEH-inhibitor complex. The L-shaped active site pocket of sEH 

consists of three regions: the left-hand side (LHS) and the right-hand side (RHS) pockets, 

and a central narrow channel defined by catalytic residues Asp335, Tyr383, and Tyr466 

that connects the LHS and RHS hydrophobic cavities (see Figure 5).25 Previously, we 

showed that the active site of EHs present high plasticity.19,26 Available x-ray structures 

of sEH in complex with adamantyl ureas indicate that the adamanane scaffold can occupy 

both LHS and RHS pockets.27 In the case of t-AUCB (PDB: 5AM3), the inhibitor is 

orientated with the benzoic acid group occupying the RHS, while adamantane sits in the 

LHS (see Figure 5). To corroborate that this is also the preferred orientation for 

benzohomodamantane derivatives, we carried out molecular docking calculations for 

compounds 20, 22, and 23. All the binding poses featuring the urea moiety interacting 

with Asp335 oriented the benzohomoadamantane scaffold in the LHS and the benzoic 

acid in the RHS, as observed in t-AUCB. The LHS pocket presents enough space to 

accommodate the bulky benzohomodamantane scaffold (see Figure 5). To evaluate the 

stability and molecular interactions of the inhibitor in the active site of sEH, we carried 

out three replicas of 250 ns of MD simulations for t-AUCB, 20, 22, and 23 starting from 
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this orientation, i.e. the benzohomoadamantane occupying the LHS pocket. All inhibitors 

show considerable stability and no sign of unbinding or significant reorientations are 

observed along the MD simulation time. To evaluate the impact of the inhibitors on the 

active site conformational plasticity, we monitored the changes on the active site volume 

along the MD simulations (see Figure 5b) using the POcket Volume MEasurer 

(POVME).28 As observed previously, in the apo state, the total volume encompassing 

LHS, RHS and central channel displays wide fluctuations from 70 to 700 Å3 (average 

volume 290 ± 133 Å3).19 When t-AUCB, 20, 22, and 23 compounds are bound in the 

active site, an expansion of the active site volume with respect to the average apo value 

is observed, which becomes stable at around 330-400 Å3 (see Figure 5b and 5c). The 

average volumes determined for the last 150 ns of each MD simulation are 335 ± 33 Å3, 

396 ± 37 Å3,351 ± 25 Å3, and 356 ± 32 Å3 for t-AUCB, 20, 22, and 23, respectively. As 

expected, benzohomadamantane inhibitors show wider active sites than t-AUCB, being 

compound 20, with a bulkier methyl group, the one with the larger volume. All inhibitors 

are able to restrict the conformational plasticity of the active site indicating that they are 

tightly bound. 
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Figure 5. a) Representation of sEH structure (PDB: 5AM3), active site catalytic residues 

(nucleophilic Asp335, Tyr383, Tyr466), and t-AUCB inhibitor. Left-hand side (LHS) 

pocket is colored in orange, right-hand side (RHS) pocked is colored in cyan, and the 

central channel in purple. b) Plot of the fluctuations of the active site volume for the apo 

state (orange line, 290 ± 133 Å3), t-AUCB (purple line, 335 ± 33 Å3), compound 20 (red 

line, 396 ± 37 Å3), compound 22 (blue line, 351 ± 25 Å3), and compound 23 bound (green 

line, 356 ± 32 Å3) along a representative 250 ns MD simulation trajectory. The average 

volumes are calculated for the last 150 ns of the MD simulation. c) Representative sEH 

structure with the active site volume obtained from MD simulations of compound 22.  
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To gain a deeper insight into the molecular basis of the inhibitory mechanism of 

benzohomoadamantane ureas, the non-covalent interactions between the selected 

inhibitors and the active site residues of sEH were analyzed with NCIplot on the most 

visited MD conformations (see Figures 6 and S1).29 First, we analyzed the interactions 

established in the RHS pocket and the central channel where all inhibitors share a 

common scaffold. For t-AUCB, 20, 22, and 23 compounds, the carboxylate unit of the 

benzoic acid group is stabilized by two hydrogen bonds with Ser412 and Ser415 that are 

located at the entrance of the RHS pocket, being the interaction with Ser415 more stable 

along the MD simulations (see Figure 6b). The aromatic ring of the benzoic acid is further 

stabilized in the RHS pocket through π-π stacking interactions by the side chains of 

Trp525 and Phe497. The side chain of Phe497 moves from the solvent to the active site 

to form a network of stable π-π stacking interactions that includes the benzoic acid group 

and the aromatic side chains of residues Trp525, Phe497, and catalytic Tyr383. The urea 

moiety establishes hydrogen bonds with three catalytic residues: Asp335, Tyr383, and 

Tyr466 located in the central channel of the active site pocket. MD simulations show that 

the three hydrogen bonds remain significantly stable along the whole simulation time for 

all inhibitors with no significant differences (see Figure 6c). t-AUCB and 20 are able to 

retain a tighter hydrogen bond (below 3 Å) between the carbonyl of the urea and the OH 

of Tyr466 than halogenated compounds 22 and 23. These results indicate that all 

inhibitors remain stable in the active site pocket forming similar interactions consistent 

with reported IC50 values. Previously, we have shown that less potent inhibitors displayed 

fluctuations in the interactions between the urea motif and the catalytic residues shifting 

the ensemble towards longer distances.19 All inhibitors share a common scaffold on the 

RHS of the urea and MD simulations reported a similar behavior in terms of interactions 

and conformational dynamics in the RHS and central channel regions. The network of 
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hydrogen bonds and π-π stacking interactions is key to retain the inhibitor in the active 

site. 

Significant differences were observed in the LHS pocket, where the 

benzohomoadamantane scaffold is placed. For t-AUCB, 20, 22, and 23 the adamantane 

unit is mostly stabilized by the side chain of Trp336 through stable CH...π interactions 

(see Figure 6d). In all cases, additional hydrophobic interactions with the side chains of 

Met339 and Val498 that wrap the adamantane in the LHS pocket are observed. The 

incorporation of an aromatic ring into the adamantane scaffold of t-AUCB induces a 

series of conformational rearrangements in the active site that further stabilize both the 

adamantane and aromatic groups. In particular, the benzohomoadamantane scaffold is 

reoriented in the beginning of the MD simulations to position the aromatic ring towards 

the amide group of the side chain of Gln384 for establishing NH...π interactions that 

retain the benzohomoadamantane group fixed in the LHS pocket (see Figure 6d). This 

interaction is observed in all MD simulations in the presence of 20, 22, and 23 inhibitors 

and, once formed, remains stable along the whole simulation time. In t-AUCB, the amide 

group of Gln384 forms a network of hydrogen bond interactions with the OH group of 

Tyr383 and the urea moiety that is partially disrupted in the presence of 

benzohomoadamantane. Additionally, Phe381 moves away from the LHS pocket to 

accommodate the aromatic ring of 20, 22, and 23 establishing frequent π-stacking 

interactions. Met468, that in the t-AUCB x-ray structure is pointing towards the solvent, 

moves towards the active site to establish hydrophobic interactions with 

benzohomoadamantane moiety. Finally, the symmetric adamantyl unit in t-AUCB freely 

rotates inside the LHS pocket, while the asymmetry introduced in the 

benzohomoadamantane scaffold limits its rotation by establishing strong permanent 

interactions (see Figure S2). The enthalpic gain of π-stacking and NH...π interactions is 
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compensated by entropic penalty of the reduced rotation. This limited flexibility can pose 

some impediments in the binding pathway of benzohomodamante derivatives. 

 
Figure 6. a) Representative structure of 22 bound in the active site of sEH obtained from 

the most visited conformations along the MD simulations. The benzohomoadamantane 

moiety occupies the LHS pocket while the benzoic acid group lays in the RHS pocket. 

The central urea unit establishes hydrogen bonds with Asp335 (d1), Tyr466 (d2), and 

Tyr383 (d3). b) Most relevant molecular interactions in the RHS. Average distances (in 
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Å) obtained from the last 150 ns of MD simulations are represented. Hydrogen bonds 

between the oxygens of the carboxylate group of 22 and the hydrogen of the OH group 

of Ser412 and Ser415. The π-π stacking average distances are computed between the most 

proximal carbon atoms of each ring. c) Histogram plots of the distance between the 

carboxylic group of the catalytic Asp335 and the amide groups of the inhibitor 

(d1(CγAsp335-NHINH)) and the distance between the carbonyl group of the urea 

inhibitor and the OH group of Tyr466 residue (d2(OHTyr466-OINH)) along the MD 

simulations of t-AUCB (purple), 20 (red), 22 (blue) and 23 (green). d) Most relevant 

molecular interactions in the LHS. Average distances (in Å) obtained from the last 150 

ns of MD simulations are represented. CH...π interaction is calculated between the carbon 

of benzohomoadamantane unit and the most proximal carbon atom of Trp336. The NH...π 

interaction is monitored between the amide hydrogen of Gln384 and the center of the 

aromatic ring of the benzohomoadamantane scaffold. 

 

A significant conformational rearrangement is observed when comparing the 

hydrocarbon-based compounds t-AUCB and 20 with the halogenated compounds 22 (see 

Figure 7) and 23. The loop (493-500) containing Leu499 is significantly displaced from 

the reference x-ray structure in the case of 22 and 23. This rearrangement includes the 

motion of the bulky Leu499 side chain that leaves the active site when halogenated 

compounds are present and the approximation of the carbonyl backbone of Val498 

towards the benzohomoadamante moiety (see Figure 7b and 7c). The hypothesis is that 

the dipole moment generated by halogens F and Cl on the benzohomoadamantane 

scaffold induces a displacement of the loop to favor stabilization with the carbonyl 

backbone of Val498. In the case of t-AUCB and 20, Leu499 remains in the active site 

establishing hydrophobic interactions with the adamantane scaffold (Figure 7b). Similar 

conformational changes in loops located at the vicinity of the active site have been 

described in other EH as key for substrate binding.26 The molecular insight gained from 

MD simulations paves the way towards the rational improvement of 

benzohomoadamantane scaffolds for enhanced inhibition. 
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Figure 7. a) Overlay of two representative structures of t-AUCB (purple) and 22 (blue) 

bound in the active site of sEH. The image indicates the motion of the loop (493-500) 

containing Val498 and Leu499 with a black arrow. The loop is colored in purple for the 

t-AUCB conformation and in blue for the 22 conformation. b) Most visited active site 

conformation with t-AUCB bound, where Leu499 is pointing towards the adamantane 

moiety. c) Most visited active site conformation with 22 bound, where Leu499 is 

displaced from the active site and Val498 carbonyl points towards the 

benzohomodamantane moiety. 

 

Pharmacokinetic studies of selected compounds 20 and 22. The pharmacokinetic 

characterization of 20 and 22 was performed in male C57BL/6 mice by intraperitoneal 

administration of 3 mg/kg of each compound. As shown in Table 4, both compounds 

demonstrated good absorption and elimination characteristics. Notwithstanding, 

compound 22 presented a better profile than 20 considering its larger half-life (5.2 h), 

higher Cmax (3583 ng/mL) and AUC (23328.12 h*ng/mL) and lowest clearance (0.13 

L/h/Kg). Considering its superior pharmacokinetic profile and its better potency and 

solubility (Tables 2 and 4), 22 was selected for conducting the in vivo efficacy study in 

the well-known murine model of cerulein-induced acute pancreatitis (AP).30-32 

 

Cpd Dose 

HL 

(h) 

Tmax 

(h) 

Cmax 

(ng/mL) 

AUClast 

(h*ng/mL) 

AUCINF 

(h*ng/mL) 

Vd 

(L/Kg) 

Cl 

(L/h/Kg) 

20 3 mg/Kg 1.17 0.50 1610 2260.38 2323.36 2.18 1.29 

22 3 mg/Kg 5.2 2 3583.33 22543.28 23328.12 0.96 0.13 
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Table 4: Pharmacokinetic parameters in male C57BL/6 mouse for compounds 20 and 22 

after 3 mg/kg IP administration. See experimental section and Tables S2 and S3 and 

Figures S3 and S4 in the supporting information.  

 

 

In vivo efficacy study. AP is a potentially life-threatening gastrointestinal disease, and 

its incidence has been increasing over the last few decades. The onset of the disease is 

thought to be triggered by intra-acinar cell activation of digestive enzymes that results in 

interstitial edema, inflammation and acinar cell death that often leads to systemic 

inflammation response.30-33 The efficacy of the new sEHI 22 at 0.1 and 0.3 mg/kg was 

assessed in the cerulein-induced AP murine model. The experimental procedure for the 

in vivo efficacy study was followed as described in already published protocols.34 AP was 

induced by twelve intraperitoneal injections of cerulein (or vehicle in the Blank group) at 

1 hour intervals. Fourteen hours after the first injection of cerulein, compound 22 was 

intraperitoneally administered in one injection and, after 24 h of the first injection of 

cerulein, mice were anesthetized and sacrificed by cervical dislocation and pancreas were 

analyzed. 

First, the health status of the animals was analyzed by monitoring their body weight. 

Percentage of body weight change at the end of the study vs body weight at t = 0 h was 

calculated as a gross indicator of mice general status. After food replacement (with the 

last cerulein injection), control animals recovered weight, fact that, as expected, was not 

observed in the cerulein group. In contrast, treated animals with both doses (0.3 and 0.1 

mg/kg) of 22 showed an increment in body weight, although only the group treated at 0.3 

mg/Kg reached statistical significance (p<0.01 vs Cerulein group) (Figure 8).  
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Figure 8. Percentage of body weight change at the end of the study vs t = 0 h. Effect of 

12 consecutive administrations of cerulein (50 μg/kg, IP) and treatment with 22 (single 

dose, 0.3 mg/kg or 0.1 mg/kg, IP) on C57BL/6 male mice body weight. Results are 

expressed as mean ± SEM (n = 3-9). *p<0.05, **p<0.01, ****p<0.0001 vs Cerulein group 

(ANOVA-one way). 

 

In addition, we measured compound concentration in plasma and pancreatic tissue at 10 

hours post-administration. Taking into account that 22 is a subnanomolar inhibitor of the 

murine enzyme, we confirmed that the administration of both doses produced enough 

plasma levels of compound 22 to inhibit the sEH (175 nM for the dosage of 0.3 mg/Kg 

and 14 nM for the dosage of 0.1 mg/Kg). Moreover, compound concentration in pancreas 

was also analyzed showing 29.9 ng/g for the dosage of 0.3 mg/kg, confirming that 22 was 

able to reach the pancreatic tissue. In contrast, no pancreatic levels were detected with the 

administration of 0.1 mg/kg of 22. 

Finally, histologic analysis of pancreas was assessed in order to determine the severity of 

the cerulein-induced pancreatitis and the effect produced by treatment with 22. Pathologic 

changes were studied on H&E-stained pancreas sections from control, cerulein-treated 

and cerulein- and 22-treated mice. As expected, histologic analysis of pancreas showed 

that cerulein control group presented pancreatic damage representative of AP, including 

edema, necrosis and infiltration of inflammatory cells. By contrast, treatment with both 

doses of 22 ameliorated cerulein-induced effects, being the higher dose of 0.3 mg/kg the 
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one that more efficiently reversed the pancreatic damage, edema and neutrophils 

infiltration (Figure 9 and Tables S4-S7 in the supporting information).  

 

Figure 9. Representative H&E-stained sections of the pancreas from the in vivo efficacy 

study. Arrow indicates inflammatory cells and edema.  Bold arrow indicates intracellular 

vacuole. 

 

 

3. Conclusions 

sEH has been identified as a suitable target for several inflammatory diseases. For this 

reason, many adamantane-based and aryl-based sEHI have been designed and two 

selected compounds, AR9281 and EC5026, have reached human clinical trials. In this 

work we have found that the aromatic and adamantane fragment can be merged leading 

to the very versatile benzohomoadamantane scaffold. Therefore, three series of 

compounds replacing the adamantane moiety of AR9281, 7 and t-AUCB by this new 

polycycle have been synthesized and biologically evaluated. The in vitro profiling of 

these sEHI (solubility, cytotoxicity, metabolic stability, CYP450s, hLOX-5, hCOX-2 and 

hERG inhibition) allowed to select a suitable candidate for an in vivo efficacy study in a 

murine model of AP, for which sEHI showed effectiveness at ameliorating this 

condition.19,34-35 The administration of 22 improved the general health status of cerulein-

induced AP mice and significantly reduced pancreatic damage. Hence, the 
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benzohomoadamantane moiety emerges as a suitable hydrophobic scaffold for the design 

of novel sEHIs. The molecular insight provided by MD simulations indicated that sEH 

reshapes the active site pocket to stabilize the aromatic ring of the benzohomoadamantane 

scaffold. Due to the promising results obtained with compound 22, more research around 

benzohomoadamantane-based sEHIs for the treatment of inflammatory and pain related 

diseases is currently ongoing. 

EXPERIMENTAL SECTION 

Chemical Synthesis. General methods. Commercially available reagents and solvents 

were used without further purification unless stated otherwise. Preparative normal phase 

chromatography was performed on a CombiFlash Rf 150 (Teledyne Isco) with pre-

packed RediSep Rf silica gel cartridges. Thin-layer chromatography was performed with 

aluminum-backed sheets with silica gel 60 F254 (Merck, ref 1.05554), and spots were 

visualized with UV light and 1% aqueous solution of KMnO4. Melting points were 

determined in open capillary tubes with a MFB 595010M Gallenkamp. 400 MHz 1H and 

100.6 MHz 13C NMR spectra were recorded on a Varian Mercury 400 or on a Bruker 400 

Avance III spectrometers. 500 MHz 1H and 125.7 13C NMR spectra were recorded on a 

Varian Inova 500 spectrometer. The chemical shifts are reported in ppm (δ scale) relative 

to internal tetramethylsilane, and coupling constants are reported in Hertz (Hz). 

Assignments given for the NMR spectra of selected new compounds have been carried 

out on the basis of DEPT, COSY 1H/1H (standard procedures), and COSY 1H/13C 

(gHSQC and gHMBC sequences) experiments. IR spectra were run on Perkin-Elmer 

Spectrum RX I, Perkin-Elmer Spectrum TWO or Nicolet Avatar 320 FT-IR 

spectrophotometers. Absorption values are expressed as wave-numbers (cm−1); only 

significant absorption bands are given. High-resolution mass spectrometry (HRMS) 

analyses were performed with an LC/MSD TOF Agilent Technologies spectrometer. The 
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elemental analyses were carried out in a Flash 1112 series Thermofinnigan elemental 

microanalyzator (A5) to determine C, H, N and S. The structure of all new compounds 

was confirmed by elemental analysis and/or accurate mass measurement, IR, 1H NMR 

and 13C NMR. The analytical samples of all the new compounds, which were subjected 

to pharmacological evaluation, possessed purity ≥95% as evidenced by their elemental 

analyses. 

1-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(4-(trifluoromethyl)phenyl)thiourea, 9. To a solution of 9-methyl-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine hydrochloride (250 mg, 

0.95 mmol) in DCM  (2 mL), 1-isothiocyanato-4-(trifluoromethyl)benzene (193 mg, 0.95 

mmol) and Et3N (287 mg, 2.84 mmol) were added. The reaction mixture was stirred at 

room temperature overnight and then the solvent was evaporated under vacuum. The 

residue was dissolved in EtOAc (30 mL) and water (20 mL) and phases were separated. 

The aqueous phase was extracted with further EtOAc (2 x 30 mL). The combined organic 

phases were dried over anh. Na2SO4, filtered and concentrated under vacuum to obtain 

369 mg of a yellow solid. The product was washed with Et2O to obtain thiourea 9 (188 

mg, 46% yield) as a white solid, mp 158-159 ºC. IR (NaCl disk): 3283, 2911, 2834, 1615, 

1532, 1493, 1454, 1422, 1324, 120, 1166, 1124, 1067, 1015, 948, 909, 837, 759, 732, 

697, 665 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.95 (s, 3 H, C9-CH3), 1.57 [d, J = 13.6 

Hz, 2 H, 10(13)-Hax], 1.67 (dd, J = 13.2 Hz, J’ = 6.0 Hz, 2 H, 10(13)-Heq], 2.00 (s, 2 H, 

8-H), 2.31-2.40 [c.s., 4 H, 6(12)-H2], 3.12 [broad s, 2 H, 5(11)-H], 6.11 (s, 1 H, C7-NH), 

7.05 [m, 2 H, 1(4)-H], 7.09 [m, 2 H, 2(3)-H], 7.28 [d, J = 8.2 Hz, 2 H, 2’(6’)-H], 7.64 [d, 

J = 8.2 Hz, 2 H, 3’(5’)-H], 7.81 (s, 1 H, C1’-NH). 13C-NMR (100.5 MHz, CDCl3) δ: 32.2 

(CH3, C9-CH3), 33.9 (C, C9), 38.9 [CH2, C6(12)], 40.9 [CH, C5(11)], 41.1 [CH2, 

C10(13)], 47.5 (CH2, C8), 57.7 (C, C7), 123.7 (q, 1JC-F = 272 Hz, C, CF3), 123.8 [CH, 
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C2’(6’)], 126.5 [CH, C2(3)], 127.2 [q, 3JC-F = 3.7 Hz, CH, C3’(5’)], 128.0 [CH, C1(4)], 

128.1 (C, 2JC-F = 33.1 Hz, CH, C4’) 140.1 (C, C1’), 145.8 [C, C4a(11a)], 178.2 (C, CS).       

p-Tolyl (9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)carbamate, 11. To a solution of 9-methyl-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (250 mg, 0.95 mmol) in DCM  (2 mL), p-tolyl chloroformate (194 mg, 

1.14 mmol) and Et3N (287 mg, 2.84 mmol) were added. The reaction mixture was stirred 

at room temperature overnight and then the solvent was evaporated under vacuum. The 

residue was dissolved in EtOAc (30 mL) and water (20 mL) and phases were separated. 

The aqueous phase was extracted with further EtOAc (2 x 30 mL). The combined organic 

phases were dried over anh. Na2SO4, filtered and concentrated under vacuum to obtain 

300 mg of a yellow gum. Column chromatography (SiO2, Hexane/Ethyl Acetate 

mixtures) gave carbamate 11 (46 mg, 14% yield) as a white solid, mp 114-115 ºC. IR 

(NaCl disk): 3330, 3018, 2944, 2919, 2854, 1744, 1591, 1531, 1502, 1452, 1379, 1362, 

1345, 1255, 1214, 1198, 1167, 1137, 1069, 1042, 1014, 987, 948, 900, 825, 757 cm-1. 1H-

NMR (400 MHz, CDCl3) δ: 0.94 (s, 3 H, C9-CH3), 1.56 [d, J = 13.6 Hz, 2 H, 10(13)-

Hax], 1.66 [dd, J = 13.6 Hz, J’ = 6.0 Hz, 2 H, 10(13)-Heq], 1.85 (s, 2 H, 8-H), 2.01 [d, J = 

13.2 Hz, 2 H, 6(12)-Hax], 2.18 [dd, J = 13.2 Hz, J’ = 6.8 Hz, 2 H, 6(12)-Heq], 2.32 (s, 3 

H, C4’-CH3), 3.10 [t, J = 5.6 Hz, 2 H, 5(11)-H], 4.92 (s, 1 H, NH), 6.97-7.00 [dm, J = 8.2 

Hz, 2 H, 2’(6’)-H], 7.06 [cs, 2 H, 1(4)-H], 7.09 [c.s., 2 H, 2(3)-H],  7.12-7.14 [broad d, J 

= 8.2 Hz, 2 H, 3’(5’)-H]. 13C-NMR (100.5 MHz, CDCl3) δ: 20.8 (CH3, Ar-CH3), 32.2 

(CH3, C9-CH3), 33.7 (C, C9), 39.3 [CH2, C6(12)], 40.9 [CH, C5(11)], 41.1 [CH2, 

C10(13)], 47.1 (CH2, C8), 53.8 (C, C7), 121.4 [CH, C2’(6’)], 126.3 [CH, C2(3)], 128.0 

[CH, C1(4)], 129.6 [CH, C3’(5’)], 134.6 (C, C4’), 146.1 [C, C4a(11a)], 148.6 (C, C1’), 

152.4 (C, CO). 
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1-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(2,3,4-trifluorophenyl)urea, 13. To a solution of 9-methyl-5,6,8,9,10,11-hexahydro-

7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine hydrochloride (193 mg, 0.73 mmol) in 

anh. DCM (6.5 mL) were added 2,3,4-trifluorophenyl isocyanate (105 mg, 0.61 mmol) 

and triethylamine (246 mg, 2.43 mmol) under nitrogen atmosphere. The reaction mixture 

was stirred at room temperature overnight and the solvent was evaporated under vacuum. 

Column chromatography (SiO2, hexane/EtOAc mixture) of the crude and concentration 

under vacuum of the appropriate fractions gave urea 13 (38 mg, 13% yield) as a white 

solid, mp 206-207 ºC. IR (ATR) ν: 3331, 2903, 2839, 1654, 1556, 1510, 1473, 1361, 

1344, 1290, 1237, 1174, 1101, 1038, 1019, 1004, 800, 756, 690, 669, 625 cm-1. 1H-NMR 

(500 MHz, CD3OD) δ: 0.94 (s, 3 H, C9-CH3), 1.50 [d, J = 13.5 Hz, 2 H, 10(13)-Hax], 1.69 

[m, 2 H, 10(13)-Heq], 1.77 (s, 2 H, 8-H), 2.10 [m, 2 H, 6(12)-Heq], 2.15 [d, J = 13 Hz, 2 

H, 6(12)-Hax], 3.08 [tt, J = 6 Hz, J’ = 1.5 Hz, 2 H, 5(11)-H], 6.98 (m, 1 H, 5’-H), 7.04 

[broad s, 4 H, 1(4)-H and 2(3)-H], 7.66 (m, 1 H, 6’-H). 13C-NMR (125.7 MHz, CD3OD) 

δ: 32.9 (CH3, C9-CH3), 34.6 (C, C9), 40.6 [CH2, C6(12)], 42.5 [CH, C5(11)], 42.5 [CH2, 

C10(13)], 49.0 (CH2, C8), 54.5 (C, C7), 112.2 (CH, dd, 2JC-F = 17.8 Hz, 3JC-F = 3.9 Hz, 

C5’), 116.6 (CH, C6’), 127.0 (C, dd, 2JC-F = 8.0 Hz, 3JC-F = 2.4 Hz Ar-C1’), 127.4 [CH, 

C2(3)], 129.0 [CH, C1(4)], 141.0 (C, dt, 1JC-F = 247.8 Hz, 2JC-F = 14.9 Hz, Ar-C3’), 143.6 

(C, dd, 1JC-F = 245.7 Hz, 2JC-F = 12.8 Hz, Ar-C4’), 147.3 (C, dd, 1JC-F = 242.6 Hz, 2JC-F = 

10.3Hz, Ar-C2’), 147.6 [C, C4a(C11a)], 156.1(C, CO). MS (DIP), m/z (%); significant 

ions: 400 (M·+, <1), 253 (19), 228 (14), 211 [(C16H19)
+, 16], 172 (23), 155 (54), 149 (56), 

148 (100), 147 (52), 143 (22), 141 (20), 129 (21), 128 (18), 115(16). 

1-(5-methyl-1,5,6,7-hexahydro-1,5:3,7-dimethanobenzo[e]oxonin-3(2H)-yl)-3-

(2,3,4-trifluorophenyl)urea, 14. To a solution of 5-methyl-1,5,6,7-tetrahydro-1,5:3,7-

dimethanobenzo[e]oxonin-3(2H)-amine hydrochloride (250 mg, 0.94 mmol) in anh. 
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DCM (8.5 mL) were added 2,3,4-trifluorophenyl isocyanate (135 mg, 0.78 mmol) and 

triethylamine (316 mg, 3.13 mmol) under nitrogen atmosphere. The reaction mixture was 

stirred at room temperature overnight and the solvent was evaporated under vacuo to 

furnish pure urea 14 as a white solid (205 mg, 54% yield), mp 257-259 ºC. IR (ATR) ν: 

3295, 3241, 3118, 2916, 2173, 1693, 1620, 1564, 1510, 1493, 1468, 1462, 1356, 1345, 

1320, 1302, 1286, 1273, 1254, 1229, 1210, 1181, 1167, 1111, 1091, 1074, 1049, 1035, 

1008, 999, 958, 906, 820, 812, 763, 646 cm-1. 1H-NMR (400 MHz, DMSO-d6) δ: 1.18 (s, 

3 H, C5-CH3), 1.56 [d, J = 13.6 Hz, 2 H, 6(13)-Hb], 1.84 [m, 2 H, 6(13)-Ha], 1.97 [d, J = 

13.2 Hz, 2 H, 2(12)-Hb], 2.20 [m, 2 H, 2(12)-Ha], 3.16 [t, J = 5.5 Hz, 2 H, 1(7)-H], 4.06 

(s, 1 H, C3-NH), 7.14 (complex signal, 5 H, 8(11)-H, 9(10)-H, 5’-H), 7.84 (m, 1 H, 6’-

H), 8.52 (broad s, 1 H, C1’-NH). 13C-NMR (100.6 MHz, DMSO-d6) δ: 31.1 (CH3, C5-

CH3), 37.4 [CH2, C2(12)], 38.1 [CH2, C6(13)], 38.2 [CH, C1(7)], 73.4 (C, C5), 82.7 (C, 

C3), 111.6 (CH, dd, 2JC-F = 17.2 Hz, 3JC-F = 3.5 Hz, C5’), 114.3 (CH, broad s, C6’), 126.0 

(C, dd, 2JC-F = 7.8 Hz, 3JC-F = 3.0 Hz, C1’), 126.5 [CH, C9(10)], 128.2 [CH, C8(11)], 

139.0 (C, dd, 1JC-F = 246 Hz, 2JC-F = 15 Hz, C3’), 141.0 (C, dd, 1JC-F = 248 Hz, 2JC-F = 12 

Hz, C4’), 144.7 (C, dd, 1JC-F = 241 Hz, 2JC-F = 11 Hz, C2’),145.5 [C, C7a(C11a)], 152.3 

(C, CO). MS (DIP), m/z (%); significant ions: 402 (M·+, 48), 171 (13), 170 (34), 169 (21), 

157 (20), 156 (18), 155 (53), 154 (14), 153 (11), 148 (18), 147 [(C6H4F3N)·+, 100], 146 

(53), 145 (15), 143 (25), 142 (21), 141 (23), 131 (12), 130 (15), 129 (65), 128 (46), 127 

(22), 116 (12), 115 (55), 91 (17), 84 (19), 83 (28), 71 (15), 70 (16), 69 (21). HRMS-ESI+ 

m/z [M+H]+ calcd for [C22H21F3N2O2+H]+: 403.1633, found: 403.1631. 

1-(1-acetylpiperidin-4-yl)-3-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea, 16. To a solution of 9-methyl-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine hydrochloride (180 mg, 

0.68 mmol) in DCM (3 mL) and saturated aqueous NaHCO3 solution (2 mL), triphosgene 
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(102 mg, 0.34 mmol) was added. The biphasic mixture was stirred at room temperature 

for 30 minutes and then the two phases were separated, and the organic layer was washed 

with brine (5 mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to 

obtain 1-2 mL of a solution of the isocyanate in DCM. To this solution were added 1-(4-

aminopiperidin-1-yl)ethan-1-one hydrochloride (122 mg, 0.68 mmol) and Et3N (138 mg, 

1.36 mmol). The mixture was stirred overnight at room temperature, diluted with further 

DCM (10 mL) and washed with 2N NaOH solution (2 x 10 mL). Organics were dried 

over anh. Na2SO4, filtered and concentrated under vacuum to obtain a yellow oil (232 

mg). Column chromatography (SiO2, DCM/methanol mixtures) gave urea 16 as a white 

solid (143 mg, 53% yield). The analytical sample was obtained by crystallization from 

hot EtOAc (113 mg), mp 206-207 ºC. IR (NaCl disk): 3359, 3065, 3016, 2938, 2906, 

2860, 1644, 1620, 1555, 1493, 1452, 1360, 1344, 1319, 1267, 1228, 1212, 1136, 1090, 

1049 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.90 (s, 3 H, C9-CH3), 1.13 (dq, J = 12.0 Hz, 

J’ = 4.0 Hz, 1 H, 3’-Hax or 5’-Hax), 1.20 (dq, J = 12.0 Hz, J’ = 4.0 Hz, 1 H, 5’-Hax or 3’-

Hax), 1.52 [d, J = 13.2 Hz, 2 H, 10(13)-Hax], 1.62 [dd, J = 6 Hz, J’ = 12.8 Hz, 2 H, 10(13)-

Heq], 1.80 (s, 2 H, 8-H), 1.85 (m, 1 H, 3’-Heq or 5’-Heq), 1.93 [d, J = 12.8 Hz, 2 H, 6(12)-

Hax], 2.01 (m, 1 H, 5’-Heq or 3’-Heq), 2.06 (s, 3 H, COCH3), 2.12 [dd, J = 12.8 Hz, J’ = 

6.0 Hz, 2 H, 6(12)-Heq], 2.70 (m, 1 H, 6’-Hax or 2’-Hax), 3.02-3.14 [complex signal, 3 H, 

5(11)-H, 2’-Hax or 6’-Hax], 3.68-3.78 (complex signal, 2 H, 4’-H, 2’-Heq or 6’-Heq), 4.41 

(dm, J = 13.6 Hz, 1 H, 6’-Heq or 2’-Heq), 4.62-4.68 (complex signal, 2 H, C7-NH and C4’-

NH), 7.02 [m, 2 H, 1(4)-H], 7.06 [m, 2 H, 2(3)-H]. 13C-NMR (100.5 MHz, CDCl3) δ: 

21.4 (CH3, COCH3), 32.3 (CH3, C9-CH3), 32.4 (CH2, C3’ or C5’), 33.6 (CH2, C5’ or 

C3’), 33.7 (C, C9), 39.9 [CH2, C6(12)], 40.7 (CH2, C6’ or C2’), 41.1 [CH, C5(11)], 41.2 

[CH2, C10(13)], 45.4 (CH2, C2’ or C6’), 46.7 (CH, C4’), 48.0 (CH2, C8), 53.4 (C, C7), 
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126.2 [CH, C2(3)], 128.0 [CH, C1(4)], 146.3 [C, C4a(11a)], 156.4 (C, NHCONH), 169.0 

(C, COCH3). 

1-(1-acetylpiperidin-4-yl)-3-(5-methyl-1,5,6,7-tetrahydro-1,5:3,7-

dimethanobenzo[e]oxonin-3(2H)-yl)urea, 17. To a solution of 5-methyl-1,5,6,7-

tetrahydro-1,5:3,7-dimethanobenzo[e]oxonin-3(2H)-amine hydrochloride (180 mg, 0.68 

mmol) in DCM (3 mL) and saturated aqueous NaHCO3 solution (2 mL), triphosgene (102 

mg, 0.34 mmol) was added. The biphasic mixture was stirred at room temperature for 30 

minutes and then the two phases were separated and the organic one was washed with 

brine (5 mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-

2 mL of a solution of isocyanate in DCM. To this solution were added 1-(4-

aminopiperidin-1-yl)ethan-1-one hydrochloride (122 mg, 0.68 mmol) and Et3N (139 mg, 

1.37 mmol). The mixture was stirred overnight at room temperature, diluted with further 

DCM (10 mL) and washed with 2N NaOH solution (2 x 10 mL). The organic layer was 

dried over anh. Na2SO4, filtered and concentrated under vacuum to obtain a yellow 

residue (206 mg). Column chromatography (SiO2, DCM/methanol mixtures) furnished 

urea 17 as a white solid (135 mg, 49% yield). The analytical sample was obtained by 

crystallization from hot EtOAc (112 mg), mp 208-209 ºC. IR (NaCl disk): 3357, 3054, 

3012, 2969, 2926, 2853, 1646, 1611, 1546, 1492, 1450, 1358, 1324, 1268, 1222, 1156, 

1101, 1088, 1035, 1212, 991, 947, 918, 900, 866, 829, 760, 733, 699 cm-1. 1H-NMR (400 

MHz, CDCl3) δ: 1.26 (s, 3H, C9-CH3), 1.32-1.42 (complex signal, 2 H, 3’-Hax, 5’-Hax), 

1.66-1.67 [complex signal, 4 H, 2-Hax, 12-Hax, 6(13)-Hax], 1.85-1.91 [m, 2 H, 6(13)-Heq], 

1.97 (m, 1 H, 3’-Heq or 5’-Heq), 2.08 (m, 1 H, 5’-Heq or 3’-Heq), 2.10 (s, 3 H, COCH3), 

2.24-2.34 (complex signal, 2 H, 2-Heq, 12-Heq), 2.95 (ddd, J = 3.2 Hz, J’ = 10.8 Hz, 1 H, 

2’-Hax or 6’-Hax), 3.16-3.26 [complex signal, 3 H, 6’-Hax or 2’-Hax, 1(7)-H], 3.72 (m, 1 

H, 2’-Heq or 6’-Heq), 3.89 (m, 1 H, 4’-H), 4.34 (m, 1 H, 2’-Heq or 6’-Heq), 4.78 (s, 1 H, 
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C3-NH), 6.34 (d, J = 7.5 Hz, 1 H, 4’-NH), 7.09-7.15 (complex signal, 4 H, 8-H, 9-H, 10-

H, 11-H). 13C-NMR (100.5 MHz, CDCl3) δ: 21.4 (CH3, COCH3), 31.5 (CH3, C5-CH3), 

32.1 (CH2, C3’or 5’), 33.2 (CH2, C5’ or C3’), 37.4 (CH2, C2 or C12), 37.6 (CH2, C12 o 

C2), 38.4 [CH2, C6 (13)], 38.8 [CH, C1(7)], 40.2 (CH2, C6’ or C2’), 45.0 (CH2, C2’ or 

C6’), 46.5 (CH, C4’), 74.6 (C, C5), 82.6 (C, C3), 126.94 (CH, C9 or C10), 126.96 (CH, 

C10 or C9), 128.38 (CH, C8 or C11), 128.43 (CH, C11 or C8), 144.70 (C, C7a or C11a), 

144.75 (C, C11a or C7a), 156.6 (CO, NHCONH), 168.9 (C, COCH3).  

1-(1-acetylpiperidin-4-yl)-3-(1,5,6,7-tetrahydro-1,5:3,7-dimethanobenzo[e]oxonin-

3(2H)-yl)urea, 18. To a solution of 1,5,6,7-tetrahydro-1,5:3,7-

dimethanobenzo[e]oxonin-3(2H)-amine hydrochloride (300 mg, 1.19 mmol) in DCM 

(6.5 mL) and saturated aqueous NaHCO3 solution (6.3 mL), triphosgene (131 mg, 0.44 

mmol) was added. The biphasic mixture was stirred at room temperature for 30 minutes 

and then the two phases were separated and the organic one was washed with brine (5 

mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-2 mL of 

a solution of isocyanate in DCM. To this solution was added 1-(4-aminopiperidin-1-

yl)ethan-1-one (203 mg, 1.43 mmol) .The mixture was stirred overnight at room 

temperature and the solvent was evaporated under vacuum. Column chromatography 

(SiO2, DCM/Methanol mixtures) gave urea 18 as a white solid (90 mg, 20% yield). The 

analytical sample was obtained by a crystallization from hot Ethyl Acetate/ mixture, mp 

120-121 ºC. IR (ATR): 3340, 2921, 1856, 1730, 1632, 1552, 1493, 1453, 1356, 1327, 

1299, 1274, 1244, 1204, 1122, 1088, 1047, 1025, 993, 947, 970, 907, 801, 760, 729, 643 

cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.33-1.45 (complex signal, 2 H, 3’-Hax, 5’-Hax), 

1.68-1.84 [complex signal, 4 H, 2(12)-Hax, 6(13)-Hax], 1.97 (m, 1 H, 3’-Heq or 5’-Heq), 

2.05-2.13 (complex signal, 4 H, 5’-Heq or 3’-Heq, COCH3), 2.21 [m, 2 H, 6(13)-Heq], 2.40 

[m, 2 H, 2(12)-Heq], 2.87 (ddd, J = 11.2 Hz, J’ = 3.2 Hz, 1 H, 2’-Hax or 6’ H-ax), 3.13-
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3.25 [complex signal, 3 H, 6’-Hax or 2’-Hax, 1(7)-H], 3.74 (dm, J = 13.6 Hz, 1 H, 6’-Heq 

or 2’-Heq), 3.90 (m, 1 H, 4’-H), 4.40 (dm, J = 13.2 Hz, 2’-Heq or 6’-Heq), 4.52 (t, J = 5.6 

Hz, 1 H, 5-H), 4.78 (s, 1 H, 3-NH), 6.14 (d, J = 7.6 Hz, 1 H, 4’-NH), 7.08-7.16 [complex 

signal, 4 H, 8-H, 9-H, 10-H, 11-H]. 13C-NMR (100.5 MHz, CDCl3) δ: 21.4 (CH3, 

COCH3), 32.2 (CH2, C3’ or C5’), 32.5 [CH2, C6(13)], 33.2 (CH2, C5’ or C3’), 38.0 (CH2, 

C2 or C12), 38.3 (CH2, C12 or C2), 38.65 (CH, C7 or C1), 38.69 (CH, C1 or C7), 40.4 

(CH2, C2’ or C6’), 45.2 (CH2, C6’ or C2’), 46.7 (CH, C4’), 71.7 (CH, C5), 80.9 (C, C3), 

126.91 (CH, C9 or C10), 126.93 (CH, C10 or C9), 128.47 (CH, C8 or C11), 128.52 (CH, 

C11 or C8), 145.0 (C, C7a or C11a), 145.1 (C11a or C7a), 156.5 (CO, NHCONH), 168.9 

(CO, COCH3). HRMS: Calcd for [C25H31ClFN3O2+H]+: 460.2162; Found: 460.2165. 

4-[((1r,4r)-4-(3-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)ureido)cyclohexyl)oxy]benzoic acid, 20. To a 

solution of 9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-

7-amine hydrochloride (200 mg, 0.76 mmol) in DCM (3.5 mL) and saturated aqueous 

NaHCO3 solution (2.2 mL) was added triphosgene (113 mg, 0.38 mmol). The biphasic 

mixture was stirred at room temperature for 30 minutes and then the two phases were 

separated, and the organic layer was washed with brine (5 mL), dried over anh. Na2SO4, 

filtered and evaporated under vacuum to obtain 1-2 mL of a solution of isocyanate in 

DCM. To this solution were added 4-[((1r,4r)-4-aminocyclohexyl)oxy]benzoic acid 

hydrochloride (206 mg, 0.76 mg), Et3N (153 mg, 1.51 mmol) and DMF (5 mL). The 

mixture was stirred overnight at room temperature. The resulting suspension was 

evaporated, and the residue was suspended in DCM (20 mL) and washed with 2N HCl 

solution (2 x 10 mL). The resulting organic suspension was filtered, and the filtrate was 

dried over anh. Na2SO4, filtered and concentrated under vacuum to give a white gum. 

Crystallization from hot EtOAc provided benzoic acid 20 as a white solid (55 mg, 16% 
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yield), mp 182-183ºC. IR (NaCl disk): 3335, 2921, 2855, 1692, 1681, 1642, 1632, 1602, 

1564, 1537, 1504, 1494, 1469, 1453, 1419, 1360, 1307, 1248, 1163, 1122, 1096, 1969 

cm-1. 1H-NMR (400 MHz, MeOD) δ: 0.91 (s, 3 H, C9-CH3), 1.31 [m, 2 H, 3’(5’)-Hax], 

1.47 [broad d, J = 13.2 Hz, 2 H, 10’’(13’’)-Hax], 1.53 [m, 2 H, 2’(6’)-Hax], 1.66 [dd, J = 

12.8 Hz, J’ = 6.4 Hz, 2 H, 10’’(13’’)-Heq], 1.70 (s, 2 H, 8’’-H), 1.96 [m, 2 H, 3’(5’)-Heq], 

2.00-2.11 [complex signal, 6 H, 2’(6’)-Heq, 6’’(12’')-H2], 3.05 [t, J = 5.6 Hz, 2 H, 

5’’(11’’)-H], 3.48 (m, 1 H, 4’-H), 4.38 (m, 1 H, 1’-H), 6.95 [m, 2 H, 3(5)-H], 7.02-7.03 

[complex signal, 4 H, 1’’(2’)-H, 3’’(4’’)-H], 7.93 [m, 2 H, 2(6)-H]. 13C-NMR (100.5 

MHz, MeOD) δ: 31.2 [CH2, C2’(6’)], 31.7 [CH2, C3’(5’)], 32.9 (CH3, C9’’-CH3), 34.5 

(C, C9’’), 41.0 [CH2, C6’’(12’’)], 42.6 [CH, C5’’(11’’)], 42.6 [CH2, C10’’(13’’) or CH, 

C5’’(11’’)], 48.7 (CH, C4’), 49.3 (CH2, C8’’), 54.1 (C, C7’’), 76.0 (CH, C1’), 116.1 [CH, 

C3(5)], 123.8 (C, C1), 127.3 [CH, C2’’(3’’)], 128.9 [CH, C1’’(4’’)], 132.9 [CH, C2(6)], 

147.7 [C, C4a’’(11a’’)], 159.5 (C, NHCONH), 163.3 (C, C4), 169.8 (C, CO2H). 

4-[((1r,4r)-4-(3-(5-methyl-1,5,6,7-tetrahydro-1,5:3,7-dimethanobenzo[e]oxonin-

3(2H)-yl)ureido)cyclohexyl)oxy]benzoic acid, 21. To a solution of 5-methyl-1,5,6,7-

tetrahydro-1,5:3,7-dimethanobenzo[e]oxonin-3(2H)-amine hydrochloride (200 mg, 0.75 

mmol) in DCM (3.5 mL) and saturated aqueous NaHCO3 solution (2.2 mL) was added 

triphosgene (113 mg, 0.38 mmol). The biphasic mixture was stirred at room temperature 

for 30 minutes and then the two phases were separated, and the organic layer was washed 

with brine (5 mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to 

obtain 1-2 mL of a solution of isocyanate in DCM. To this solution were added 4-

[((1r,4r)-4-aminocyclohexyl)oxy]benzoic acid hydrochloride (206 mg, 0.76 mg) and 

Et3N (153 mg, 1.52 mmol) and DMF (5 mL). The mixture was stirred overnight at room 

temperature. The resulting suspension was evaporated to obtain a white solid, which was 

suspended in DCM (20 mL) and washed with 2N HCl solution (2 x 10 mL). The resulting 
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organic suspension was filtered to afford benzoic acid 21 as white solid (200 mg, 54% 

yield), mp 220-222 ºC. IR (NaCl disk): 3352, 2626, 1678, 1601, 1558, 1506, 1454, 1373, 

1343, 1312, 1288, 1247, 1221, 1161, 1104, 1029, 997, 953, 776 cm-1. 1H-NMR (400 

MHz, DMSO) δ: 1.14 (s, 3 H, C5-CH3), 1.30 [q, J = 11.6 Hz, 2 H, 3’(5’)-Hax], 1.41-1.54 

(complex signal, 4 H, 2’(6’)-Hax, 6’’(13’’)-Hax], 1.76-1.87 [complex signal, 6 H, 3’(5’)-

Heq, 2’’(12’’)-Hax, 6’’(13’’)-Heq], 2.01 [d, J = 9.2 Hz, 2 H, 2’(6’)-Heq], 2.19 [dd, J = 6 Hz, 

J’ = 12.8 Hz, 2 H, 2’’(12’’)-Heq], 3.12 [t, J = 6.0 Hz, 1’’(7’’)-H], 3.41 (m, 1 H, 4’-H), 

4.45 (m, 1 H, 1’-H), 5.97 (d, J = 7.6 Hz, 1 H, 4’-NH), 6.11 (s, 1 H, 3’’-NH), 7.01 [d, J = 

8.4 Hz, 2 H, 3(5)-H], 7.08-7.14 [complex signal, 4 H, 8’’(11’’)-H, 9’’(10’’)-H], 7.85 [d, 

J = 8.4 Hz, 2 H, 2(6)-H], 12.55 (broad s, 1 H, COOH). 13C-NMR (100.5 MHz, DMSO) 

δ: 29.5 [CH2, C2’(6’)], 30.1 [CH2, C3’(5’)], 31.2 (CH3, C5-CH3), 37.5 [CH2, C2’’(12’’)], 

38.3 [2 signals, CH2, C6’’(13’’), and CH, C1’’(7’’)], 46.6 (CH, C4’), 73.0 (C, C5’’), 74.2 

(CH, C1’), 82.2 (C, C3’’), 115.1 [CH, C3(5)], 122.6 (C, C1), 126.4 [CH, C9’’(10’’)], 

128.1 [CH, C8’’(11’’)], 131.4 [CH, C2(6)], 145.6 (C, C7a’’(11a’’)], 155.8 (C, 

NHCONH), 161.1 (C, C4), 167.0 (C, CO2H). HRMS calcd for [C29H35N2O5+H]+: 

491.254 Found: 491.254. 

4-[((1r,4r)-4-(3-(9-chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)ureido)cyclohexyl)oxy]benzoic acid, 22. To a 

solution of 9-chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-

7-amine hydrochloride (180 mg, 0.63 mmol) in DCM (3 mL) and saturated aqueous 

NaHCO3 solution (2 mL), triphosgene (69 mg, 0.23 mmol) was added. The biphasic 

mixture was stirred at room temperature for 30 minutes and then the two phases were 

separated and the organic one was washed with brine (3 mL), dried over anh. Na2SO4, 

filtered and evaporated under vacuum to obtain 1-2 mL of a solution of isocyanate in 

DCM. To this solution were added DMF (4 mL), 4-(((1r,4r)-4-
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aminocyclohexyl)oxy)benzoic acid hydrochloride (171 mg, 0.63 mmol) and Et3N (127 

mg, 1.26 mmol). The mixture was stirred overnight at room temperature and the solvent 

was then evaporated. The residue was dissolved in DCM (5 mL) and washed with 2N 

HCl (3 mL). The organic phase was dried over anh. Na2SO4, filtered and evaporated under 

vacuum to obtain benzoic acid 22 (217 mg, 67% yield) as a yellow residue. The analytical 

sample was obtained by a crystallization from hot Ethyl Acetate/Pentane mixtures, mp 

201-202 ºC. IR (ATR): 3355, 3299, 2932, 2856, 1697, 1682, 1631, 1605, 1555, 1498, 

1469, 1452, 1428, 1406, 1373, 1357, 1322, 1301, 1253, 1163, 1100, 1077, 1041, 1027, 

1013, 977, 946, 905, 844, 804, 772, 753, 695, 643, 634, 608 cm-1. 1H-NMR (400 MHz, 

MeOD) δ: 1.32 [m, 2 H, 3’(5’)-Hax], 1.54 [m, 2 H, 2’(6’)-Hax], 1.93-2.02 [complex signal, 

4 H, 3’(5’)-Heq, 6’’(12’’)-Hax], 2.03-2.15 [complex signal, 4 H, 2’(6’)-Heq, 10’’(13’’)-

Hax], 2.15-2.24 [m, 2 H, 6’’(12’’)-Heq], 2.35-2.41 [m, 2 H, 10’’(13’’)-Heq], 2.43 (s, 2 H, 

8’’-H), 3.17 [t, J = 6.0 Hz, 2 H, 5’’(11’’)-H], 3.49 (m, 1 H, 4’-H), 4.37 (m, 1 H, 1’-H), 

6.95 [d, J = 8.6 Hz, 2 H, 3(5)-H], 7.04-7.12 [complex signal, 4 H, 1’’(4’’)-H, 2’’(3’’)-H], 

7.94 [d, J = 8.6 Hz, 2 H, 2(6)-H]. 13C-NMR (100.5 MHz, MeOD) δ: 31.1 [CH2, C2’(6’)], 

31.6 [CH2, C3’(5’)], 40.0 [CH2, C6’’(12’’)], 42.7 [CH, C5’’(11’’)], 46.0 [CH2, 

C10’’(13’’)], 48.7 (CH, C4’’), 52.1 (CH, C8’’), 56.3 (C, C7’’), 70.5 (C, C9’’), 76.0 (CH, 

C1’), 116.1 [CH, C5(3)], 123.9 (C, C1), 127.9 [CH, C2’’(3’’)], 129.1 [CH, C1’’(4’’)], 

132.9 [CH, C2(6)], 146.3 [C, C4a’’(11a’’)], 159.2 (C, NHCONH), 163.2 (C, C4), the 

signal from CO2H was not observed. HRMS: Calcd for [C29H33ClN2O4-H]-: 507.2056; 

Found: 507.2057. 

 4-[((1r,4r)-4-(3-(9-fluoro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)ureido)cyclohexyl)oxy]benzoic acid, 23. To a 

solution of 9-fluoro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-

7-amine hydrochloride (180 mg, 0.67 mmol) in DCM (3 mL) and saturated aqueous 
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NaHCO3 solution (2 mL), triphosgene (74 mg, 0.25 mmol) was added. The biphasic 

mixture was stirred at room temperature for 30 minutes and then the two phases were 

separated and the organic one was washed with brine (3 mL), dried over anh. Na2SO4, 

filtered and evaporated under vacuum to obtain 1-2 mL of a solution of isocyanate in 

DCM. To this solution were added DMF (4 mL), 4-[((1r,4r)-4-

aminocyclohexyl)oxy]benzoic acid hydrochloride (182 mg, 0.67 mmol) and Et3N (136 

mg, 1.34 mmol). The mixture was stirred overnight at room temperature and the solvent 

was then evaporated. The residue was dissolved in DCM (5 mL) and washed with 2N 

HCl (3 mL). The organic phase was dried over anh. Na2SO4, filtered and evaporated under 

vacuum to obtain benzoic acid 23 (240 mg, 72% yield) as a yellow residue. The analytical 

sample was obtained by a crystallization from hot Ethyl Acetate/Pentane mixtures, mp 

253-254 ºC. IR (ATR): 3325, 2929, 2859, 1682, 1629, 1606, 1558, 1511, 1424, 1359, 

1317, 1282, 1251, 1221, 1165, 1104, 1090, 1003, 938, 851, 772, 697, 642 cm-1. 1H-NMR 

(400 MHz, MeOD) δ: 1.31 [dq, J = 3.2 Hz, J’ = 13.2 Hz, 2 H, 3’(5’)-Hax], 1.54 [dq, J = 

3.2 Hz, J’ = 12.8 Hz, 2 H, 2’(6’)-Hax], 1.81 [d, J = 12 Hz, 2 H, 10’’(13’’)-Hax)], 1.93-2.02 

[complex signal, 4 H, 3’(5’)-Heq, 6’’(12’’)-Hax], 2.07-2.19 [complex signal, 8 H, 2’(6’)-

Heq, 4-H, 6’’(12’’)-Heq, 10’’(13’’)-Heq], 3.23 [t, 2 H, J = 7.2 Hz, 5’’(11’’)-H], 3.49 (m, 1 

H, 4’-H), 4.37 (m, 1 H, 1’-H), 6.95 [d, J = 8.8 Hz, 2 H, 3(5)-H], 7.09 [broad s, 4 H, 

1’’(4’’)-H, 2’’(3’’)-H], 7.94 [d, J = 8.8 Hz, 2 H, 2(6)-H]. 13C-NMR (100.5 MHz, MeOD) 

δ: 31.1 [CH2, C2’(6’)], 31.6 [CH2, C3’(5’)], 40.4 [CH2, d, 4JC-F = 1.9 Hz, C6’’(12’’)], 

41.1 [CH, d, 3JC-F = 13.3 Hz, C5’’(11’’)], 41.4 [CH2, d, 2JC-F = 20 Hz, C10’’(13’’)], 47.9 

(CH2, d, 2JC-F = 17.9, C8’’), 48.7 (CH, C4’), 57.6 (C, d, 3JC-F = 11.2 Hz, C7’’), 76.0 (CH, 

C1’), 95.4 (C, d, 1JC-F = 177 Hz, C9’’), 116.1 [CH, C3(5)], 123.9 (C, C1), 127.9 [CH, 

C2’’(3’’)], 129.1 [CH, C1’’(C4’’)], 132.8 [CH, C2(6)], 146.4 [C, C4a’’(11a’’)], 159.2 (C, 
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NHCONH), 163.2 (C, C4), 169.8 (C, CO2H). HRMS: Calculate for [C29H33FN2O4-H]-: 

491.2352; Found: 491.2334. 

Determination of IC50 sEH inhibitors in human, murine and rat purified sEH. IC50 

is the concentration of a compound that reduces the sEH activity by 50%. The IC50 values 

reported herein were determined using a fluorescent based assay (CMNPC as substrate).16 

The fluorescent assay was used with purified recombinant human, mouse or rat sEH 

proteins. The enzymes were incubated at 30 °C with the inhibitors ([I]final = 0.4 – 100,000 

nM) for 5 min in 100 mM sodium phosphate buffer (200 µL, pH 7.4) containing 0.1 

mg/mL of BSA and 1% of DMSO. The substrate (CMNPC) was then added ([S]final = 5 

µM). Activity was assessed by measuring the appearance of the fluorescent 6-

methoxynaphthaldehyde product (λex = 330 nm, λem = 465 nm) every 30 seconds for 10 

min at 30 °C on a SpectraMax M2 (Molecular Devices). Results were obtained by 

regression analysis from a linear region of the curve. All measurements were performed 

in triplicate and the mean is reported. t-TUCB, a classic sEHI, was run in parallel and the 

obtained IC50s were corroborated with reported literature values,36 to validate the 

experimental results. 

In silico study. Molecular Dynamics Simulations Details. The parameters for t-AUCB, 

20, 22 and 23, for the MD simulations were generated within the ANTECHAMBER 

module of AMBER 1837 using the general AMBER force field (GAFF),38 with partial 

charges set to fit the electrostatic potential generated at the HF/6-31G(d) level by the 

RESP model.39 The charges were calculated according to the Merz-Singh-Kollman 

scheme40-41 using Gaussian 09.42 

MD simulations of sEH were carried out using PDB 5AM3 (crystallized with t-AUCB)27 

as a starting point. For the MD simulations in the apo state the t-AUCB was removed 
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from the active site. The benzohomodamanatane derivatives corresponding to 20, 22, and 

23 were manually prepared using t-AUCB structure as starting point. Molecular docking 

calculations using the SwissDock software were carried out to assess the preferred 

orientation of 20, 22, and 23.43-44 From these coordinates, conventional MD simulations 

were used to explore the conformational plasticity of sEH in the apo state and in the 

presence of t-AUCB, 20, 22, and 23 bound in the active site. Amino acid protonation 

states were predicted using the H++ server (http://biophysics.cs.vt.edu/H++). The MD 

simulations have been carried with the following protonation of histidine residues: 

HIE146, HIE239, HIP251, HID265, HIP334, HIE420, HIE506, HIE513, HIE518, and 

HIP524.   

Each system was immersed in a pre-equilibrated truncated octahedral box of water 

molecules with an internal offset distance of 10 Å. All systems were neutralized with 

explicit counterions (Na+ or Cl-). A two-stage geometry optimization approach was 

performed. First, a short minimization of the positions of water molecules with positional 

restraints on solute by a harmonic potential with a force constant of 500 kcal mol-1 Å-2 

was done. The second stage was an unrestrained minimization of all the atoms in the 

simulation cell. Then, the systems were gently heated in six 50 ps steps, increasing the 

temperature by 50 K each step (0-300 K) under constant-volume, periodic-boundary 

conditions and the particle-mesh Ewald approach45 to introduce long-range electrostatic 

effects. For these steps, a 10 Å cut-off was applied to Lennard-Jones and electrostatic 

interactions. Bonds involving hydrogen were constrained with the SHAKE algorithm.46 

Harmonic restraints of 10 kcal mol-1 were applied to the solute, and the Langevin 

equilibration scheme was used to control and equalize the temperature.47 The time step 

was kept at 2 fs during the heating stages, allowing potential inhomogeneities to self-

adjust. Each system was then equilibrated for 2 ns with a 2 fs timestep at a constant 

http://biophysics.cs.vt.edu/H++


 

                 ( 41 )      287 

pressure of 1 atm (NPT ensemble). Finally, conventional MD trajectories at constant 

volume and temperature (300 K) were collected. In total, three replicas of 250 ns MD 

simulations for sEH in the apo state and in the presence of t-AUCB, 20, 22, and 23. 

Gathering a total of 3.75 s of MD simulation time. Each MD simulation was clusterized 

based on active site residues and the structures corresponding to the most populated 

clusters were used in the non-covalent interactions analysis. 

 

Microsomal stability. The human, rat and mice recombinant microsomes employed were 

purchased from Tebu-Xenotech. The compound was incubated at 37 ºC with the 

microsomes in a 50 mM phosphate buffer (pH = 7.4) containing 3 mM MgCl2, 1 mM 

NADP, 10 mM glucose-6-phosphate and 1 U/mL glucose-6-phosphate-dehydrogenase. 

Samples (75 µL) were taken from each well at 0, 10, 20, 40 and 60 min and transferred 

to a plate containing 4 °C 75 µL acetonitrile and 30 µL of 0.5% formic acid in water were 

added for improving the chromatographic conditions. The plate was centrifuged (46000 

g, 30 min) and supernatants were taken and analyzed in a UPLC-MS/MS (Xevo-TQD, 

Waters) by employing a BEH C18 column and an isocratic gradient of 0.1% formic acid 

in water: 0.1% formic acid acetonitrile (60:40). The metabolic stability of the compounds 

was calculated from the logarithm of the remaining compounds at each of the time points 

studied. 

Solubility. A 10 mM stock solution of the compound was serially diluted in 100% DMSO 

and 1 µL of this solution was added to a 384-well UV-transparent plate (Greiner) 

containing 99 µL of PBS. The plate was incubated at 37 °C for 2 h and the light scattering 

was measured in a Nephelostar Plus reader (BMG LABTECH). The data was fitted to a 

segmented linear regression for measuring the compound solubility. 
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Permeability. The Caco-2 cells were cultured to confluency, trypsinized and seeded onto 

a 96-filter transwell insert (Corning) at a density of ~10,000 cells/well in DMEM cell 

culture medium supplemented with 10% Foetal Bovine Serum, 2 mM L-Glutamine and 

1% penicillin/streptomycin. Confluent Caco-2 cells were subcultured at passages 58-62 

and grown in a humidified atmosphere of 5% CO2 at 37ºC. Following an overnight 

attachment period (24 h after seeding), the cell medium was replaced with fresh medium 

in both the apical and basolateral compartments every other day. The cell monolayers 

were used for transport studies 21 days post seeding. The monolayer integrity was 

checked by measuring the transepithelial electrical resistance (TEER) obtaining values ≥ 

500 Ω/cm2. On the day of the study, after the TEER measurement, the medium was 

removed and the cells were washed twice with pre-warmed (37 ºC) Hank's Balanced Salt 

Solution (HBSS) buffer to remove traces of medium. Stock solutions were made in 

dimethyl sulfoxide (DMSO), and further diluted in HBSS (final DMSO concentration 

1%). Each compound and reference compounds (Colchicine, E3S) were all tested at a 

final concentration of 10 μM. For A → B directional transport, the donor working solution 

was added to the apical (A) compartment and the transport media as receiver working 

solution was added to the basolateral (B) compartment. For B → A directional transport, 

the donor working was added to the basolateral (B) compartment and transport media as 

receiver working solution was added to the apical (A) compartment. The cells were 

incubated at 37 ºC for 2 hours with gentle stirring.  

At the end of the incubation, samples were taken from both donor and receiver 

compartments and transferred into 384-well plates and analyzed by UPLC-MS/MS. The 

detection was performed using an ACQUITY UPLC /Xevo TQD System. After the assay, 

Lucifer yellow was used to further validate the cell monolayer integrity, cells were 



 

                 ( 43 )      289 

incubated with LY 10μM in HBSS for 1hour at 37ºC, obtaining permeability (Papp) 

values for LY of ≤ 10 nm/s confirming the well-established Caco-2 monolayer. 

Cytotoxicity in SH-SY5Y cells. Cytotoxicity was evaluated in the human neuroblastoma 

SH-SY5Y cell line (ATCC Number: CRL-2266). Cells were cultured in Minimum 

Essential Medium / Ham’s-F12 (1:1, v/v) medium, supplemented with non-essential 

amino acids, 10% fetal bovine serum, 1 mM glutamine and 50 µg/ml gentamycin (all 

reagents from Gibco, Invitrogen). For experiments, cells were seeded at 3×105 cells/ml 

(100 µl/well) in 96-well plates (Nunc). After 24 h, the testing compounds were added 

concentrate to triplicate wells to obtain the final different concentrations up to 100 µM. 

Compounds were incubated for further 24 h. At termination, cytotoxicity was analysed 

by the propidium iodide (PI) fluorescence stain assay. All compounds were tested in three 

independent experiments using different cell passages. The PI assay measures cell death. 

PI enters into the cells with damaged membranes and greatly increases the fluorescence 

by binding to DNA. PI reagent (Molecular Probes) at the final concentration of 7.5 µg/ml 

was added to the cells and incubated for 1 h. The resulting fluorescence was measured by 

a Gemini XPS Microplate reader (Millipore) at 530 nm excitation and 645 nm emission. 

Percentage of cell death induced by the treatments was calculated from to the fluorescence 

of treated cells (Ft) relative to that of control cells (Fmin) and cells incubated with Triton 

X100 (Fmax) as the 0% and 100% cell death, respectively [% = ((Ft-Fmin)/(Fmax-Fmin)) 

x 100]. 

Inhibition of human lipoxygenase-5 (hLOX-5). AA and 2’,7’-

dichlorodihydrofluorescein diacetate (H2DCFDA) were obtained from Sigma. Human 

recombinant LOX-5 was purchased from Cayman Chemical. For the determination of 

hLOX-5 activity, the method described by Pufahl et al. was followed.48 The assay 

solution consisted of 50 mM Tris (pH 7.5), 2 mM EDTA, 2 mM CaCl2, 3 μM AA, 10 μM 
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ATP, 10 μM H2DCFDA and 100 mU/well hLOX-5. For the enzyme inhibition studies 

the compounds to be tested were added to the assay solution prior to AA and ATP and 

were preincubated for a period of 10 min at room temperature, after which AA and ATP 

were added. The enzymatic reaction was carried out for 20 min and terminated by the 

addition of 40 µL of acetonitrile. The fluorescence measurement, 485 nm excitation and 

520 nm emission, was performed on a FLUOstar OPTIMA (BMG LABTECH, 

Offenburg, Germany.). The IC50 is defined as the concentration of compound that inhibits 

enzymatic activity by 50% over the untreated enzyme control. 

Pharmacokinetic study. 24 male C57BL/6 mice (21 grams aprox.) were supplied by 

Envigo (Barcelona, Spain) (Ref. 15131). During the experimental procedure animals 

were identified with permanent marker (tail code numbers). Plasma samples were 

obtained at 0, 0.25, 0.5, 1, 2, 4, 6, and 24 hours post-dosing. Upon arrival, animals were 

housed in groups of 3 animals/cage in polycarbonate maintenance cages (type IIL; 365 x 

207 x 140 mm, with a surface area of 530 cm2) with absorbent bedding (Lignocel, JRS). 

Animals were kept in an environmentally controlled room (ventilation 10-15 air changes 

per hour, temperature 22 ± 3ºC and humidity 35-70%) on a 12-h light/dark cycle. A period 

of at least 5 days of observation and acclimatization underwent between the date of arrival 

and the start of the procedure. During this period, the animals were observed to check 

their general health state. The maintenance diet was supplied by Harlan Interfauna Ibérica 

S.L. (2014 Harlan Teklad Global Diets) and was provided to the animals ad libitum. Diet 

was analyzed by the manufacturer to detect possible contaminants. Tap water was 

supplied by CASSA (Servei d’Aigües de Sabadell) and was provided to the animals by 

bottles ad libitum. The animals were maintained in accordance with European Directive 

for the Protection of Vertebrate Animals Used for Experimental and other Scientific 

Purposes (86/609/EU). Decree 214/1997 of 30th July. Ministry of Agriculture, Livestock 
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and Fishing of the autonomous government of Catalonia, Spain. Royal Decree 53/2013 

of 1st February (Spain) Animal care including environmental and housing conditions 

conformed to the applicable Standard Operating Procedures regarding laboratory animals 

of Draconis Pharma S.L. All the experimental procedures were approved by the Animal 

Experimentation Ethical Committee of Universitat Autònoma de Barcelona (procedure 

number: 3718) and by the Animal Experimentation Commission of the Generalitat de 

Catalunya (Catalan Government) (DAAM:9590). Formulations were prepared the day of 

the study. Vehicle was 10% of 2-hydroxypropyl-β- cyclodextrin, (CAS 128446-35-5) 

Sigma-Aldrich (Ref.332607-25G). 21 mice were intraperitoneally administered with a 

single dose of 3 mg/kg of 22. The volume of administration was 10 mL/kg. Animals were 

weighed before each administration to adjust the required volume. Blood samples were 

collected at different times post administration: 0, 0.25, 0.5, 1, 2, 4, 6 and 24 h. Three 

mice were not administered and referred as t = 0. Blood samples (0.5-0.8 mL) were 

collected from anesthetized animals with isoflurane by cava vein puncture in tubes 

containing K2-EDTA 5%. Blood samples were centrifuged at 10.000 rpm for 5 min to 

obtain plasma that were stored at -20 ºC until analysis. Analytical measurements were 

performed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). 

Pharmacokinetics parameters were calculated with Phoenix 64 (WinNonlin). 

In vivo efficacy study. Forty-one male C57BL/6 mice (eight week-old; approximately 

24 g) were supplied by Envigo (Barcelona, Spain) (Ref.16512). During the experimental 

procedure, animals were identified with permanent marker (tail code numbers). Upon 

arrival, animals were housed in groups of 8-9 animals/cage in polysulfone maintenance 

cages (480 x 265 x 210 mm, with a surface area of 940 cm2), with wire tops and wood 

chip bedding. Animals were kept in an environmentally controlled room (ventilation, 

temperature 22 ± 2ºC and humidity 35-65%) on a 12-h light/dark cycle. A period of 7 
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days of acclimatization underwent between the date of arrival and the start of the 

procedure. During this period, the animals were observed to check their general health 

state. The maintenance diet was supplied by Harlan Interfauna Ibérica S.L. (2018 Harlan 

Teklad Global Diets). Diet will be provided to the animals ad libitum, but they were fasted 

overnight before first cerulein injection, and food was replaced after last cerulein 

injection. Tap water was supplied by CASSA (Servei d’Aigües de Sabadell) ad libitum. 

The animals were maintained in accordance with European Directive for the Protection 

of Vertebrate Animals Used for Experimental and other Scientific Purposes (86/609/EU). 

Decree 214/1997 of 30th July. Ministry of agriculture, livestock and fishing of the 

Autonomous Government of Catalonia, Spain. Royal Decree 53/2013 of 1st February 

(Spain). All the experimental procedures were approved by the Ethical Committee on 

human and animal experimentation (CEEAH) of Universitat Autònoma de Barcelona 

(UAB) (procedure number: 4107) and by the Animal Experimentation Commission of 

the Generalitat de Catalunya (Catalan Government) (DAAM: 10146). The test item was 

dissolved in vehicle 10% 2-hydroxypropyl-β-cyclodextrin (CAS 128446-35-5) Sigma-

Aldrich (Ref.332607). Vehicle was prepared the day before and kept at 4 ºC. Pancreatitis 

induction: Mice (n=41) were weighed, identified by a distinct number at the base of the 

tail and fasted overnight. Cerulein (cerulein and cerulein + 22 groups) (50 μg/kg, prepared 

in 0.9% NaCl) or vehicle (0.9% NaCl) (Control group) were intraperitoneally injected 

(V= 5 mL/kg) 12 consecutive times, at 1-hour intervals (h=0-11). Food was replaced after 

last injection. A satellite experiment was designed where animals (n=3) were distributed 

in control, cerulein and cerulein + 22-treated groups. Pancreatitis was induced by 7 

injections of cerulein (or vehicle in control group) at 1-hour intervals (h=0-6).  

Treatments: Test item was administered intraperitoneally in one injection to 22_03 (0.3 

mg/kg) and 22_01 (0.1 mg/kg) groups at 14-hour after the first cerulein injection. Animals 
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from control and group received vehicle administration (10% 2- hydroxypropyl-β-

cyclodextrin) (V= 10mL/kg). Extra groups were treated 2-hour after the first cerulein 

injection: 22 (0.3 mg/kg), control and cerulein group (10% 2-hydroxypropyl-β-

cyclodextrin).  Study end: 24 h after the first cerulein injection, animals were weighed 

and anesthetized with isoflurane. Blood was collected from vena cava in an eppendorf 

containing K2-EDTA and centrifuged at 10000 rpm for 5 minutes for plasma collection. 

Plasma was stored at -80ºC until analysis. Mice were sacrificed by cervical dislocation 

and pancreas were dissected and weighed. Pancreas from 3 animals were frozen in liquid 

N2 and stored at -80ºC until analysis. Pancreas from 5 mice were sectioned and one part 

was placed in 10% formalin and sent to Anapath (Granada, Spain) for histology analysis 

and the other was immediately placed in RNAse-free eppendorfs, frozen in N2 and stored 

at -80 ºC for gene expression assays. 

Histologic analysis. Pancreatic samples were treated with increasing grade alcohols, two 

xylol baths and embedded in paraffin. They were subsequently cut using a microtome and 

processed for staining. For the deparaffinization of the samples, 2 xylene baths (10 

minutes) and 3 alcohols were used in decreasing solutions (100%, 90% and 70%) (5 

minutes) and subsequently stained with hematoxylin (5 minutes) and eosin (5 minutes). 

During the dehydration process after staining with eosin, alcohols in increasing solution 

(70%, 96% and 100%) and xylene were used again. Finally, the samples were mounted 

with DPX. 

The assigned scores were the following: 0 (no changes): when no lesions were observed 

or the observed changes were within normality; 1 (minimal): when changes were few but 

exceeded those considered normal; 2 (light): lesions were identifiable but with moderate 

severity; 3 (moderate): important injuries but they can still increase in severity; 4 (very 

serious): the lesions are very serious and occupy most of the analyzed tissue. The lesions 
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were evaluated in the most affected lobes of all the pancreas. In the case of assessment of 

atrophy, it was determined based on the percentage of atrophied tissue as: 0 without 

atrophy; 1: 0-25% of atrophic parenchyma; 2: between 25-50%; 3: between 50-75% and 

4: between 75 and 100%. 
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Compound Molecular Formula 
Calculated Found 

C H N C H N 

9 C24H25F3N2S 66.96   5.85 6.51 66.79   5.95 6.37 

11 C24H27NO2 · 0.15 H2O 79.15  7.56 3.85 79.34  7.92 3.48 

13 C23H23F3N2O 68.99  5.79 7.00 68.94 5.92 6.71 

14 C22H21F3N2O2·0.1 H2O 65.37   5.29 6.93 65.18  5.31 6.73 

16 C24H33N3O2·0.25 EtOAc 71.91 8.45 10.06 71.73 8.43 10.27 

17 C23H31N3O3 69.49   7.86 10.57 69.47 7.92 10.38 

18 C22H29N3O3·0.95 H2O 65.96 7.77 10.49 66.25 7.67 10.13 

20 C30H36N2O4·1.5 H2O 69.88  7.62 5.43 69.53 7.37 5.10 

21 C29H34N2O5·0.5 CH2Cl2 66.06  6.58 5.21 66.20  6.43 5.17 

22 C29H33ClN2O4·1 CH3OH 66.59   6.89 5.18 66.85  6.62 4.91 

23 C29H33FN2O4·0.45 CH3OH 69.77 6.92 5.53 69.68  6.79 5.57 

Table S1: Elemental analysis data.  
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Figure S1: Representation of the noncovalent interactions (computed with NCIplot) at 

the active site of soluble epoxide hydrolase active site in the presence of compounds t-

AUCB, 20, 22, and 23. The weak interactions are shown as green surfaces, hydrogen-

bonds are depicted in blue, and repulsive interactions in red. The interaction surface of 

the NH…π interaction between the side chain of Gln384 and the aromatic ring of the 

benzohomoadamantane scaffold of compound 22 is highlighted. The non-covalent 

interactions are calculated for the representative structures of the most populated cluster 

obtained from the MD simulations. 
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Figure S2: Plot of the dihedral angle that describes the rotation of the adamantane moiety 

in the LHS pocket of the sEH active site along the MD simulations. t-AUCB is shown in 

purple, compound 20 in red, compound 22 in blue, and compound 23 in green.  
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Time ID 

 

Total 

Concentration 

(ng/mL) 

Mean 

(ng/mL) 

SD (ng/mL) 

0 h 

Mouse 1 

Mouse2 

Mouse3 

0 

0 

0 

0 0 

0.25 h 

Mouse 1 

Mouse2 

Mouse3 

787 

5400a 

748 

767.5 27.6 

0.5 h 

Mouse 1 

Mouse2 

Mouse3 

1470 

2140 

1220 

1610.0 475.7 

1 h 

Mouse 1 

Mouse2 

Mouse3 

1000 

1300 

611 

970.3 345.5 

2 h 

Mouse 1 

Mouse2 

Mouse3 

475 

449 

268 

397.3 112.8 

4 h 

Mouse 1 

Mouse2 

Mouse3 

0 

71.3 

84.3 

51.9 45.4 

6 h 

Mouse 1 

Mouse2 

Mouse3 

21.7 

40.2 

49.9 

37.3 14.3 

24 h 

Mouse 1 

Mouse2 

Mouse3 

0 

0 

0 

0 0 

Table S2:  Mean of concentrations of 20 in mouse plasma at different times after ip 

administration at 3 mg/Kg. aThis mouse was excluded for mean and SD calculations 

because it was considered as a significant outlier P<0.05. 
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Time ID 

 

Total 

Concentration 

(ng/mL) 

Mean 

(ng/mL) 

SD (ng/mL) 

0 h 

Mouse 1 

Mouse2 

Mouse3 

0 

0 

0 

0 0 

0.25 h 

Mouse 1 

Mouse2 

Mouse3 

151 

291 

622 

354.7 241.9 

0.5 h 

Mouse 1 

Mouse2 

Mouse3 

1350 

1520 

1980 

1616.7 325.9 

1 h 

Mouse 1 

Mouse2 

Mouse3 

600 

1100 

2640 

1446.7 1063.3 

2 h 

Mouse 1 

Mouse2 

Mouse3 

2440.0 

2640.0 

5670.0 

3583.3 1089.9 

4 h 

Mouse 1 

Mouse2 

Mouse3 

1240.0 

1960.0 

1350.0 

1516.7 387.9 

6 h 

Mouse 1 

Mouse2 

Mouse3 

1160 

734.0 

1530 

1141.3 398.3 

24 h 

Mouse 1 

Mouse2 

Mouse3 

181.0 

40.6 

92.3 

104.6 71.0 

Table S3:  Mean of concentrations of 22 in mouse plasma at different times after ip 

administration at 3 mg/Kg. 
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Figure S3:  Plasma concentration (scale log 10) vs time for ip administration at 3 

mg/Kg of compound 20. 
 

 
Figure S4:  Plasma concentration (scale log 10) vs time for ip administration at 3 

mg/Kg of compound 22. 
  



 

( S21 )              325 

Control Group 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Parenchymal atrophy 0 0 0 0 0 

Vacuolar degeneration of cells 0 0 0 0 0 

Edema 0 0 0 0 0 

Hemorrhage 0 0 0 0 0 

Mononuclear inflammatory cells 0 0 0 0 0 

Polimorfonuclear inflammatory cells 0 0 0 0 0 

Necrosis 0 0 0 0 0 

Total 0 0 0 0 0 

Table S4: Histologic scoring of pancreatic tissues of control group.  

 

Cerulein Group 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Parenchymal atrophy 2 2 3 1 2 

Vacuolar degeneration of cells 1 2 2 1 2 

Edema 2 1 2 2 2 

Hemorrhage 0 0 0 0 0 

Mononuclear inflammatory cells 1 1 2 1 1 

Polimorfonuclear inflammatory cells 1 2 3 1 2 

Necrosis 1 0 2 1 0 

Total 8 8 14 7 9 

Table S5: Histologic scoring of pancreatic tissues of mice treated with cerulein. 

 

Cerulein + 22 (0.1 mg/Kg) 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Parenchymal atrophy 3 1 0 1 3 

Vacuolar degeneration of cells 1 0 0 0 2 

Edema 2 3 0 1 2 

Hemorrhage 0 0 0 0 0 

Mononuclear inflammatory cells 1 0 0 0 0 

Polimorfonuclear inflammatory cells 1 2 0 1 3 

Necrosis 2 1 0 0 0 

Total 10 7 0 3 11 

Table S6: Histologic scoring of pancreatic tissues of mice treated with cerulein and 22 

at 0.1 mg/kg. 

 

Cerulein + 22 (0.3 mg/Kg) 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Parenchymal atrophy 1 0 1 1 2 

Vacuolar degeneration of cells 0 0 1 0 1 

Edema 1 1 1 1 0 

Hemorrhage 0 0 0 0 0 

Mononuclear inflammatory cells 0 0 0 0 0 

Polimorfonuclear inflammatory cells 1 0 1 1 1 

Necrosis 0 0 0 0 0 

Total 3 1 4 3 4 

Table S7: Histologic scoring of pancreatic tissues of mice treated with cerulein and 22 

at 0.3 mg/kg. 
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 Introduction 

As shown in the previous Chapter of the present Thesis, the replacement of the 

adamantane moiety or the aromatic ring of known sEHIs by the benzohomoadamantane 

scaffold led to potent compounds endowed with favourable DMPK properties. Indeed, 

the t-AUCB analog 110 showed efficacy in an in vivo model of AP. Nevertheless, the 

substitution of the hydrophobic moiety of the clinical candidate AR9281 by the new 

polycyclic scaffold led to compound 105 endowed with excellent inhibitory potency 

against the human and murine sEH but with limited water solubility and very poor 

microsomal stability in human and mouse species (Table 4).  

 

Cpd 

sEH IC50 (nM)a 
Microsomal 

Stabilityb 
(h/m) 

Solubilityc 

(µM) human murine 

105 4 6.0 1/0.5 38 

110 0.4 0.4 89/29 13 

Table 4. Structure and properties of 105 and 110.  aReported IC50 values are the average of 

three replicates. The fluorescent assay as performed here has a standard error between 10 

and 20% suggesting that differences of two-fold or greater are significant. Because of the 

limitations of the assay it is difficult to distinguish among potencies < 0.5 nM.209 bPercentage 

of remaining compound after 60 min of incubation with human and mice microsomes obtained 

from Tebu-Xenotech in the presence of NADP at 37 °C. cSolubility in a 1% DMSO : 99% PBS 

buffer solution. 

Taking into account that the clinical candidates AR9281 and EC5056 present similar 

structures featuring a piperidine moiety in their RHS, in this work we have synthesized 

a new family of benzohomoadamantane-based piperidine derivatives exploring urea 

and amide groups as the main pharmacophores, the position R of the scaffold and the 

substituent of the piperidine (R’), replacing the acetyl group of 105 by other fragments 

selected from previous series of known sEHIs.113,114 
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With these explorations, we expected the new compounds to improve the solubility 

and, more important, the microsomal stability values of 105 while keeping its excellent 

inhibitory activity (Figure 36). 

 

Figure 36. General structure XIII of the new family of sEHIs. 

 

 Discussion 

The synthesis of the new compounds was performed in a similar way than that used 

for the obtention of 105. Therefore, the synthesis of the corresponding 

benzohomoadamantane amines was first required. Apart from the polycyclic amines 82, 

83 and 84 featuring a methyl, chlorine and fluorine atoms in the R position, whose 

synthesis has been shown in the previous Chapter of the present Thesis (See Scheme 18, 

Chapter 3), amines 112-115 were also synthesized in order to further explore the R 

position of the polycyclic scaffold (Figure 37). 

 

Figure 37. New benzohomoadamantane amines 112-115. 

For the obtention of 112, enone 92 was treated with p-toluenesulfonic acid and 

methanol providing alcohol 116, which was subjected to a Ritter reaction affording the 

corresponding chloroacetamide 117 in moderate yield. In this reaction, the mechanism 

involved the protonation of the hydroxyl group and the formation of a tertiary 

carbocation. Then, the reaction continued with the addition of the nitrogen atom of the 

nitrile group to the carbocation, as shown in Scheme 13 (Chapter 3). Of note, after the 

work-up and the purification of the reaction mixture by column chromatography, in 

addition to the expected chloroacetamide 117 isolated in 55% yield, we were able to 



CHAPTER 4: BENZOHOMOADAMANTANE-BASED  sEHIs (II)   

  331 

3.4 

isolate and fully characterized a significant side product, the chloroacetamide 94, 

isolated in 17% yield. Very likely this impurity results from the protonation of the 

methoxy group, followed by elimination of methanol, trapping of the carbocation by 

acetate and hydrolysis during the work-up (Scheme 21).  

 

Scheme 21. Synthesis of acetamide 117. 

Amines 112 and 113 were then obtained by deprotection of the acetamides 117 

and 94 using thiourea and glacial acetic acid in absolute ethanol at reflux. Once 

deprotected, 112 and 113 were treated with an excess of hydrogen chloride in diethyl 

ether to obtain the corresponding hydrochlorides in excellent yields (Scheme 22).  

 

Scheme 22. Deprotection of acetamides 117 and 94. 

It should be noted that while the present Thesis was ongoing, a colleague within our 

group, Andreea L. Turcu, was also working on her PhD Thesis, partially focused on the 

synthesis of new benzohomoadamantane amines as blockers of the NMDA channel of 

the glutamate.218 Hence, she was the responsible for the synthesis of the new polycyclic 

amines 114 and 115, which were used in this work as starting materials for the synthesis 

of some of the new sEHIs (Figure 37). 

                                                      

218 Turcu, A. L. Ph.D. Dissertation, University of Barcelona, in progress. 
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Once the polycyclic amines (LHS) of the new sEHIs were obtained, the next step was 

the obtention of the RHS, that is, the substituted piperidines. Unlike the 1-acetyl-4-

aminopiperidine that was commercially available, the other substituted piperidines 

were prepared starting from the commercially available boc-protected aminopiperidine 

118 following standard procedures (Scheme 23). Therefore, the reaction of 118 with 

selected acyl and sulfonyl chlorides led to several substituted piperidines of general 

structure XIV. Alternatively, the reaction of amine 118 with carboxylic acids in the 

presence of coupling agents furnished the corresponding amides. Finally, and following 

a disclosed procedure,219 the reaction of 118 with 4-fluoroacetophenone in the presence 

of potassium carbonate in anhydrous DMSO afforded the 4-acetylphenyl-boc-protected 

aminopiperidine through a nucleophilic aromatic substitution. Subsequently, the 

protecting group of the piperidines of general structure XIV was removed by the 

treatment with hydrogen chloride in 1,4-dioxane in DCM, giving the desired substituted 

piperidines 119-125 in good to excellent overall yields (Scheme 23).  

 

Scheme 23. Synthesis of the substituted piperidines 119-125. 

                                                      

219 Xie, L.; Ochterski, J. W.; Gao, Y.; Han, B.; Caldwell, T. M.; Xu, Y.; Peterson, J. M.; Ge, P.; Ohliger, R. 
(Neurogen). WO2007/016496 A2, August 2, 2005. 
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Finally, the new ureas were obtained following the procedure previously applied in 

the present Thesis. Thus, the reaction of the corresponding benzohomoadamantane 

amines 82-84 and 112-114 with triphosgene in an aqueous solution of sodium hydrogen 

carbonate and dichloromethane afforded the isocyanates. Then, the addition of the 

corresponding substituted aminopiperidines 119-125 in dichloromethane provided the 

desired ureas of general structure XV. Of note, for the obtention of ureas 133 and 145, 

derived from 121, the use of a strong base such as n-butyllithium was required for 

increasing the nucleophilic character of the 1-(isopropylsulfonyl)piperidin-4-amine 

(Scheme 24). 

 

Scheme 24. General synthetic pathway for the obtention of the new urea-based sEHI. 

Additionally, amide-based sEHIs were also synthesized in order to further explore 

the main pharmacophore of this new family. With this purpose, the corresponding 

polycyclic amine 82 was reacted with 2-(1-benzylpiperidin-4-yl)acetic acid in the 

presence of coupling agents in ethyl acetate affording amides with general structure XVI 

in good yields. On the other hand, the synthesis of amides of general structure XVIII 

involved the reaction of the polycyclic amines 82-84, 114 and 115 with 2-[1-(tert-

butoxycarbonyl)piperidin-4-yl]acetic acid in the presence of coupling agents in ethyl 

acetate to obtain the corresponding boc-protected amides, followed by removal of the 

boc group in acidic media to obtain amides with general structure XVII. Then, the 

addition of the corresponding acyl chlorides or sulfonyl chlorides furnished the desired 

amides of general structure XVIII in moderate yields (Scheme 25). 
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Scheme 25. General synthetic pathway for the obtention of the new amide-based sEHIs. 

To close this new family, and in order to explore the impact of having a bridge in the 

piperidine moiety, compound 129 was synthesized in good yield by the reaction of the 

isocyanate derived from amine 82 with the commercially available 8-benzyl-8-

azabicyclo[3.2.1]octan-3-exo-amine 128 in dichloromethane (Scheme 26). 

 

Scheme 26. Synthesis of urea 129. 

The structures of all the benzohomoadamantane-based piperidine derivatives with 

general structure XIII synthesized in the present Thesis are collected in Figure 38. It is 

noteworthy that some compounds of this project, which are coloured in grey, have been 
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synthesized during the writing of the present Thesis, in the context of the PhD Theses of 

Beatrice Jora220 and Juan Martin PhD Theses,221 currently ongoing. 

 

Figure 38. Structure of the new sEHI with general structure XIII synthesized in this work. 

Then, this new family of compounds was subjected to a screening cascade in order 

to select a candidate for in vivo studies: potency as human and murine sEHIs, tested by 

Dr. Christophe Morisseau, from the group of Bruce D. Hammock at the UCD; microsomal 

                                                      

220 Jora, B. E. PhD Dissertation, University of Barcelona, in progress. 
221 Martín López, J. PhD Dissertation, University of Barcelona, in progress. 
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stability (human, mouse and rat species), hERG inhibition, CYP inhibition, solubility and 

permeability through Caco-2 cells, performed by the group of Prof. M. Isabel Loza and 

Prof. José M. Brea of the Drug Screening Platform/Biofarma Research Group of the 

University of Santiago de Compostela (Spain); PAMPA-BBB performed by Prof. Belén 

Pérez of the Autonomous University of Barcelona (Spain); cytotoxicity in SH-SY5Y cells 

evaluated by Drs Coral Sanfeliu and Rubén Corpas of the Institute of Biomedical 

Research of Barcelona (CSIC); and finally, selectivity over hLOX-5, measured by the group 

of Dr Maria I. Rodríguez Franco, from the Institute of Medicinal Chemistry (CSIC, 

Madrid); and hCOX-2, assessed by the company Eurofins. 

Taking into account that compound 105 presented high inhibitory activities against 

the human and murine enzymes but unacceptable stability against human and murine 

microsomes, we first decided to evaluate the potency and microsomal stability of some 

analogs of 105, exploring the substituent R’ of the piperidine ring. As reported in the 

draft manuscript, regardless of the substituent of the piperidine ring, all the compounds 

showed potency in the low nanomolar or subnanomolar range in both human and 

murine enzymes. However, the microsomal stability of the new ureas were similar than 

that of the compound 105. Given that the microsomal stability was not improved with 

the exploration of the substitution of the piperidine moiety, we moved to another 

strategy. 

Then, the next step was the change of the pharmacophore from urea to amide. 

Amides 146-148 showed to be less potent than their urea-counterparts 105, 132 and 

133, respectively. Given that amide 148 presented human IC50 in the low nanomolar 

range, its microsomal stability was evaluated. Regrettably, no compound was detected 

after being incubated for 1h with human and murine microsomes. 

Therefore, the next strategy for improving the stability of the compounds was the 

exploration of the R position of the polycyclic scaffold. As expected, those compounds 

bearing a polar group in R position, 135 and 136, presented higher IC50 values than 105. 

In contrast, when the methyl group of the previous benzohomoadamantane-based 

sEHIs was replaced by halogen atoms, the compounds presented inhibitory activities in 

the low nanomolar or subnanomolar range. Additionally, and more important, all the 

compounds featuring halogen atoms in the R position exhibited highly improved 

stabilities in human, mice and rat microsomes than their methyl analogs.  

Given these good results, some analogs of the most potent amide 148 exploring its 

R position were then synthesized and evaluated, replacing its methyl group by chlorine, 
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fluorine, hydrogen and deuterium atoms with the aim to improve the poor microsomal 

stability of the previously synthesized amide derivatives. Of note, the new amides 

exhibited better inhibitory potencies than their methylated analog 148, but the 

microsomal stabilities were not enhanced. For this reason, no further amides were 

synthesized. 

Taking into account the potency and the microsomal stability of the new sEHIs, 

ureas 139, 140, 142, 143, 144, 145, 153 and 154 were selected and further evaluated in 

terms of solubility, BBB predicted permeation, cytochrome inhibition and cytotoxicity. 

Finally, we selected compound 140, endowed with excellent inhibitory activity, good 

solubility and microsomal stability values and significant selectivity over cytochromes, 

hLOX-5 and hCOX-2, for in vivo studies in a predictive murine model of NP. The biological 

profile of the selected compound is collected in Table 5. 

Before conducting the in vivo efficacy study, we performed a PK assay which proved 

that the intraperitoneal administration of 140 led to good bioavailability and elimination 

characteristics. 

As a final point, the in vivo efficacy study was performed. Certainly, murine models 

of NP are somehow difficult as they involve, for example, surgery222 (e.g., peripheral 

nerve ligation model) or pre-treatments with metabolic (e.g., diabetic NP) or toxic 

agents223 (e.g., chemotherapy-induced NP models).224,225 For this reason, a very 

predictive model used for testing putative efficacy in NP is the capsaicin murine model 

of allodynia.226 Although it is not strictly a NP model, typically active compounds in the 

capsaicin model show analgesia in NP models.  

The study in the capsaicin murine model was carried out by Dr. José Manuel Entrena 

and Dr. Enrique J. Cobos, from the Universidad de Granada. This study demonstrated 

that 140 reduced mechanical allodynia in a dose-dependent manner and outperformed 

other sEHI tested, such as TPPU and AS2586114. Taking into account these promising 

results, further studies with 140 in NP models are ongoing. The results of this work are 

disclosed in a draft article included in the following pages of this Thesis. 

                                                      

222 Challa, S. R. Int J Neurosci. 2015, 125, 170-174. 
223 Hama, A.; Takamatsu, H. CNS Neurol Disord Drug Targets 2016, 15, 7-19. 
224 Colleoni, M.; Sacerdote, P. Biochim. Biophys. Acta 2010, 1802, 924-933. 
225 Gao, F.; Zheng, Z. M. Exp Clin Endocrinol Diabetes 2014, 122, 100-106. 
226 Baron, R. Lancet 2000, 356, 785-786. 
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Compound 

 

sEH IC50 (nM) 

Human: 0.4 

Mice: 0.1 

Rat: 0.4  

PAMPA-BBB CNS+ 

Solubility in 1% DMSO:99% PBS buffer 

(µM) 
57 

Liver microsomal stability 

(% parent at 60 min) 

Human: 47 

Mice: 64 

Rat: 46 

Selectivity over CYP2C19 (% inh. at 10 µM) 

                             hERG (% inh. at 10 µM) 

                             hCOX-2 IC50 (µM) 

                             hLOX-5                           

38 ± 4 

1 ±2 

pending  

>100 

Cytotoxicity – LD50 (µM) 

(SH-SY5Y cells) 

Propidium iodide >100 

MTT >100 

Permeability       -Papp (nm/s) AB 

(Caco-2 cells)                              BA 

                              -Efflux Ratio                       

5.56 

17.6 

3.1 

Table 5. Biological profiling of the selected compound 140. 

As mentioned, some compounds of this project were synthesized and evaluated 

during the writing of the present Thesis, such as compounds 153 and 154, that 

presented enhanced biological profiles than 140. Hence, new in vivo studies with these 

two compounds are envisaged, starting with PK assays and, depending on these results, 

a new efficacy study in the capsaicin murine model of allodynia. 
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Noteworthy, the new sEHIs described herein bearing the benzohomoadamantane 

scaffold as well as the ones described in Chapters 3 and 5 of the present Thesis have 

been protected by a patent application,217 which is currently under exam. The 

mentioned document is attached at the end of the Chapter 5. 
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ABSTRACT 

The soluble epoxide hydrolase (sEH) has been suggested as a pharmacological target for 

the treatment of several diseases including pain-related disorders. Taking into account 

that both adamantane and aromatic ring moieties fit very well in the hydrophobic pocket 

of the sEH and that the replacement of the adamantane nucleus of known sEH inhibitors 

(sEHI) by larger polycyclic rings is a good strategy to obtain very potent sEHI, we 

recently found that the substitution of the adamantane moiety of the clinical candidate 

AR9281 by the larger benzohomoadamantane scaffold led to very potent sEHI, but 

endowed with moderate experimental solubility and very poor stability in human and 

mouse microsomes. Herein, we report further medicinal chemistry around new 

benzohomoadamantane-based piperidines in order to improve the solubility and 

microsomal stability values of the previous hit. After a screening cascade (solubility, 

cytotoxicity, metabolic stability, CYP450s, hLOX-5, hCOX-2 and hERG inhibition), we 

selected a candidate with improved DMPK properties that was subsequently studied in a 

predictive in vivo model of NP. Our candidate reduced pain in the capsaicine-induced 

model of allodynia in a dose-dependent manner and outperformed other sEHI tested.  
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INTRODUCTION 

Arachidonic acid (AA) is an essential ω-6, 20-carbon polyunsaturated fatty acid that is 

abundant in the phospholipids of cellular membrane. In response to a stimulus, 

phospholipase A2 promotes its cleavage from the membrane being released to the cytosol, 

where it can be metabolized leading to different classes of eicosanoids via three 

pathways.1,2 The cyclooxygenase (COX) pathway catalyses the production of 

prostaglandins (PGs), prostacyclins (PGIs) and thromboxanes (TXs), endowed with 

inflammatory properties. The lipoxygenase (LOX) pathway generates leukotrienes (LTs) 

which play a significant part in the cause of asthma, arthritis, allergy and inflammation.3 

Both pathways have been extensively studied and pharmaceutically targeted.4-6 More 

recently, increasing attention is being paid to the third branch of the AA cascade, the 

cytochrome P450 (CYP) pathway that can convert AA to epoxyeicosatrienoic acids 

(EETs).7 EETs are reported to exhibit anti-inflammatory and anti-nociceptive properties,8 

but they are rapidly degraded by the sEH enzyme (sEH, EPHX2, E.C. 3.3.2.3) to the less 

active or inactive corresponding dihidroxyeicosatrienoic acids (DHET). Therefore, sEH 

inhibition may lead to elevated EET levels thereby maintaining their beneficial 

properties.9-10 The use of selective sEH inhibitors (sEHI) in in vivo assays resulted in an 

increase of EET levels and the reduction of blood pressure and inflammatory and pain 

states. Thus, sEH has been suggested as a pharmacological target for the treatment of 

several diseases including pain-related disorders.11-16 

Given that sEH presents a hydrophobic pocket, several potent sEHI developed in the last 

years feature an adamantane moiety or an aromatic ring in their structure, such as 

AR9281, 1, and EC5026, 3, two of the sEHI that have reached clinical trials.17-18 The first 

to enter was the adamantane-based AR9281 by Arete Therapeutics for the treatment of 
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hypertension in diabetic patients, but failed largely because of its poor pharmacokinetic 

properties. Very recently, EicOsis has replaced the adamantane moiety of AR9281 by an 

aromatic ring for its drug candidate EC5026, currently in Phase 1 clinical trials for the 

treatment of neuropathic pain (NP). Interestingly, both clinical candidates present similar 

structures: a left hand side hydrophobic moiety (black), a urea group (green), a piperidine 

residue (blue) and a right hand side (RHS) acyl group (red) (Figure 1). Also, from the 

adamantane-based inhibitor 2, Eicosis is currently advancing the analog 4 for veterinary 

clinical trials (Figure 1).  

Taking into account that both adamantane and aromatic ring moieties fit very well in the 

hydrophobic pocket of the sEH and that the replacement of the adamantane nucleus of 

known sEHI by larger polycyclic rings is a good strategy to obtain very potent sEHI,19 

we recently found that the substitution of the adamantane moieties of AR9281 and t-

AUCB by the larger benzohomoadamantane scaffold led to the potent sEHI 5 and 6, 

respectively (Figure 1). Further in vitro studies with these compounds demonstrated that 

while 5 had moderate experimental solubility and very poor stability in human and mouse 

microsomes, compound 6 was endowed with favorable DMPK properties and showed 

effectivity in in vivo models of acute pancreatitis.20  
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Figure 1. Structures and IC50 values in the human sEH of AR9281, 1, t-AUCB, 2, 

EC5026, 3, t-TUCB, 4, 5 and 6, and general structure I of the new 

benzohomoadamantane-based piperidine derivatives reported on this work. 

 

Herein, we report further medicinal chemistry around inhibitor 5. New 

benzohomoadamantane-based piperidine derivatives featuring urea and amide groups as 

the main pharmacophores, different substituents in the position R of the polycyclic 

scaffold and a broad selection of substituents at the nitrogen atom of the piperidine (R’) 

were synthesized in order to improve the solubility and microsomal stability values of the 

previous hit 5. After a screening cascade, a selected candidate with improved DMPK 

properties was subsequently studied in a predictive in vivo model of NP and in a murine 

model of visceral pain.  
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RESULTS AND DISCUSSION 

Synthesis of new sEHI. For the preparation of the new sEHI, amines 7a-7g, previously 

described by our group, were used as starting materials (Figure 2).21-24 

 

Figure 2. Benzohomoadamantane amines 7a-7g used in this work. 

 

The synthesis of the novel urea-based sEHI was straightforward and involved the reaction 

of the benzohomoadamantane amines 7a-g with triphosgene to obtain the corresponding 

isocyanates, followed by the addition of the required substituted aminopiperidine of 

general structure III to form the final ureas 8-28 (Scheme 1).  

Given that amides were shown to also bind strongly to the catalytic side of the enzyme 

and that amides typically present improved water solubility over ureas,25 we additionally 

synthesized some amides bearing the benzohomoadamantane scaffold. Amide 35 was 

obtained from amine 7a and commercially available 2-(1-benzylpiperidin-4-yl)acetic 

acid in the presence of HOBt and EDCI. On the other hand, the synthesis of amides 29-

34 involved the reaction of amines 7a and 7d-g with 2-(1-(tert-butoxycarbonyl)piperidin-

4-yl)acetic acid in the presence of HOBt and EDCI to obtain the N-boc-protected 

piperidine amide of general structure IV. The removal of the boc group in acidic media 

followed by the addition of the corresponding acyl chloride or sulfonyl chloride furnished 

the desired amides 29-34 (Scheme 1). 
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Scheme 1. Synthesis of the new sEHI. a) Triphosgene, NaHCO3, DCM, 30 min. b) DCM, 

overnight. c) n-BuLi, anh. THF, anh. DCM, overnight. d) 2-(1-(tert-

butoxycarbonyl)piperidin-4-yl)acetic acid, HOBt, EDCI · HCl, Et3N, EtOAc, 24 h. e) 

HCl / Dioxane 4 M, DCM, overnight. f) Corresponding acyl chloride or corresponding 

sulfonyl chloride, Et3N, DCM. g) 2-(1-benzylpiperidin-4-yl)acetic acid, HOBt, EDCI · 

HCl, Et3N, EtOAc, 24h. See experimental and supporting information for further details.  

 

All the new compounds were fully characterized through their spectroscopic data and 

elemental analyses (see experimental and supporting information for further details). 
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sEH inhibition and microsomal stability. Compound 5 presented high inhibitory 

activities against the human and murine enzymes and moderate experimental aqueous 

solubility (38 µM), but unacceptable stability in human and murine microsomes (Table 

1).20 As it is known that the acyl chain of piperidine-based sEHI is a suitable position for 

metabolization,26 we first decided to explore new piperidine derivatives replacing the 

acetyl group of 5 by other fragments selected from previous series of known sEHI.27-28 

With this modification, we expected to maintain the excellent potency of 5 and to improve 

the microsomal stability. Compounds 8-13 were synthesized maintaining the methyl 

group in the position R of the benzohomoadamantane scaffold and replacing the acetyl 

group of 5 by propionyl, tetrahydro-2H-pyran-4 carbonyl, cyclopropanecarbonyl, 

isopropylsufonyl, benzyl and 4-acetylphenyl groups, respectively (Scheme 1). 

The inhibitory activity against the human and murine enzymes of the new ureas was 

evaluated, as well as their stabilities in human, mice and rat microsomes (Table 1).  

 

Compound X R’ 

sEH 

IC50 (nM)a 
Microsomal 

Stabilityb 
(h/m/r) 

Human Murine 

5 NH 

 

4 6 1/0.5/NDc 

8 NH 
 

1 10 0.8/0.2/0.0 

9 NH 

 

1 2.5 0.1/0.2/0.0 
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10 NH 

 

0.4 0.4 30/66/0.2 

11 NH 
 

0.4 6.3 0.7/1.1/0.2 

12 NH 
 

1.5 18 0.1/0.6/ND 

13 NH 

 

2.9 21.8 0.7/1.1/0.2 

29 CH2 

 
115 0.4 ND 

30 CH2 

 

30 0.4 0.0/0.0/ND 

35 CH2 
 

413 21 ND 

Table 1.  Inhibition of human and murine sEH and microsomal stability values of known 

5 and the new sEHI 8-13 and 29, 30 and 35. aThe average of three replicates has been 

calculated to obtain the IC50 values. This fluorescent assay has a standard error between 

10 and 20% suggesting that differences of two-fold or greater are significant. The 

limitations of the assay show that it is difficult to distinguish among potencies < 0.5 nM.29 
bPercentage of remaining compound after 60 min of incubation with human, mice and rat 

microsomes obtained from Tebu-Xenotech in the presence of NADP at 37 ºC.  
cND: not 

determined. 

 

 

Gratifyingly, regardless of the substituent of the piperidine ring, all the compounds 

showed potency in the low nanomolar or even subnanomolar ranges in both the human 

and murine enzymes (Table 1). Interestingly, the most potent compound, 10, presented 

inhibitory activities in the subnanomolar range for both enzymes. However, except for 

compound 10, the microsomal stability of these new ureas was very poor, similar to that 

of the compound 5 (Table 1). Consequently, we moved to another strategy for improving 

the microsomal stability of the compounds. In this sense, we wondered if the replacement 

of the urea as a pharmacophore by an amide group may increase the microsomal stability. 
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Additionally, it has been reported that amides typically present improved water solubility 

over ureas.25 Considering this, amides 29, 30 and 35 were synthesized and evaluated. 

As shown in Table 1, for the human enzyme, the new amides 29, 30 and 35 were less 

potent than their urea-counterparts 5, 11 and 12, respectively. Surprisingly, all the amides 

were potent inhibitors of the murine sEH.  Overall, the best amide, 30, presented human 

IC50 in the low nanomolar range and its microsomal stability was evaluated. 

Unfortunately, no compound was detected after being incubated for 1 h with human and 

murine microsomes.  

Therefore, the next step for improving the stability of the compounds was the exploration 

of the R position of the benzohomoadamantane scaffold, replacing the methyl group of 

the new urea-based inhibitors endowed with low nanomolar IC50 values by other 

substituents such as halogen atoms or polar groups, in order to explore if the inhibitory 

activity was maintained while improving the microsomal stability. 

 

Cpd 
R X R’ 

sEHa 

IC50 (nM)a 
Microsomal 

Stabilityb 
(h/m/r) 

Human Murine 

14 Cl NH 

 

1.6 0.8 50/8/0.1 

15 Cl NH 

 

0.6 1.0 78/52/14 

16 Cl NH 

 

0.4 1.0 47/64/46 
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17 Cl NH 

 

0.4 0.4 63/73/91 

18 Cl NH 

 

0.6 1.1 97/96/95 

19 Cl NH 

 

0.6 2.4 36/68/16 

20 Cl NH 

 

0.9 2.3 31/1.8/1.2 

21 Cl NH 

 

0.4 0.4 98/77/89 

22 Cl NH 

 

0.6 0.8 99/68/97 

23 F NH 

 

9 23 40/30/8 

24 F NH 

 

0.4 0.5 66/84/58 

25 F NH 

 

0.4 0.4 58/60/30 

26 OH NH 

 

207 248 NDc 

27 OMe NH 

 

48 1.0 ND 

28 D NH 

 

0.4 0.4 49/89/48 

31 Cl CH2 

 

1.0 0.4 7/1.4/0.0 
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32 F CH2 

 

1.6 0.4 5.5/5.1/0.0 

33 H CH2 

 

2.8 0.5 0.6/0.2/0.0 

34 D CH2 

 

2.4 0.4 1.3/0.5/0.0 

Table 2.  Inhibition of human and murine sEH and microsomal stability of new sEHI 14-

28 and 31-34. aThe average of three replicates has been calculated to obtain the IC50 

values. This fluorescent assay has a standard error between 10 and 20% suggesting that 

differences of two-fold or greater are significant. The limitations of the assay show that 

it is difficult to distinguish among potencies < 0.5 nM.29 bPercentage of remaining 

compound after 60 min of incubation with human, mice and rat microsomes obtained 

from Tebu-Xenotech in the presence of NADP at 37 ºC.  cND: not determined.  

 

The potency of these compounds was measured in the human and murine enzymes. As 

expected, taking into account that sEH presents a hydrophobic pocket, those compounds 

bearing a polar group in R position, 26 and 27, presented higher IC50 values than 5.  Of 

note, the most important drop in the inhibitory activity was produced by the replacement 

of the methyl group of 5 by the hydroxyl group leading to compound 26 (Table 2). In 

contrast, when the methyl group was replaced by chorine or fluorine atoms, the inhibitory 

activities against the human and murine enzymes were maintained or even improved, as 

most of them presented IC50 values in the low nanomolar or even the subnanomolar range 

(Table 2). 

Then, the microsomal stability of the most potent compounds was evaluated.  

Gratifyingly, all the compounds featuring halogen atoms in the R position of the 

benzohomoadamantane scaffold presented improved stabilities in human, mice and rat 

microsomes than their methyl-analogs (Table 2). Satisfyingly, the chlorinated compounds 

18, 21 and 22 exhibited excellent microsomal stabilities in the three species.  
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Given that the substitution of the methyl group by other radicals seemed to be a promising 

strategy for increasing the microsomal stability of the compounds while maintaining or 

even improving the inhibitory activity, some analogs of amide 30 where then synthesized 

and evaluated (31-34). In this series, the methyl group of 30 was replaced by chlorine, 

fluorine, hydrogen and deuterium atoms. Once again, the new amides presented inhibitory 

activities in the low or subnanomolar range in both human and murine sEH, exhibiting 

all of them higher inhibitory potencies than their methyl analog 30. Regrettably, the 

microsomal stabilities were not enhanced, detecting in all cases less than 10% of the 

compound after being incubated for 1 h with human, murine and rat microsomes. 

Therefore, the replacement of the methyl group by other radicals in the amide series did 

not improved their microsomal stabilities, and amides were not further explored. 

Further profiling of the selected inhibitors. Taking into account the potency and the 

microsomal stability of the halogen-substituted sEHI, eight compounds were selected for 

further evaluation. Therefore, the compounds that exhibited excellent inhibitory activities 

and that remained unaltered more than 50% after the incubation with human and murine 

microsomes, moved forward in the screening cascade.  Next, solubility, permeability 

through the blood-brain barrier (BBB), cytotoxicity and cytochrome inhibition of the 

selected compounds 15, 16, 17, 18, 21, 22, 24 and 25 were experimentally measured. 

While compounds 15, 17, 18, 21 and 22 exhibited limited solubility values lower than 20 

µM, compounds 16, 24 and 25 displayed good to excellent solubility values. Additionally, 

the selected compounds were further tested for predicted brain permeation in the widely 

used in vitro parallel artificial membrane permeability assay-blood brain barrier 

(PAMPA-BBB) model.30 Compounds 15, 16 and 25 showed CNS+ proving their 

potential capacity to reach CNS, whereas the other compounds presented uncertain BBB 

permeation (CNS+/-).  Next, the cytotoxicity of the new sEHI was tested using the 
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propidium iodide (PI) and MTT assays in SH-SY5Y cells. Interestingly, none of the 

selected compounds showed to be cytotoxic at the highest concentration tested (100 M) 

(Table 4). 

Compound 
Solubilitya 

(µM) 
PAMPA-BBB 

Toxicity LD50 
(µM) 

Cytochrome 
inhibitiond 

PIb MTTc 
CYP 
2C9 

CYP 
 2C19 

15 18 CNS + >100 >100 30 ± 4 46 ± 3 

16  57 CNS + 
>100 >100 34 ± 1 38 ± 4 

17 19 CNS +/- 
>100 >100 34 ± 2 1.5 µM 

18 19 CNS +/- 
>100 >100 38 ± 1 1.48 µM 

21 16 CNS +/- 
>100 >100 54 ± 1 0.63 µM 

22 17 CNS +/- 
>100 >100 43 ± 3 0.78 µM 

24 95 CNS +/- 
>100 >100 30 ± 3 32 ± 4 

25 92 CNS + >100 >100 
17 ± 2  26 ± 5  

Table 4.  Solubility values, PAMPA-BBB, toxicity and cytochrome inhibition of selected 

sEHI. dSolubility mesuared in a 1% DMSO: 99% PBS buffer solution. bsEHI cytotoxicity 

tested by propidium iodide (PI) staining after 24h incubation in SH-SY5Y cells. csEHI 

cytotoxicity tested by 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide 

(MTT) assay after 24h incubation in SH-SY5Y cells. dThe cytochrome inhibition was 

tested at 10 µM. IC50 was calculated for those compounds that presented >50% of 

inhibition. See the experimental section for further details. 

 

 

Finally, cytochromes inhibition was measured, taking special attention to CYPs 2C19 and 

2C9, as these isoforms are two of the main producers of EETs, the substrates of the sEH. 

Unfortunately, compounds 17, 18, 21 and 22 inhibited CYP 2C19 in the low micromolar 

range. In contrast, compounds 15, 16, 24 and 25 did not inhibit significantly these 

subfamilies of cytochromes (Table 3). Additionally, CYPs 2D6, 1A2 and 3A4 were also 

evaluated, showing IC50 values higher than 10 µM for all the selected compounds (see 

Table S1 in the Supporting Information). 

https://en.wikipedia.org/wiki/Isoforms
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After performing the screening cascade, we selected compounds 16, 24 and 25 for the in 

vivo studies in a predictive murine model of NP. These compounds exhibited excellent 

inhibitory activities against the human and murine enzymes, moderate metabolic stability, 

good solubility and did not inhibit significantly cytochromes. Notwithstanding, hERG 

inhibition and Caco-2 assays were also performed in order to additionally characterize 

the selected compounds. Nicely, any of the compounds inhibited significantly hERG at 

10 µM and displayed moderate permeability in Caco-2 cells (see Table S2 in Supporting 

Information). Finally, they were tested for selectivity against hCOX-2 and hLOX-5, two 

enzymes involved in the AA cascade. Gratifyingly, they did not present significant 

inhibition of these enzymes (see Table S2 in Supporting Information). 

Pharmacokinetic study of 16. A study was conducted in order to determine the 

pharmacokinetic profile in plasma of compound 16 when administered by intraperitoneal 

route at a single dose of 1 mg/kg (Table S3 and Figures S1 and S2 in Supporting 

information). 

 

Compound Dose 
HL 

(h) 

Tmax 

(h) 

Cmax 

(ng/mL) 

AUClast 

(h*ng/mL) 

AUCINF 

(h*ng/mL) 

Vd 

(L/Kg) 

Cl 

(L/h/Kg) 

16 1 mg/Kg 0.26 0.25 2453.33 1225.62 1232.66 0.30 0.81 

Table 6: Pharmacokinetic parameters in male C57/BI6 mouse for compound 16 after 1 

mg/kg IP administration.  

 

As shown in Table 6, compound 16 demonstrated good bioavailability and elimination 

characteristics according to their pharmacokinetic parameters. Thus, this compound was 

then evaluated in pain-related in vivo efficacy studies. 

In vivo efficacy studies. A first in vivo efficacy study was performed in the very 

predictive capsaicin murine model of allodynia, used for testing putative efficacy in NP. 
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Although it is not strictly a NP model, typically, active compounds in the capsaicin model 

show analgesia in NP models. This study demonstrated that 16 reduced allodynia in a 

dose-dependent manner and outperformed other sEHI tested, such as TPPU and 

AS2586114 (Figure 3). 

 

Figure 3. Results of the in vivo efficacy study of allodynia produced by capsaicine for 

TPPU, AS2586114 and compound 16. 

 

Given that compound 16 showed excellent efficacy in abolishing allodynia in the 

predictive model of NP, we have scheduled an in vivo assay for 16 in a very well-known 

model chemotherapy-induced NP.  

CONCLUSIONS 

sEH has been identified as a suitable target for several inflammatory and pain-related 

diseases. In this work we report further medicinal chemistry around new 

benzohomoadamantane-based piperidine derivatives, analogs of the clinical candidates 

AR9281 and EC5026, in order to improve the solubility and microsomal stability values 

of the previous hit. In this work we have found that the introduction of a halogen atom in 

the position 9 of the benzohomoadamantane scaffold led to very potent compounds with 
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improved DMPK properties. The in vitro profiling of these new sEHIs (solubility, 

cytotoxicity, metabolic stability, CYP450s, hLOX-5, hCOX-2 and hERG inhibition) 

allowed to select a suitable candidate for an in vivo efficacy study in a predictive murine 

model of NP. The administration of compound 16 reduced pain in the capsaicin murine 

model of allodynia in a dose-dependent manner and outperformed other sEHIs tested.. 

Hence, this study opens a whole range of applications of the benzohomoadamantane-

based sEHIs in the pain field. 

EXPERIMENTAL SECTION 

Chemical synthesis. General methods. Commercially available reagents and solvents 

were used without further purification unless stated otherwise. Preparative normal phase 

chromatography was performed on a CombiFlash Rf 150 (Teledyne Isco) with pre-

packed RediSep Rf silica gel cartridges. Thin-layer chromatography was performed with 

aluminum-backed sheets with silica gel 60 F254 (Merck, ref 1.05554), and spots were 

visualized with UV light and 1% aqueous solution of KMnO4. Melting points were 

determined in open capillary tubes with a MFB 595010M Gallenkamp. 400 MHz 1H and 

100.6 MHz 13C NMR spectra were recorded on a Varian Mercury 400 or on a Bruker 400 

Avance III spectrometers. 500 MHz 1H NMR spectra were recorded on a Varian Inova 

500 spectrometer. The chemical shifts are reported in ppm (δ scale) relative to internal 

tetramethylsilane, and coupling constants are reported in Hertz (Hz). Assignments given 

for the NMR spectra of selected new compounds have been carried out on the basis of 

DEPT, COSY 1H/1H (standard procedures), and COSY 1H/13C (gHSQC and gHMBC 

sequences) experiments. IR spectra were run on Perkin-Elmer Spectrum RX I, Perkin-

Elmer Spectrum TWO or Nicolet Avatar 320 FT-IR spectrophotometers. Absorption 

values are expressed as wave-numbers (cm−1); only significant absorption bands are 

given. High-resolution mass spectrometry (HRMS) analyses were performed with an 
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LC/MSD TOF Agilent Technologies spectrometer. The elemental analyses were carried 

out in a Flash 1112 series Thermofinnigan elemental microanalyzator (A5) to determine 

C, H, N and S. The structure of all new compounds was confirmed by elemental analysis 

and/or accurate mass measurement, IR, 1H NMR and 13C NMR. The analytical samples 

of all the new compounds, which were subjected to pharmacological evaluation, 

possessed purity ≥95% as evidenced by their elemental analyses. 

1-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-propionylpiperidin-4-yl)urea, 8. To a solution of 9-methyl-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine hydrochloride (464 mg, 

1.76 mmol) in DCM (10 mL) saturated aqueous NaHCO3 solution (10 mL) and 

triphosgene (193 mg, 0.65 mmol) were added. The biphasic mixture was stirred at room 

temperature for 30 minutes and then the two phases were separated and the organic layer 

was washed with brine (5 mL), dried over anh. Na2SO4, filtered and evaporated under 

vacuum to obtain 1-2 mL of a solution of the isocyanate in DCM. To this solution was 

added 1-(4-aminopiperidin-1-yl)propan-1-one (350 mg, 2.24 mmol). The reaction 

mixture was stirred at room temperature overnight and the solvent was evaporated under 

vacuum to obtain a white solid (741 mg). Column chromatography (SiO2, DCM/methanol 

mixtures) gave urea 8 (597 mg, 83% yield) as a white solid. The analytical sample was 

obtained by crystallization from hot EtOAc and DCM (300 mg), mp 207-208 ºC. IR 

(NaCl disk): 3357, 2917, 2859, 1644, 1620, 1556, 1493, 1450, 1361, 1344, 1319, 1264, 

1221, 1132, 1068, 1024, 971, 949, 758 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.90 (s, 3 H, 

C9-CH3), 1.11 (t, J = 7.2 Hz, 3 H, COCH2CH3), 1.14 [m, 2 H, COCH2CH3, 5’(3’)-Hax], 

1.52 [d, J = 13.4 Hz, 2 H, 10(13)-Hax], 1.62 [dd, J = 13.4 Hz, J’ = 6.0 Hz, 2 H, 10(13)-

Heq], 1.77-1.86 (complex signal, 3 H, 8-H2, 5’-Heq or 3’-Heq), 1.93 [d, J = 12.8 Hz, 2 H, 

6(12)-Hax), 2.02 (d, J = 12.0 Hz, 1 H, 3’-Heq or 5’-Heq), 2.12 [dd, J = 12.8 Hz, J’ = 6.0 
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Hz, 2 H, 6(12)-Heq], 2.32 (m, 2 H, COCH2CH3), 2.70 (m, 1 H, 2’-Hax or 6’-Hax), 3.00-

3.12 [complex signal, 3 H, 5(11)-H,  6’-Hax or 2’-Hax), 3.70-3.77 (complex signal, 2 H, 

4’-H, 6’-Heq or 2’-Heq), 4.47 (d, J = 13.6 Hz, 1 H, 2’-Heq or 6’-Heq), 4.64-4.72 (complex 

signal, 2 H, C7-NH, C4’-NH), 7.02 [m, 2 H, 1(4)-H], 7.05 [m, 2 H, 2(3)-H]. 13C-NMR 

(100.6 MHz, CDCl3) δ: 9.7 (CH3, COCH2CH3), 26.6 (CH2, COCH2CH3), 32.3 (CH3, C9-

CH3), 32.4 (CH2, C3’ or C5’), 33.6 (C, C9), 33.9 (CH2, C5’ or C3’), 39.9 [CH2, C6(12)], 

40.9 (CH2, C6’ or  C2’), 41.1 [CH, C5(11)], 41.2 [CH2, C10(13)], 44.5 (CH2, C2’ or C6’), 

46.7 (CH, C4’), 48.0 (CH2, C8), 53.4 (C, C7), 126.2 [CH, C2(3)], 127.9 [CH, C1(4)], 

146.3 [C, C4a(11a)], 156.5 (C, NHCONH), 172.4 (NCOCH2CH3). Anal. Calcd for 

C25H35N3O2·0.25 H2O: C 72.52, H 8.64, N 10.15. Found: C 72.65, H 8.49, N 9.82. 

HRMS: Calcd for [C25H35N3O2+H]+: 410.2802; Found: 410.2801. 

1-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-(tetrahydro-2H-pyran-4-carbonyl)piperidin-4-yl)urea, 9. To a solution of 9-

methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (258 mg, 0.98 mmol) in DCM (4 mL) saturated aqueous NaHCO3 solution 

(4 mL) and triphosgene (107 mg, 0.36 mmol) were added. The biphasic mixture was 

stirred at room temperature for 30 minutes and then the two phases were separated and 

the organic layer was washed with brine (2 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 1-2 mL of a solution of the isocyanate in DCM. To 

this solution was added (4-aminopiperidin-1-yl)(tetrahydro-2H-pyran-4-yl)methanone 

(215 mg, 1.01 mmol). The reaction mixture was stirred at room temperature overnight 

and the solvent was evaporated under vacuum to obtain a yellow residue (534 mg). 

Column chromatography (SiO2, DCM/Methanol mixtures) gave urea 9 (207 mg, 45% 

yield) as a white solid, mp 224-225 ºC. IR (NaCl disk): 3357, 3064, 3017, 2945, 2919, 

2850, 1640, 1614, 1553, 1493, 1446, 1361, 1344, 1320, 1278, 1261, 1238, 1211, 1126, 
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1089, 1068, 1018, 984, 941, 874, 818, 759, 733 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.90 

(s, 3 H, C9-CH3), 1.17 [m, 2 H, 3’(5’)-Hax], 1.50-1.65 [complex signal, 6 H, 3’’(5’’)-Hax, 

10(13)-H2], 1.79 (s, 2 H, 8-H), 1.82-1.90 [complex signal, 3 H, 5’-Heq or 3’-Heq, 3’’(5’’)-

Heq], 1.94 [d, J = 12.8 Hz, 2 H, 6(12)-Hax], 2.03-2.16 [complex signal, 3 H, 6(12)-Heq, 3’-

Heq or 5’-Heq], 2.65-2.79 (complex signal, 2 H, 2’-Hax or 6’-Hax, 4’’-H), 3.00-3.17 

[complex signal, 3 H, 6’-Hax or 2’-Hax, 5(11)-H], 3.43 [m, 2 H, 2’’(6’’)-Hax], 3.69-3.88 

(complex signal, 2 H, 4’-H, 2’-Heq or 6’-Heq), 3.99 [m, 2 H, 2’’(6’’)-Heq], 4.48 (m, 2 H, 

2’-Heq or 6’-Heq), 7.02 [m, 2 H, 1(4)-H], 7.06 [m, 2 H, 2(3)-H]. 13C-NMR (100.6 MHz, 

CDCl3) δ: 29.1 [CH2, C3’’(5’’)], 32.3 (CH3, C9-CH3), 32.4 (CH2, C5’ or C3’), 33.7 (C, 

C9), 34.1 (CH2, C3’ or C5’), 37.6 (CH, C4’’), 39.9 [CH2, C6(12)], 41.1 [CH, C5(11)], 

41.2 [CH2, C10(13)], 44.3 [CH2, C2’(6’)], 47.0 (CH, C4’), 48.0 (CH2, C8), 53.5 (C, C7), 

67.1 [CH2, C2’’(6’’)], 126.2 [CH, C2(3)], 127.9 [CH, C1(4)], 146.3 [C, C4a(11a)], 156.3 

(C, NHCONH), 172.8 (C, NCOR). Anal. Calcd for C28H39N3O3: C 72.23, H 8.44, N 9.02. 

Found: C 72.33, H 8.40, N 8.83. HRMS: Calcd for [C28H39N3O3+H]+: 466.3064; Found: 

466.3065. 

1-(1-benzylpiperidin-4-yl)-3-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea, 10. To a solution of 9-methyl-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine hydrochloride (250 mg, 

0.95 mmol) in DCM (4.5 mL) and saturated aqueous NaHCO3 solution (3 mL) was added 

triphosgene (140 mg, 0.47 mmol). The biphasic mixture was stirred at room temperature 

for 30 minutes and then the two phases were separated and the organic layer was washed 

with brine (5 mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to 

obtain 1-2 mL of a solution of the isocyanate in DCM. To this solution was added 1-

benzylpiperidin-4-amine (216 mg, 1.13 mmol). The reaction mixture was stirred at room 

temperature for 24 h and the solvent was evaporated under vacuum to obtain a yellow 
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gum. Column chromatography (SiO2, DCM/methanol mixtures) gave urea 10 as a white 

solid (159 mg, 38% yield), mp 106-107 ºC. IR (NaCl disk): 3318, 3058, 3025, 2945, 2918, 

2838, 2792, 2761, 1632, 1559, 1493, 1453, 1361, 1343, 1321, 1302, 1281, 1234, 1209, 

1136, 1120, 1066, 1028, 909, 757, 733, 698 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.90 (s, 

3 H, C9-CH3), 1.43 [dq, J = 10.8 Hz, J’ = 4.0 Hz, 2 H, 3’(5’)-Hax], 1.52 [d, J = 14.0 Hz, 

10(13)-Hax], 1.62 [dd, J = 13.0 Hz, J’ = 5.6 Hz, 10(13)-Heq], 1.80 (s, 2 H, 8-H), 1.88 [m, 

2 H, 3’(5’)-Heq], 1.94 [d, J = 13.2 Hz, 2 H, 6(12)-Hax], 2.09-2.15 [complex signal, 4 H, 

6(12)-Heq 2’(6’)-Hax], 2.83 [dm, J = 11.6 Hz, 2 H, 2’(6’)-Heq], 3.04 [t, J = 6.0 Hz, 2 H, 

5(11)-H], 3.52 (complex signal, 3 H, 4’-H, CH2-C6H5), 4.24-4.33 (complex signal, 2 H, 

C7-NH, C4’-NH), 7.02 [m, 2 H, 1(4)-H], 7.05 [m, 2 H, 2(3)-H], 7.26 (m, 1 H, Ar-Hpara), 

7.29-7.33 (complex signal, 4 H, Ar-Hortho, Ar-Hmeta). 
13C-NMR (100.6 MHz, CDCl3) δ: 

32.3 (CH3, C5-CH3), 32.7 [CH2, C3’(5’)], 33.7 (C, C9), 39.0 [CH2, C6(12)], 41.1 [CH, 

C5(11)], 41.2 [CH2, C10(13)], 47.0 (CH, C4’), 48.0 (CH2, C8), 52.4 [CH2, C2’(6’)], 53.5 

(C, C7), 62.9 (CH2, CH2-C6H5), 126.2 [CH, C2(3)], 127.3 (CH, Ar-CHpara), 127.9 [CH, 

C1(4)], 128.3 [CH, Ar-CHmeta], 129.3 [CH, Ar-CHortho], 137.5 (C, Ar-Cipso), 146.3 [C, 

C4a(11a)], 156.4 (C, NHCONH). Anal. Calcd for C29H37N3O·0.5 H2O: C 76.95, H 8.46, 

N 9.28. Found: C 76.99, H 8.26, N 8.98. HRMS: Calcd for [C29H37N3O+H]+: 444.3009; 

Found: 444.3002. 

1-[1-(isopropylsulfonyl)piperidin-4-yl]-3-(9-methyl-5,6,8,9,10,11-hexahydro-7H-

5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea, 11. To a solution of 9-methyl-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (300 mg, 1.14 mmol) in DCM (6 mL) and saturated aqueous NaHCO3 

solution (4 mL) was added triphosgene (169 mg, 0.57 mmol). The biphasic mixture was 

stirred at room temperature for 30 minutes and then the two phases were separated and 
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the organic layer was washed with brine (5 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 1-2 mL of a solution of the isocyanate in DCM. 

To a solution of 1-(isopropylsulfonyl)piperidin-4-amine (233 mg, 1.13 mmol) in anh. 

THF (5 mL) under argon atmosphere at -78°C, was added dropwise a solution of n-

butyllithium (2.5 M in hexanes, 0.59 mL, 1.47 mmol) during 20 minutes. After the 

addition, the mixture was tempered to 0°C using an ice bath. This solution was added 

carefully to the solution of the isocyanate from the previous step cooled to 0°C, under 

argon atmosphere. The reaction mixture was stirred at room temperature overnight. 

Methanol (2 mL) was then added to quench any unreacted n-butyllithium. The solvents 

were evaporated under vacuum to give an orange gum (506 mg). This residue was 

dissolved in EtOAc (10 mL) and washed with 2N HCl solution (2 x 5 mL) and the organic 

layer was dried over anh. Na2SO4, filtered and concentrated in vacuum to obtain a white 

gum (241 mg). Column chromatography (SiO2, DCM/methanol mixtures) gave a white 

solid. Crystallization from hot DCM:pentane provided urea 11 (66 mg, 13% yield) as a 

white solid, mp 218-219ºC. IR (NaCl disk): 3364, 3062, 3013, 2946, 2920, 2854, 1710, 

1638, 1553, 1494, 1453, 1361, 1320, 1305, 1266, 1249, 1232, 1168, 1134, 1091, 1045, 

943, 881, 841, 759, 732, 666, 593, 555 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.90 (s, 3 H, 

C9-CH3), 1.31 [d, J = 6.8 Hz, 6 H, CH(CH3)2], 1.36 [dq, J = 12.0 Hz, J’ = 4.0 Hz, 3’(5’)-

Hax], 1.52 [d, J = 13.2 Hz, 2 H, 10(13)-Hax], 1.61 [m, 2 H, 10(13)-Heq], 1.79 (s, 2 H, 8-

H), 1.92-1.97 [complex signal, 4 H, 3’(5’)-Heq, 6(12)-Hax], 2.12 [dd, J = 12.8 Hz, J’= 6.4 

Hz, 2 H, 6(12)-Heq], 2.92 [m, 2 H, 2’(6’)-Hax], 3.04 [t, J = 6.4 Hz, 2 H, 5(11)-H], 3.15 

(sept, J = 6.8 Hz, 1 H, CH(CH3)2), 3.67 (m, 1 H, 4’-H), 3.78 [dm, J = 13.2 Hz, 2 H, 2’(6’)-

Heq], 4.35 (s, 1 H, C7-NH), 4.41 (d, J = 8.0 Hz, C4’-NH), 7.03 [m, 2 H, 1(4)-H], 7.06 [m, 

2 H, 2(3)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 16.7 [CH3, CH(CH3)2], 32.3 (CH3, C9-

CH3), 33.4 [CH2, C3’(5’)], 33.7 (C, C9), 39.8 [CH2, C6(12)], 41.1 [CH, C5(11)], 41.2 
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[CH2, C10(13)], 45.7 [CH2, C2’(6’)], 46.6 (CH, C4’), 48.0 (CH2, C8), 53.4 [CH, 

CH(CH3)2], 53.5 (C, C7), 126.2 (CH, C2(3)], 127.9 [CH, C1(4)], 146.3 [C, C4a(11a)], 

156.2 (C, NHCONH). Anal. Calcd for C25H37N3O3S: C 65.33, H 8.11, N 9.14. Found: C 

65.41, H 8.31, N 8.93. HRMS: Calcd for [C25H37N3O3S+H]+: 460.2628; Found: 

460.2623. 

1-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-(cyclopropanecarbonyl)piperidin-4-yl)urea, 12. To a solution of 9-methyl-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (112.5 mg, 0.43 mmol) in DCM (6 mL) saturated aqueous NaHCO3 

solution (5 mL) and triphosgene (93.8 mg, 0.16 mmol) were added. The biphasic mixture 

was stirred at room temperature for 30 minutes and then the two phases were separated 

and the organic layer was washed with brine (5 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 2-3 mL of a solution of the isocyanate in DCM. To 

this solution was added (4-aminopiperidin-1-yl)(tetrahydro-2H-pyran-4-yl)methanone 

(72 mg, 0.43 mmol). The mixture was stirred overnight at room temperature and the 

solvent was then evaporated. Column chromatography (SiO2, DCM/Methanol mixtures) 

provided urea 12 as a white solid (60 mg, 33% yield), mp 115-120 ºC. IR (ATR): 3341, 

2899, 1633, 1607, 1549, 1448, 1311, 1222, 1128, 1064, 1027, 979, 756. 1H-NMR (400 

MHz, CDCl3) δ: 0.72 [dd, 2 H, J = 6.0 Hz, J’ = 2.0 Hz, 8’(9’)-Hax], 0.90 (s, 3 H, 9’-H), 

0.93 [m, 2 H, 8’(9’)-Heq], 1.20 [m, 2 H, 3’(5’)-Heq], 1.52 [d, 2 H, J = 13.2 Hz, 10(13)-

Hax], 1.63 [dd, 2 H, J = 13.2 Hz, J’ = 5.6 Hz, 10(13)-Heq], 1.73 (m, 2 H, 7’-H), 1.80 [m, 

3 H, 8-H, 3’ or 5’-Heq], 1.95 [d, 2 H, J = 12.8 Hz, 6(12)-Hax], 2.04 [d, 1 H, J = 12.0 Hz, 

3’ or 5’-Heq], 2.13 [dd, 2 H, J = 12.0 Hz, J’ = 6.4 Hz, 6(12)-Heq], 2.73 [t, 1 H, J = 11.6 

Hz, 2’ or 6’-Hax], 3.04 [t, 2 H, J = 12.0 Hz, 5(11)-H], 3.20 [t, 1 H, J = 12 Hz, 2’ or 6’-

Hax], 3.75 (m, 1 H, 4’-H), 4.1 [d, 1 H, J = 10.8 Hz, 2’ or 6’-Heq], 4.4 [d, 1 H, J = 10 Hz, 



 

   ( 25 )      365   

2’ or 6’-Heq], 4.5 [d, 1 H, J = 10.8 Hz, NHCONH), 4.6 (s, 1 H, NHCONH), 7.03 [m, 2 H, 

1(4)-H], 7.05 [m, 2 H, 2(3)-H]. 13C-NMR (100.5 MHz, CDCl3) δ: 7.49 [CH2, C8’(9’)], 

11.14 (CH, C7’), 32.43 (CH3, C9’), 32.53 (CH2, C3’ or 5’), 33.82 (CH2, C3’ or 5’), 40.03 

[CH2, C6(12)], 41.26 [CH, C5(11)], 41.35 [CH2, C10(13)], 41.66 [CH2, C2’ or 6’], 44.71 

[CH2, C2`or 6’], 47.04 (CH, C4’), 48.13 (CH2, C8), 53.58 (C, C7), 126.33 [CH, C(1)4], 

128.07 [CH, C2(3)], 146.49 {C, C4a(11a)], 156.57 (C, NHCONH), 172.22 (C, NCOR). 

Anal. Calcd for C26H35N3O2 · 0.1 CH2Cl2: C 72.89 H 8.25, N 9.77. Found: C 73.08, H 

8.23, N 9.53. HRMS: Calcd for [C26H35N3O2+H]+: 422.2802, found: 422.2808. 

1-(1-(4-acetylphenyl)piperidin-4-yl)-3-(9-methyl-5,6,8,9,10,11-hexahydro-7H-

5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea, 13. To a solution of 9-methyl-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (241 mg, 0.91 mmol) in DCM (5 mL) saturated aqueous NaHCO3 solution 

(5 mL) and triphosgene (104 mg, 0.35 mmol) were added. The biphasic mixture was 

stirred at room temperature for 30 minutes and then the two phases were separated and 

the organic layer was washed with brine (5 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 1-2 mL of a solution of the isocyanate in DCM. To 

this solution was added 1-(4-(4-aminopiperidin-1-yl)phenyl)ethan-1-one (250 mg, 1.14 

mmol). The reaction mixture was stirred at room temperature overnight and the solvent 

was evaporated under vacuum to obtain an orange solid (475 mg). Column 

chromatography (SiO2, Hexane/EtOAc mixtures) gave urea 13 (120 mg, 28% yield) as a 

yellowish solid, mp 211-212 ºC. IR (NaCl disk): 3358, 2919, 2844, 1666, 1633, 1597, 

1552, 1519, 1493, 1452, 1427, 1390, 1360, 1307, 1281, 1225, 1193, 1129, 1068, 956, 

915, 826, 758 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.90 (s, 3 H, C9-CH3), 1.39 [dq, J = 

11.2 Hz, J’ = 4.4 Hz, 2 H, 5’(3’)-Hax], 1.55 [d, J = 13.0 Hz, 2 H, 10(13)-Hax], 1.63 [dd, J 

= 13.0 Hz, J’ = 5.2 Hz, 2 H, 10(13)-Heq], 1.80 (s, 2 H, 8-H2), 1.91-2.03 [complex signal, 
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4 H, 6(12)-Hax, 3’-Heq or 5’-Heq], 2.13 [dd, J = 12.0 Hz, J’ = 6.0 Hz, 6(12)-Heq], 2.50 (s, 

3 H, COCH3), 2.97 (m, 2 H, 2’(6’)-Hax], 3.04 [t, J = 6.4 Hz, 2 H, 5(11)-H], 3.69-3.82 

[complex signal, 3 H, 4’-H, 2’(6’)-Heq], 4.36-4.41 (complex signal, 2 H, 7-NH, 4’-NH), 

6.81 [d, J = 9.0 Hz, 2’’(6’’)-H], 7.02 [m, 2 H, 1(4)-H)], 7.06 [m, 2 H, 2(3)-H], 7.82 [d, J 

= 9.0 Hz, 2 H, 3’’(5’’)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 26.1 (CH3, COCH3), 32.2 

[CH2, C3’(5’)], 32.3 (CH3, C9-CH3), 33.7 (C, C9), 39.9 [CH2, C6(12)], 41.1 [CH, 

C5(11)], 41.2 [CH2, C10(13)], 46.7 [CH2, C2’(6’)], 46.9 (CH, C4’), 48.0 (CH2, C8), 53.5 

(C, C7), 113.4 [CH, C2’’(6’’)], 126.2 [CH, C2(C3)], 127.0 (C, C4’’), 127.9 [CH, C1(4)], 

130.5 [CH, C3’’(5’’)], 146.3 [C, C4a(11a)], 153.8 (C, C1’’), 156.3 (C, NHCONH), 196.6 

(C, COCH3). HRMS: Calcd for [C30H37N3O2+H]+: 472.2959; Found: 472.2962. Anal. 

Calcd for C30H37N3O2 · 0.2 Ethyl Acetate: C 75.61, H 7.95, N 8.59. Found: C 75.81, H 

7.86, N 8.29. 

1-(1-acetylpiperidin-4-yl)-3-(9-chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea, 14. To a solution of 9-chloro-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine hydrochloride (150 mg, 

0.53 mmol) in DCM (3 mL) saturated aqueous NaHCO3 solution (3 mL) and triphosgene 

(58 mg, 0.20 mmol) were added. The biphasic mixture was stirred at room temperature 

for 30 minutes and then the two phases were separated and the organic layer was washed 

with brine (3 mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to 

obtain 1-2 mL of a solution of the isocyanate in DCM. To this solution was added 1-(4-

aminopiperidin-1-yl)ethan-1-one (90 mg, 0.63 mmol). The reaction mixture was stirred 

at room temperature overnight and the solvent was evaporated under vacuum to obtain a 

white solid (204 mg). Column chromatography (SiO2, DCM/Methanol mixtures) gave 

urea 14 (115 mg, 52% yield) as a white solid, mp 209-210ºC. IR (NaCl disk): 3358, 3019, 

2926, 2855, 1644, 1619, 1556, 1494, 1452, 1358, 1319, 1301, 1268, 1228, 1206, 1135, 
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1090, 1050, 991, 969, 947, 802, 761, 735 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.15 (m, 

1 H, 5’-Hax or 3’-Hax), 1.18 [m, 1 H, 3’-Hax or 5’-Hax), 1.85 (d, J = 13.6 Hz, 1 H, 5’-Heq 

or 3’-Heq), 1.93 [d, J = 13.2 Hz, 2 H, 6(12)-Hax], 2.02 (m, 1 H, 3’-Heq or 5’-Heq), 2.06 (s, 

3 H, COCH3), 2.15 [d, J = 13.6 Hz, 2 H, 10(13)-Hax], 2.21 [m, 2 H, 6(12)-Heq], 2.35 [dd, 

J = 12.8 Hz, J’ = 6.0 Hz, 2 H, 10(13)-Heq], 2.45 (m, 1 H, 8-Ha), 2.48 (m, 1 H, 8-Hb), 2.72 

(m, 1 H, 2’-Hax or 6’-Hax), 3.05-3.19 (complex signal, 3 H, 5(11)-H, 6’-Hax or 2’-Hax), 

3.67-3.80 (complex signal, 2 H, 4’-H, 6’-Heq or 2’-Heq), 4.41 (dm, J = 13.6 Hz, 1 H, 2’-

Heq or 6’-Heq), 4.78 (d, J = 7.6 Hz, 1 H, C4’-NH), 4.85 (s, 1 H, C7-NH), 7.04 [m, 2 H, 

1(4)-H], 7.09 [m, 2 H, 2(3)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 21.5 (CH3, COCH3), 

32.4 (CH2, C5’ or C3’), 33.7 (CH2, C3’ or C5’), 38.89 (CH2, C6 or C12), 38.96 (CH2, 

C12 or C6), 40.7 (CH2, C2’ or C6’), 41.2 [CH, C5(11)], 44.47 (CH2, C10 or C13), 44.50 

(CH2, C13 or C10), 45.4 (CH2, C6’ or C2’), 46.6 (CH, C4’), 50.8 (CH2, C8), 55.5 (C, 

C7), 69.5 (C, C9), 126.8 [CH, C2(3)], 128.1 [CH, C1(4)], 144.7 (CH, C4a or C11a), 144.8 

(CH, C11a or C4a), 156.2 (C, NHCONH), 169.17 (C, COCH3). Anal. Calcd for 

C23H30ClN3O2 · 0.75 Ethyl Acetate: C 64.78, H 7.53, N 8.72. Found: C 64.73, H 7.56, N 

8.89. HRMS: Calcd for [C23H30ClN3O2+H]+: 416.2099; Found:416.2100. 

1-(9-chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-propionylpiperidin-4-yl)urea, 15. To a solution of 9-chloro-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine hydrochloride (150 mg, 

0.53 mmol) in DCM (4 mL) and saturated aqueous NaHCO3 solution (3 mL), triphosgene 

(56 mg, 0.19 mmol) was added. The biphasic mixture was stirred at room temperature for 

30 minutes and then the two phases were separated and the organic one was washed with 

brine (3 mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-

2 mL of a solution of isocyanate in DCM. To this solution was added 1-(4-

aminopiperidin-1-yl)propan-1-one (83 mg, 0.53 mmol). The mixture was stirred 
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overnight at room temperature and the solvent was then evaporated. Column 

chromatography (SiO2, DCM/Methanol mixtures) provided an orange solid. The 

analytical sample was obtained by a crystallization from hot Ethyl Acetate/Pentane 

mixtures to obtain a urea 15 as a yellowish solid (79 mg, 35% yield), mp 155-156 ºC. IR 

(ATR): 3359, 2924, 2852, 1681, 1652, 1637, 1612, 1565, 1447, 1373, 1356, 1322, 1297, 

1263, 1221, 1134, 1075, 1045, 1022, 967, 946, 908, 804, 755, 618, 559 cm-1. 1H-NMR 

(400 MHz, CDCl3) δ: 1.11 (t, J = 7.2 Hz, 3 H, COCH2CH3), 1.13 [m, 2 H, 5’(3’)-Hax], 

1.84 (d, J = 12.8 Hz, 1 H, 5’-Heq or 3’-Heq), 1.94 [d, J = 12.8 Hz, 2 H, 6(12)-Hax], 2.00 

(d, J = 12.4 Hz, 3’-Heq or 5’-Heq), 2.14 [d, J = 13.2 Hz, 2 H, 10(13)-Hax], 2.21 [m, 2 H, 

6(12)-Heq], 2.29-2.40 [complex signal, 4 H, 10(13)-Heq, COCH2CH3], 2.48 (m, 2 H, 8-

H), 2.70 (m, 1 H, 2’-Hax or 6’-Hax), 3.08 (m, 1 H, 6’-Hax or 2’-Hax), 3.14 [t, J = 6.4 Hz, 2 

H, 5(11)-H], 3.68-3.82 (complex signal, 2 H, 6’-Heq or 2’-Heq, 4’-H), 4.45 (dm, J = 13.6 

Hz, 1 H, 2’-Heq or 6’-Heq), 4.68 (d, J = 8.0 Hz, 1 H, C4’-NH), 4.75 (s, 1 H, C7-NH), 7.05 

[m, 2 H, 1(4)-H], 7.10 [m, 2 H, 2(3)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 9.7 (CH3, 

COCH2CH3), 26.6 (CH2, COCH2CH3), 32.4 (CH2, C5’ or C3’), 33.9 (CH2, C3’ or C5’), 

38.9 [CH2, C6(12)], 40.9 (CH2, C2’ or C6’), 41.2 [CH, C5(11)], 44.5 [2 CH2, C10(13), 

C6’ or C2’], 46.7 (CH, C4`), 50.8 (CH2, C8), 55.5 (C, C7), 69.5 (C, C9), 126.8 [CH, 

C2(3)], 128.1 [CH, C1(4)], 144.8 [C4a(11a)], 156.1 (NHCONH), 172.5 (NCOR). HRMS: 

Calcd for [C24H32ClN3O2+H]+: 430.2256; Found: 430.2253. Anal. Calcd for 

C24H32ClN3O2·0.75 H2O: C 65.00, H 7.61, N 9.47. Found: C 65.27, H 7.51, N 9.15. 

1-(9-chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-(tetrahydro-2H-pyran-4-carbonyl)piperidin-4-yl)urea, 16. To a solution of 9-

chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (130 mg, 0.46 mmol) in DCM (4 mL) and saturated aqueous NaHCO3 

solution (3 mL), triphosgene (50 mg, 0.17 mmol) was added. The biphasic mixture was 
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stirred at room temperature for 30 minutes and then the two phases were separated and 

the organic one was washed with brine (3 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 1-2 mL of a solution of isocyanate in DCM. To this 

solution was added (4-aminopiperidin-1-yl)(tetrahydro-2H-pyran-4-yl)methanone (97 

mg, 0.46 mmol). The mixture was stirred overnight at room temperature and the solvent 

was then evaporated. Column chromatography (SiO2, DCM/Methanol mixtures) provided 

urea 16 as a yellowish solid (90 mg, 41% yield). The analytical sample was obtained by 

washing the product with ethyl acetate to obtain a white solid, mp 214-215 ºC. IR (ATR): 

2924, 2851, 1675, 1610, 1546, 1493, 1451, 1361, 1319, 1296, 1282, 1246, 1225, 1208, 

1120, 1084, 1017, 991, 946, 908, 874, 810, 755, 730, 696, 644, 619, 564 cm-1. 1H-NMR 

(400 MHz, CDCl3) δ: 1.18 [dq, J = 12.0 Hz, J’ = 4.0 Hz, 2 H, 3’(5’)-Hax], 1.56 [m, 2 H, 

3’’(5’’)-Hax], 1.80-1.91 [complex signal, 3 H, 3’’(5’’)-Heq, 3’-Heq or 5’-Heq], 1.94 [d, J = 

13.2 Hz, 2 H, 6(12)-Hax], 2.08 (d, J = 12.8 Hz, 1 H, 5’-Heq or 3’-Heq), 2.16 [d, 2 H, 10(13)-

Hax], 2.20 [m, 2 H, 6(12)-Heq] 2.36 [dd, J = 13.2 Hz, J’ = 6.4 Hz, 2 H, 10(13)-Heq], 2.48 

(s, 2 H, 8-H), 2.66-2.78 (complex signal, 2 H, 4’’-H, 6’-Hax or 2’-Hax), 3.11 (m, 1 H, 2’-

Hax or 6’-Hax), 3.15 [t, J = 6.0 Hz, 2 H, 5(11)-H], 3.43 [t, J = 11.6 Hz, 2 H, 2’’(6’’)-Hax], 

3.75 (m, 1 H, 4’-H), 3.83 (d, J = 13.2 Hz, 1 H, 2’-Heq or 6’-Heq), 3.99 [dm, J = 11.6 Hz, 

2’’(6’’)-Heq], 4.46 (m, 1 H, 6’-Heq or 2’-Heq), 4.51 (d, J = 7.6 Hz, 1 H, C4’-NH), 4.57 (s, 

1 H, C7-NH), 7.06 [m, 2 H, 1(4)-H], 7.09 [m, 2 H, 2(3)-H]. 13C-NMR (100.6 MHz, 

CDCl3) δ: 29.1 [CH2, C3’’(5’’)], 32.4 (CH2, C5’ or C3’), 34.2 (CH2, C3’ or C5’), 37.6 

(CH, C4’’), 38.9 [CH2, C6(12)], 41.1 (CH2, C6’ or C2’), 41.2 [CH, C5(11)], 44.3 (CH2, 

C2’ or C6’), 44.5 [CH2, C10(13)], 47.0 (CH, C4’), 50.8 (CH2, C8), 55.6 (C, C7), 67.2 

[CH2, C2’’(6’’)], 69.5 (C, C9), 126.8 [CH, 2(3)], 128.1 [CH, 1(4)], 144.7 [C, C5a(11a)], 

156.0 (NHCONH), 172.9 (NCOR). HRMS: Calcd for [C27H36ClN3O3+H]+: 486.2518; 
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Found: 486.2522. Anal. Calcd for C27H36ClN3O3: C 66.72, H 7.47, N 8.65. Found: C 

66.92, H 7.40, N 8.43. 

1-(1-benzylpiperidin-4-yl)-3-(9-chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea, 17. To a solution of 9-chloro-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine hydrochloride (130 mg, 

0.46 mmol) in DCM (4 mL) and saturated aqueous NaHCO3 solution (3 mL), triphosgene 

(50 mg, 0.17 mmol) was added. The biphasic mixture was stirred at room temperature for 

30 minutes and then the two phases were separated and the organic one was washed with 

brine (4 mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-

2 mL of a solution of isocyanate in DCM. To this solution was added 1-benzylpiperidin-

4-amine (87 mg, 0.46 mmol). The mixture was stirred overnight at room temperature and 

the solvent was then evaporated. Column chromatography (SiO2, DCM/Methanol 

mixtures) provided urea 17 as a yellowish solid (74 mg, 35% yield), mp 104-105 ºC. IR 

(ATR): 3322, 2928, 2854, 1763, 1635, 1598, 1555, 1494, 1451, 1356, 1319, 1282, 1231, 

1079, 1048, 990, 908, 803, 758, 739, 698, 633, 598, 563 cm-1. 1H-NMR (400 MHz, 

CDCl3) δ: 1.42 [dq, J = 11.2 Hz, J = 4 Hz, 2 H, 3’(5’)-Hax], 1.87 [dm, J = 11.6 Hz, 2 H, 

3’(5’)-Heq], 1.93 [d, J = 12.8 Hz, 2 H, 6(12)-Hax], 2.06-2.17 [complex signal, 4 H, 10(13)-

Hax, 2’(6’)-Hax], 2.20 [dd, J = 12.8 Hz, J’ = 6.4 Hz, 2 H, 6(12)-Heq], 2.35 [dd, J = 12.8 

Hz, J = 6.0 Hz, 2 H, 10(13)-Heq], 2.48 (s, 2 H, 8-H), 2.82 (d, J = 11.6 Hz, 2 H, 2’(6’)-

Heq], 3.14 [t, J = 6.8 Hz, 2 H, 5(11)-H], 3.44-3.56 [complex signal, 3 H, 4’-H, CH2-C6H5), 

4.34 (d, J = 7.6 Hz, 1 H, C4’-NH), 4.40 (s, 1 H, C7-NH), 7.04 [m, 2 H, 1(4)-H], 7.09 [m, 

2 H, 2(3)-H], 7.25 (m, 1 H, Ar-Hpara), 17.28-7.33 [complex signal, 4 H, Ar-Hortho, Ar-

Hmeta). 
13C-NMR (100.6 MHz, CDCl3) δ: 32.7 [CH2, C3’(5’)], 38.9 [CH2, C6(12)], 41.2 

[CH, C5(11)], 44.5 [CH2, C10(13)], 47.1 (CH, C4’), 50.8 (CH2, C8), 52.4 [CH2, C2’(6’)], 

55.6 (C, C7), 62.9 (CH2, CH2-C6H5), 69.5 (C, C9), 126.8 [CH, C2(3)], 127.2 (CH, Ar-
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CHpara), 128.1 [CH, C1(4)], 128.3 (CH, Ar-CHmeta), 129.2 (CH, Ar-CHortho), 137.7 (C, 

Ar-Cipso), 144.8 [C, C4a(11a)], 156.1 (C, NHCONH). HRMS: Calcd for 

[C28H34ClN3O+H]+: 464.2463; Found: 464.2461. Anal. Calcd for C28H34ClN3O·0.4 H2O: 

C 71.36, H 7.44, N 8.92. Found: C 71.62, H 7.36, N 8.53. 

1-(9-chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-(isopropylsulfonyl)piperidin-4-yl)urea, 18. To a solution of 9-chloro-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (268 mg, 0.94 mmol) in DCM (8 mL) and saturated aqueous NaHCO3 

solution (5 mL) was added triphosgene (103 mg, 0.35 mmol). The biphasic mixture was 

stirred at room temperature for 30 minutes and then the two phases were separated and 

the organic layer was washed with brine (5 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 1-2 mL of a solution of the isocyanate in DCM. 

To a solution of 1-(isopropylsulfonyl)piperidin-4-amine (194 mg, 0.94 mmol) in anh. 

THF (8 mL) under argon atmosphere at -78°C, was added dropwise a solution of n-

butyllithium (2.5 M in hexanes, 0.49 mL, 1.22 mmol) during 20 minutes. After the 

addition, the mixture was tempered to 0°C using an ice bath. This solution was added 

carefully to the solution of the isocyanate from the previous step cooled to 0°C, under 

argon atmosphere. The reaction mixture was stirred at room temperature overnight. 

Methanol (2 mL) was then added to quench any unreacted n-butyllithium. The solvents 

were evaporated under vacuum to give a yellow residue (690 mg). Column 

chromatography (SiO2, DCM/Methanol mixtures) gave a white solid. Crystallization 

from hot DCM:pentane provided urea 18 as a yellowish solid (75 mg, 17% yield). The 

analytical sample was obtained by crystallization from hot Ethyl Acetate/Pentane 

mixtures, mp 223-224 ºC. IR (NaCl disk): 3407, 3370, 2926, 2856, 1672, 1538, 1494, 

1451, 1353, 1304, 1296, 1223, 1209, 1177, 1130, 1090, 1045, 972, 949, 903, 885, 841, 
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805, 767, 735, 668, 623 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.31 [d, J = 6.8 Hz, 6 H, 

CH(CH3)2], 1.37 [dq, J = 12.4 Hz, J’ = 4.0 Hz, 2 H, 3’(5’)-Hax], 1.91-1.99 [complex 

signal, 4 H, 6(12)-Hax, 3’(5’)-Heq], 2.15 [d, J = 13.2 Hz, 2 H, 10(13)-Hax], 2.20 [dd, J = 

13.6 Hz, J’ = 5.6 Hz, 6(12)-Heq], 2.35 [dd, J = 13.6 Hz, J’ = 5.6 Hz, 10(13)-Heq], 2.47 (s, 

2 H, 8-H), 2.93 [dt, J = 13.2 Hz, J’ = 2.6 Hz, 2 H, 2’(6’)-Hax], 3.11-3.22 [complex signal, 

3 H, CH(CH3)2, 5(11)-H], 3.67 (m, 1 H, 4’-H), 3.79 [dm, J = 13.2 Hz, 2 H, 2’(6’)-Heq], 

4.50 (s, 1 H, C7-NH), 4.54 (d, J = 7.6 Hz, C4’-NH), 7.04 [m, 2 H, 1(4)-H], 7.10 [m, 2 H, 

2(3)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 16.7 [CH3, CH(CH3)2], 33.4 [CH2, C3’(5’)], 

38.9 [CH2, C6(12)], 41.2 [CH, C5(11)], 44.5 [CH2, C10(13)], 45.7 [CH2, C2’(6’)], 46.6 

(CH, C4’), 50.8 (CH2, C8), 53.4 [CH, CH(CH3)2], 55.6 (C, C7), 69.5 (C, C9), 126.8 [CH, 

C2(3)], 128.1 [CH, C1(4)], 144.8 [C, C4a(11a)], 156.0 (C, NHCONH). HRMS: Calcd for 

[C24H34ClN3O3S+H]+: 480.2082; Found: 480.2084. Anal. Calcd for C24H34ClN3O3S·0.05 

Ethyl Acetate: C 60.00, H 7.16, N 8.67. Found: C 60.38, H 7.08, N 8.27.  

1-(9-chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-(cyclopropanecarbonyl)piperidin-4-yl)urea, 19. To a solution of 9-chloro-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (130 mg, 0.46 mmol) in DCM (4 mL) and saturated aqueous NaHCO3 

solution (3 mL), triphosgene (50 mg, 0.17 mmol) was added. The biphasic mixture was 

stirred at room temperature for 30 minutes and then the two phases were separated and 

the organic one was washed with brine (3 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 1-2 mL of a solution of isocyanate in DCM. To this 

solution was added (4-aminopiperidin-1-yl)(cyclopropyl)methanone (77 mg, 0.46 mmol). 

The mixture was stirred overnight at room temperature and the solvent was then 

evaporated. Column chromatography (SiO2, DCM/Methanol mixtures) provided urea 19 

as a white solid (70 mg, 35% yield), mp 119-120 ºC. IR (ATR): 3367, 3330, 2926, 2853, 
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1682, 1654, 1605, 1565, 1550, 1481, 1452, 1374, 1357, 1319, 1299, 1264, 1224, 1128, 

1088, 1036, 1013, 993, 967, 948, 925, 911, 870, 799, 755, 735, 700, 632, 604, 564 cm-1. 

1H-NMR (400 MHz, CDCl3) δ: 0.75 (m, 2 H, 2’’(3’’)-Hax), 0.94 [m, 2 H, 2’’(3’’)-Heq], 

1.23 [m, 2 H, 3’(5’)-Hax], 1.74 (m, 1 H, 1’’-H), 1.88 (m, 1 H,  5’-Heq or 3’-Heq], 1.95 [d, 

J = 13.2 Hz, 2 H, 6(12)-Hax], 2.08 (m, 1 H, 3’-Heq or 5’-Heq), 2.16 [d, J = 13.2 Hz, 2 H, 

10(13)-Hax], 2.23 [m, 2 H, 6(12)-Heq], 2.37 [dd, J = 12.0 Hz, J‘ = 6.4 Hz, 2 H, 10(13)-

Hax], 2.50 (s, 2 H, 8-H), 2.73 (broad t, J = 12.0 Hz, 1 H, 2’-Hax or 6’-Hax), 3.16 [t, J = 6.4 

Hz, 2 H, 5(11)-H], 3.21 (m, 1 H, 6’-Hax or 2’-Hax), 3.77 (m, 1 H, 4’-H), 4.14 (m, 1 H, 6’-

Heq or 2’-Heq), 4.23 (d, J = 8.0 Hz, 1 H, C4’-NH), 4.30 (s, 1 H, C7-NH), 4.48 (dm, J = 

12.0 Hz, 1 H, 3’-Heq or 5’-Heq), 7.05 [m, 2 H, 1(4)-H], 7.11 [m, 2 H, 2(3)-H]. 13C-NMR 

(100.6 MHz, CDCl3) δ: 7.4 [CH2, C2’’(3’’)], 11.0 (CH, C1’’), 32.3 (CH2, C5’ or C3’), 

34.1 (CH2, C3’ or C5’), 38.9 [CH2, C6(12)], 41.3 [CH, C5(11)], 41.6 (CH2, C2’ or C6’), 

44.5 [CH2, C10(13)], 44.6 (CH2, C6’ or C2’), 46.7 (CH, C4’), 50.8 (CH2, C8), 55.5 (C, 

C7), 69.6 (C, C9), 126.8 [CH, C2(3)], 128.1 [CH, C1(4)], 144.8 (C, C4a(11a)], 156.3 (C, 

NHCONH), 172.2 (C, NCOR). HRMS: Calcd for [C25H32ClN3O2+H]+: 442.2256; Found: 

442.2262. Anal. Calcd for C25H32ClN3O2·0.75 H2O: C 66.05, H 7.41, N 9.24. Found: C 

66.21, H 7.31, N 9.00. 

1-(1-(4-acetylphenyl)piperidin-4-yl)-3-(9-chloro-5,6,8,9,10,11-hexahydro-7H-

5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea, 20. To a solution of 9-chloro-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (100 mg, 0.35 mmol) in DCM (3 mL) and saturated aqueous NaHCO3 

solution (2 mL), triphosgene (38 mg, 0.13 mmol) was added. The biphasic mixture was 

stirred at room temperature for 30 minutes and then the two phases were separated and 

the organic one was washed with brine (3 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 1-2 mL of a solution of isocyanate in DCM. To this 
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solution was added 1-(4-(4-aminopiperidin-1-yl)phenyl)ethan-1-one (76 mg, 0.35 mmol). 

The mixture was stirred overnight at room temperature and the solvent was then 

evaporated. Column chromatography (SiO2, Hexane/Ethyl Acetate mixtures) provided 

urea 20 as a white solid (35 mg, 20% yield), mp 109-110 ºC. IR (ATR): 3310, 2919, 2854, 

1670, 1640, 1597, 1556, 1516, 1451, 1429, 1384, 1356, 1283, 1221, 1191, 1122, 1082, 

1045, 1000, 957, 945, 923, 917, 814, 754, 592 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.39 

[dq, J = 11.2 Hz, J’ = 4.0 Hz, 2 H, 3’(5’)-Hax], 1.95 [d, J = 12.8 Hz, 2 H, 6(12)-Hax], 1.99 

[m, 2 H, 3’(5’)-Heq], 2.15 [d, J = 12.8 Hz, 2 H, 10(13)-Hax], 2.22 [dd, J = 12.8 Hz, J’ = 

6.0 Hz, 6(12)-Heq], 2.36 [dd, J = 12.8 Hz, J’ = 6.0 Hz, 10(13)-Heq], 2.48-2.51 (complex 

signal, 5 H, COCH3, 8-H2), 2.98 [m, 2 H, 2’(6’)-Hax], 3.15 [t, J = 6.4 Hz, 2 H, 5(11)-H], 

3.71-3.83 [complex signal, 3 H, 4’-H, 2’(6’)-Heq], 4.48 (d, J = 7.6 Hz, 4’-NH), 4.54 (s, 1 

H, 7-NH), 6.81 [d, J = 8.8 Hz, 2 H, 2’’(6’’)-H], 7.04 [m, 2 H, 1(4)-H], 7.10 [m, 2 H, 2(3)-

H], 7.82 [d, J = 8.8 Hz, 2 H, 3’’(5’’)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 26.1 (CH3, 

COCH3), 32.1 [CH2, C3’(5’)], 38.9 [CH2, C6(12)], 41.2 [CH, C5(11)], 44.5 [CH2, 

C10(13)], 47.0 [CH2, C2’(6’)], 46.9 (CH, C4´), 50.8 (CH2, C8), 55.7 (C, C7), 69.5 (C, 

C9), 113.4 [CH, C2’’(6’’)], 126.8 [CH, C2(3)], 126.9 (C, C4’’), 128.1 [CH2, C1(4)], 

130.5 [CH, C3’’(5’’)], 144.7 [C, C4a(11a)], 153.8 (C, C1’’), 156.0 (C, NHCONH), 196.8 

(C, COCH3). HRMS: Calcd for [C29H34ClN3O2+H]+: 492.2412; Found: 492.2415. Anal. 

Calcd for C29H34ClN3O2·0.2 Ethyl Acetate · 0.2 Hexane: C 70.66, H 7.35, N 7.97. Found: 

C 70.86, H 7.17, N 7.77. 

1-(9-chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-(2,2,2-trifluoroacetyl)piperidin-4-yl)urea, 21. To a solution of 9-chloro-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (130 mg, 0.46 mmol) in DCM (4 mL) and saturated aqueous NaHCO3 

solution (3 mL), triphosgene (50 mg, 0.17 mmol) was added. The biphasic mixture was 
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stirred at room temperature for 30 minutes and then the two phases were separated and 

the organic one was washed with brine (3 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 1-2 mL of a solution of isocyanate in DCM. To this 

solution was added 1-(4-aminopiperidin-1-yl)-2,2,2-trifluoroethan-1-one hydrochloride 

(106 mg, 0.46 mmol) and Et3N (92 mg, 0.91 mmol). The mixture was stirred overnight 

at room temperature and the mixture was washed with water (15 mL). The organic phase 

was dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain.an orange 

gum (196 mg). Column chromatography (SiO2, DCM/Methanol mixtures) provided urea 

21 as a yellowish solid (55 mg, 26% yield). The analytical sample was obtained by a 

crystallization from hot Ethyl Acetate/Pentane mixtures, mp 188-189 ºC. IR (ATR): 3348, 

2926, 2859, 1689, 1634, 1556, 1495, 1466, 1454, 1357, 1298, 1266, 1203, 1179, 1137, 

1091, 1044, 1009, 992, 971, 946, 897, 802, 757, 698, 660, 623, 599, 556 cm-1. 1H-NMR 

(400 MHz, CDCl3) δ: 1.30 [m, 2 H, 5’(3’)-Hax], 1.94 [d, J = 12.8 Hz, 2 H, 6(12)-Hax], 

2.03 [m, 2 H, 5’(3’)-Heq], 2.16 [d, J = 13.6 Hz, 2 H, 10(13)-Hax], 2.20 [m, 2 H, 6(12)-

Heq], 2.36 [dd, J = 13.6 Hz, J’ = 13.6 Hz, 2 H, 10(13)-Heq], 2.47 (s, 2 H, 8-H), 2.89 (t, J 

= 12.0 Hz, 1 H, 2’-Hax or 6’-Hax), 3.13-3.25 [complex signal, 3 H, 5(11)-H, 6’-Hax or 2’-

Hax], 3.80 (m, 1 H, 4’-H), 3.95 (d, J = 14.0 Hz, 1 H, 6’-Heq or 2’-Heq), 4.28 (d, J = 7.6 Hz, 

1 H, C4’-NH), 4.32 (s, 1 H, C7-NH), 4.42 (dm, J = 14.0 Hz, 2’-Heq or 6’-Heq), 7.05 [m, 2 

H, 1(4)-H], 7.09 [m, 2 H, 2(3)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 32.2 (CH2, C5’ or 

C3’) 33.3 (CH2, C3’ or C5’), 38.91 (CH2, C6 or C12), 38.92 (CH2, C12 or C6), 41.2 [CH, 

C5(11)], 42.8 (CH2, C2’ or C6’), 44.4 [CH2, C10(13)], 44.7 (q, 4JC-F = 3.5 Hz, CH2, C6’ 

or C2’), 46.7 (CH, C4’), 50.8 (CH2, C8), 55.8 (C, C7), 69.3 (C, C9), 116.5 (q, 1JC-F = 

287.7 Hz, C, CF3), 126.8 [CH, C2(3)], 128.1 [CH, C1(4)], 144.7 [C, C4a(11a)], 155.3 (C, 

NCOR), 155.6 (C, NHCONH). HRMS: Calcd for [C23H27ClF3N3O2-H]−: 468.1671; 
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Found: 468.1671. Anal. Calcd for C23H27ClF3N3O2·0.75 CH3OH: C 57.75, H 6.12, N 

8.51. Found: C 58.04, H 5.82, N 8.20. 

1-(9-chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-(1-fluorocyclopropane-1-carbonyl)piperidin-4-yl)urea, 22. To a solution of 9-

chloro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (130 mg, 0.46 mmol) in DCM (4 mL) and saturated aqueous NaHCO3 

solution (3 mL), triphosgene (50 mg, 0.17 mmol) was added. The biphasic mixture was 

stirred at room temperature for 30 minutes and then the two phases were separated and 

the organic one was washed with brine (3 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 1-2 mL of a solution of isocyanate in DCM. To this 

solution were added (4-aminopiperidin-1-yl)(1-fluorocyclopropyl)methanone 

hydrochloride (101 mg, 0.46 mmol) and Et3N (92 mg, .91 mmol). The mixture was stirred 

overnight at room temperature and the mixture was washed with water (10 mL). The 

organic phase was dried over anh. Na2SO4, filtered and evaporated under vacuum to 

obtain an orange gum (140 mg). Column chromatography (SiO2, DCM/Methanol 

mixtures) provided urea 22 as a yellowish solid (20 mg, 10% yield). The analytical sample 

was obtained by a crystallization from hot Ethyl Acetate/Pentane mixtures, mp 120-121 

ºC. IR (ATR): 3340, 2921, 2856, 1730, 1632, 1553, 1493, 1453, 1439, 1356, 1327, 1299, 

1274, 1244, 1204, 1122, 1088, 1047, 1025, 993, 970, 947, 907, 801, 760, 729, 697, 680, 

643 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.14 -1.38 [complex signal, 6 H, 2’’(3’’)-H2, 

5’(3’)-Hax], 1.95 [d, J = 13.2 Hz, 2 H, 6(12)-Hax], 2.00 [m, 2 H, 5’(3’)-Heq], 2.16 [d, J = 

13.2 Hz, 2 H, 10(13)-Hax], 2.22 [dd, J = 12.4 Hz, J’ = 5.6 Hz, 2 H, 6(12)-Heq], 2.36 [dd, 

J = 12.4 Hz, J’ = 6 Hz, 10(13)-Heq], 2.49 (s, 2 H, 8-H), 2.83 (m, 1 H, 2’-Hax or 6’-Hax), 

3.15 (broad signal, 1 H, 6’-Hax or 2’-Hax), 3.16 [t, J = 6.4 Hz, 2 H, 5(11)-H], 3.79 (m, 1 

H, 4’-H), 4.21 (d, J = 8.0 Hz, 1 H, C4’-NH), 4.27 (s, 1 H, C7-NH), 4.18-4.22 (m, 2 H, 2’-
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Heq, 6’-Heq), 7.06 [m, 2 H, 2(3)-H], 7.10 [m, 2 H, 1(4)-H]. 13C-NMR (100.6 MHz, CDCl3) 

δ: 11.8 [CH2, 2’’(3’’)-H], 33.6 [CH2, C3’(5’)], 38.9 [CH2, C6(12)], 41.2 [CH, C5(11)], 

44.5 [2 CH2, C10(13), C2’(6’)], 47.2 (CH, C4’), 50.8 (CH2, C8), 55.7 (C, C7), 69.4 (C, 

C9), 79.2 (C, C1’’), 126.8 [CH, C2(3)], 128.1 [CH, C1(4)], 144.7 [C, C4a(11a)], 155.7 

(C, NHCONH), 166.5 (C, NCOR). HRMS: Calcd for [C25H31ClFN3O2+H]+: 460.2162; 

Found: 460.2165. HPLC/MS (m/z) (M+H) = 460.9, tr = 3.6 ( = 220 nm, 90.6% purity). 

1-(1-acetylpiperidin-4-yl)-3-(9-fluoro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea, 23. To a solution of 9-fluoro-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine hydrochloride (143 mg, 

0.53 mmol) in DCM (4 mL) and saturated aqueous NaHCO3 solution (2 mL) was added 

triphosgene (78 mg, 0.26 mmol). The biphasic mixture was stirred at room temperature 

for 30 minutes and then the two phases were separated and the organic layer was washed 

with brine (5 mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to 

obtain 1-2 mL of a solution of the isocyanate in DCM. To this solution was added 1-(4-

aminopiperidin-1-yl)ethan-1-one (90 mg, 0.63 mmol). The reaction mixture was stirred 

at room temperature overnight and the solvent was evaporated under vacuum to obtain a 

yellow gum (259 mg). Column chromatography (SiO2, DCM/methanol mixtures) gave 

urea 23 (180 mg, 85% yield). The analytical sample was obtained by crystallization from 

hot DCM (57 mg), mp 228-229ºC. IR (NaCl disk): 3357, 3063, 3018, 2928, 2857, 1684, 

1643, 1618, 1553, 1494, 1451, 1359, 1341, 1317, 1267, 1227, 1207, 1135, 1097, 1042, 

1004 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.15 [dq, J = 12.0 Hz, J’ = 4.0 Hz, 1 H, 5’-

Haxor 3’-Hax), 1.16 (dq, J = 12.0 Hz, J’ = 4.0 Hz, 2 H, 3’-Hax or 5’-Hax), 1.83-2.04 

[complex signal, 6 H, 10(13)-Hax, 6-Hax, 12-Hax, 5’-Heq or 3’-Heq], 2.06 (s, 3 H, COCH3), 

2.09-2.26 [complex signal, 6 H, 8-H2, 10(13)-Heq, 6-Heq, 12-Heq], 2.71 (m, 1 H, 6’-Hax or 

2’-Hax), 3.12 (m, 1 H, 2’-Hax or 6’-Hax), 3.21 [t, J = 7.2 Hz, 2 H, 5(11)-H], 3.69-3.77 
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(complex signal, 2 H, 4’-H, 6’-Heq or 2’-Heq), 4.42 (dm, J = 13.6 Hz, 1 H, 2’-Heq or 6’-

Heq), 4.71 (d, J = 7.6 Hz, 1 H, C4’-NH), 4.82 (s, 1 H, C7-NH), 7.06 [m, 2 H, 1(4)-H], 

7.10 [m, 2 H, 2(3)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 21.4 (CH3, COCH3), 32.3 (CH2, 

C5’ or C3’), 33.7 (C3’ or C5’), 39.3 (CH2, d, 4JC-F = 2.2 Hz, C6 or C12), 39.3 (CH2, d, 

4JC-F = 2.2 Hz, C12 or C6), 39.6 [CH, d, 3JC-F = 13.3 Hz, C5(11)], 40.1 [CH2, d, 2JC-F = 

20.1 Hz, C10(13)], 40.7 (CH2, C6’ or C2’), 45.4 (CH2, C2’ or C6’), 46.6 (CH, C4’), 46.8 

(CH2, C8), 56.8 (C, d, 3JC-F = 11.4 Hz, C7), 94.4 (C, d, 1JC-F = 176.9, C9), 126.8 [CH, 

C2(3)], 128.1 [CH, C1(4)], 144.8 [C, d, 4JC-F = 2.0 Hz, C4a(11a)], 156.2 (C, NHCONH), 

169.1 (C, COCH3). Anal. Calcd for C23H30FN3O2·0.5 H2O: C 67.62, H 7.65, N 10.29. 

Found: C 67.61, H 7.93, N 9.94. HRMS: Calcd for [C23H30FN3O2+H]+: 400.2395; Found: 

400.2395. 

1-(9-fluoro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-(tetrahydro-2H-pyran-4-carbonyl)piperidin-4-yl)urea, 24. To a solution of 9-

fluoro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (150 mg, 0.56 mmol) in DCM (4.5 mL) saturated aqueous NaHCO3 

solution (3.5 mL) and triphosgene (61.5 mg, 0.21 mmol) were added. The biphasic 

mixture was stirred at room temperature for 30 minutes and then the two phases were 

separated and the organic layer was washed with brine (3.5 mL), dried over anh. Na2SO4, 

filtered and evaporated under vacuum to obtain 1-2 mL of a solution of the isocyanate in 

DCM. To this solution was added (4-aminopiperidin-1-yl)(tetrahydro-2H-pyran-4-

yl)methanone (119 mg, 0.56 mmol). The mixture was stirred overnight at room 

temperature and the solvent was then evaporated. Column chromatography (SiO2, 

DCM/Methanol mixtures) provided urea 24 as a yellowish solid (75 mg, 28% yield),  mp 

210-213 ºC. IR (ATR): 3351, 2926, 2850, 1609, 1549, 1444, 1358, 1306, 1210, 1125, 

1089, 1005, 983, 867, 760 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.17 [dq, 2 H, J = 12.0 
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Hz, J’ = 4.0 Hz, 3’(5’)-Hax], 1.56 [t, 2 H, J = 10.8 Hz, 3’’(5’’)-Hax], 1.76-2.00 [complex 

signal, 7 H, 10(13)-Hax, 6(12)-Hax, 3’’(5’’)-Heq, 3’-Heq or 5’-Heq], 2.02-2.20 [complex 

signal, 5 H, 10(13)-Heq, 6(12)-Heq, 5’-Heq or 3’-Heq], 2.21 (d, 2 H, J = 6.0 Hz, 8-H2), 2.65-

2.80 (complex signal, 2 H, 4’’-H, 2’-Hax or 6’-Hax), 3.11 (t, 1H, J = 12.4 Hz, 6’-Hax or 2’-

Hax), 3.21 [broad signal, s, 2 H, 5(11)-H], 3.43 [t, 2 H, J = 11.2 Hz, 2’’(6’’)-Hax], 3.75 (m, 

1 H, 4’-H), 3.83 (d, 1 H, J = 13.2 Hz, 2’-Heq or 6’-Heq), 3.99 [dd, 2 H, J = 11.6 Hz, J’ = 

2.0 Hz, 2’’(6’’)-Heq], 4.47 (d, 1 H, J = 14.0 Hz, 6’-Heq or 2’-Heq), 4.55 (d, 1 H, J = 7.6 

Hz, C4’-NH), 4.64 (s, 1 H, C7-NH), 7.06 [m, 2 H, 1(4)-H], 7.11 [m, 2 H, 2(3)-H]. 13C-

NMR (100.6 MHz, CDCl3) δ: 29.1 [CH2, C3’’(5’’)], 32.4 (CH2, C3’ or 5’), 34.2 (CH2, 

C5’ or 3’), 37.6 (CH, C4’’), 39.3 [CH2, C6(12)], 39.5 [CH, 3JC-F = 13.4 Hz, C5(11)], 40.1 

[CH2, d, 2JC-F = 20.1 Hz, C10(13)], 41.1 (CH2, C2’ or 6’), 44.3 (CH2, C2’ or 6’), 46.7 

(CH2, d, 2JC-F = 17.9 Hz, C8), 46.9 (CH, C4’), 56.9 (C, d, 3JC-F = 11.5 Hz, C7), 67.1 (CH2, 

C2’’(6’’)], 94.4 [C, d, 1JC-F = 177.2 Hz, C9), 126.8 [CH, C1(4)], 128.1 [CH, C2(3)], 144.8 

[C, C1’(4’)], 156.0 (C, NHCONH), 172.9 (C, NCOR). Anal. Calcd for C27H36FN3O3 · 0.2 

CH2Cl2: C 67.14, H 7.54, N 8.64. Found: C 67.47, H 7.57, N 8.29. HRMS: Calcd for 

[C27H36FN3O3+H]: 470.2813, found: 470.2815. 

1-(9-fluoro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

3-(1-(cyclopropanecarbonyl)piperidin-4-yl)urea, 25. To a solution of 9-fluoro-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine 

hydrochloride (150 mg, 0.56 mmol) in DCM (4.5 mL) saturated aqueous NaHCO3 

solution (3.5 mL) and triphosgene (61.5 mg, 0.21 mmol) were added. The biphasic 

mixture was stirred at room temperature for 30 minutes and then the two phases were 

separated and the organic layer was washed with brine (3.5 mL), dried over anh. Na2SO4, 

filtered and evaporated under vacuum to obtain 1-2 mL of a solution of the isocyanate in 

DCM. To this solution was added (4-aminopiperidin-1-yl)(tetrahydro-2H-pyran-4-
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yl)methanone (94.2 mg, 0.56 mmol). The mixture was stirred overnight at room 

temperature and the solvent was then evaporated. Column chromatography (SiO2, 

DCM/Methanol mixtures) provided urea 25 as a white solid (60 mg, 25% yield), mp 187-

191 ºC. IR (ATR): 3320, 2934, 1630, 1568, 1450, 1358, 1317, 1221, 1125, 865, 767, 734, 

569. 1H-NMR (400 MHz, CDCl3) δ: 0.75 [dd, 2 H, J = 8.0 Hz, J’ = 3.2 Hz, 8’(9’)-Hax], 

0.93 [dd, 2 H, J = 9.6 Hz, J’ = 4.8 Hz, 8’(9’)-Heq], 1.20 [complex signal, 2 H, 3’(5’)-Hax], 

1.74 (tt, 1 H, J = 8.0 Hz, J’ = 4.8 Hz, 7’-H), 1.95 – 1.85 [d, 4 H, J = 12.8 Hz, 10(13)-Hax, 

6(12)-Hax; d, 1 H, J = 12.4 Hz, 3’ or 5’-Heq], 2.2 – 2.1 [complex signal, 5 H, 10(13)-Heq, 

6(12)-Heq, 3’ or 5’-Heq], 2.25 (d, 2 H, J = 5.2 Hz, 8-H), 2.75 (t, 2 H, J = 12 Hz, 2’ or 6’-

Hax), 3.20 [m, 3 H, 5(11)-H, 2’ or 6’-Hax], 3.75 (m, 1 H, 4’-H), 4.10 (broad signal, d, 1 H, 

J = 14 Hz, 2’ or 6’-Heq), 4.37 (d, 1 H, J = 7.6 Hz, HNCONH), 4.50 – 4.45 (s, 1 H, 

HNCONH; s, 1 H, 2’ or 6’-Heq), 7.07 [broad signal, 2 H, 2(3)-H], 7.11 [broad signal, 2 

H, 1(4)-H]. 13C-NMR (100.5 MHz, CDCl3) δ: 7.51 [CH2, C8’(9’)], 11.15 (CH, C7’), 

32.54 (CH2, C5’ or 3’), 34.41 (CH2, C5’ or 3’), 39.47 [CH, C5(11)], 39.80 [CH2, d, 4JC-F 

= 14.07 Hz, C6(12)], 40.34 [CH2, d, 2JC-F = 20.1 Hz, C10(13), 41.66 (CH2, C2’ or 6’), 

44.71 (CH2, C2’ or 6’), 46.94 (CH2, d, 2JC-F = 18.09 Hz, C8), 47.22 (CH, C4’), 57.19 (C, 

C7), 94.53 (C, d, 1JC-F = 176.88 Hz, C9), 126.99 [CH, C1(4)], 128.27 [CH, C2(3)], 144.97 

[CH, C1’(4’)], 156.09 (C, HNCONH),172.26 (C, CO). Anal. Calcd for C25H32FN3O2 · 0.1 

CH2Cl2: C 69.46 H 7.48, N 9.68. Found: C 69.64, H 7.52, N 9.45. Accurate mass: 

Calculate for [C25H32FN3O2+H]+: 426.2551, found: 426.2556. 

1-(1-(isopropylsulfonyl)piperidin-4-yl)-3-(9-methyl-5,6,8,9,10,11-hexahydro-7H-

5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea, 26. To a solution of 1-(4-

aminopiperidin-1-yl)ethan-1-one (192 mg, 1.35 mmol) in DCM (4 mL) and saturated 

aqueous NaHCO3 solution (3 mL) triphosgene (200 mg, 0.67 mmol) was added. The 

biphasic mixture was stirred at room temperature for 30 minutes and then the two phases 
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were separated and the organic one was washed with brine (5 mL), dried over anh. 

Na2SO4, filtered and evaporated under vacuum to obtain 1-2 mL of a solution of the 

isocyanate in DCM. To this solution was added 9-amino-5,6,8,9,10,11-hexahydro-7H-

5,9:7,11-dimethanobenzo[9]annulen-7-ol hydrochloride (300 mg, 1.13 mmol) followed 

by Et3N (228 mg, 2.25 mmol). The reaction mixture was stirred at room temperature 

overnight and the solvent was evaporated under vacuum. Column chromatography (SiO2, 

DCM/methanol mixtures) gave urea 26 (19 mg, 4.2% yield) as a grey solid, mp 222-

223ºC. IR (NaCl disk): 3313, 2922, 2852, 1733, 1716, 1699, 1646, 1622, 1558, 1542, 

1507, 1491, 1472, 1456, 1358, 1337, 1319, 1301, 1265, 1231, 1204, 1134, 1104, 1053 

cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.20 [m, 2 H, 3’(5’)-Hax], 1.76 [d, J = 12.8 Hz, 2 H, 

6(12)-Hax], 1.86-2.02 [complex signal, 6 H, 3’(5’)-Heq, 10(13)-Hax, 6(12)-Heq], 2.04 (s, 2 

H, 8-H), 2.07 (3, 3 H, COCH3), 2.14 [m, 2 H, 10(12)-Heq], 2.70 (m, 1 H, 6’-Hax or 2’-

Hax), 3.12 (ddd, J = 14.4 Hz, J’ = 12.0 Hz, J’’ = 2.4 Hz, 1 H, 2’-Hax or 6’-Hax], 3.17 [t, J 

= 6.0 Hz, 2 H, 5(11)-H], 3.67-3.78 [complex signal, 2 H, 4’-H, 2’-Heq or 6’-Heq], 4.24 (d, 

J = 7.6 Hz, 1 H, C4’-NH), 4.34 (s, 1 H, C7-NH), 4.47 [dm, J = 14.0  Hz, 1 H, 6’-Heq or 

2’-Heq), 7.06 [m, 2 H, 1(4)-H)], 7.09 [m, 2 H, 2(3)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 

21.4 (CH3, COCH3), 32.4 (CH2, C5’ or C3’), 33.6 (CH2, C3’ or C5’), 39.4 [CH2, 

C10(13)], 40.1 [CH, C5(11)], 40.7 (CH2, C6’ or C2’), 42.5 [CH2, C6(12)], 45.4 (CH2, 

C2’ or C6’), 47.1 (CH, C4’), 49.1 (CH2, C8), 56.3 (C, C7), 71.0 (C, C9), 126.6 [CH, 

C2(3)], 128.1 [CH, C1(4)], 145.2 [C, C4a(11a)], 155.9 (C, NHCONH), 169.0 (C, 

COCH3). Anal. Calcd for C23H31N3O3·CH3OH: C 67.11, H 8.21, N 9.78. Found: C 67.25, 

H 8.15, N 9.72. HRMS: Calcd for [C23H31N3O3+H]+: 398.2438; Found: 398.2440. 

1-(1-acetylpiperidin-4-yl)-3-(9-methoxy-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea, 27. To a solution of 9-methoxy-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine (300 mg, 1.23 mmol) in 
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DCM (4.5 mL) and saturated aqueous NaHCO3 solution (3 mL) triphosgene (183 mg, 

0.62 mmol) was added. The biphasic mixture was stirred at room temperature for 30 

minutes and then the two phases were separated and organics were washed with brine (5 

mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-2 mL of 

a solution of the isocyanate in DCM. To this solution was added 1-(4-aminopiperidin-1-

yl)ethan-1-one (210 mg, 1.47 mmol). The reaction mixture was stirred at room 

temperature overnight and the solvent was evaporated under vacuum to obtain a white 

gum (521 mg). Column chromatography (SiO2, DCM/methanol mixtures) gave urea 27 

(148 mg, 30% yield) as a white solid. The analytical sample was obtained by 

crystallization from hot EtOAc, mp 212-213ºC. IR (NaCl disk): 3358, 3044, 3019, 2931, 

2847, 2823, 1646, 1618, 1555, 1495, 1452, 1356, 1319, 1266, 1229, 1135, 1095, 1076, 

972, 849, 756, 735 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.12 (dq, J = 11.6 Hz, J’ = 4.0 

Hz, 1 H, 3’-Hax or 5’-Hax), 1.19 (dq, J = 11.6 Hz, J’ = 4.0 Hz, 1 H, 5’-Hax or 3’-Hax), 1.79-

1.86 [complex signal, 3 H, 6(12)-Hax, 5’-Heq or 3’-Heq], 1.92 [dm, J = 12.4 Hz, 6(12)-

Heq], 1.98-2.02 [complex signal, 5 H, 10(13)-Hax, 8-H2, 5’-Heq or 3’-Heq], 2.06 (s, 3 H, 

COCH3), 2.10 [m, 2 H, 10(13)-Heq], 2. 70 (m, 1 H, 6’-Hax or 2’-Hax), 3.10 (ddd, J = 14.4 

Hz, J’ = 12.4 Hz, J’’ = 2.4 Hz, 1 H, 2’-Hax or 6’-Hax], 3.17 [t, J = 6.0 Hz, 2 H, 5(11)-H], 

3.22 (s, 3 H, OCH3), 3.68-3.77 (complex signal, 2 H, 4’-H, 6’-Heq or 2’-Heq), 4.41 (dm, J 

= 13.6 Hz, 1 H, 2’-Heq or 6’-Heq), 4.73 (d, J = 8.0 Hz, 1 H, C4’-NH), 4.76 (s, 1 H, C7-

NH), 7.05 [m, 2 H, 1(4)-H], 7.08 (m, 2 H, 2(3)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 

21.4 (CH3, COCH3), 32.4 (CH2, C5’ or C3’), 33.7 (CH2, C3’ or C5’), 38.2 [CH2, C6(12)], 

39.71 (CH2, C10 or C13), 39.73 (CH2, C13 or C10), 39.8 [CH, C5(11)], 40.7 (CH2, C6’ 

or C2’), 45.4 (CH2, C2’ or C6’), 45.6 (CH2, C8), 46.6 (CH, C4’), 48.2 (CH3, OCH3), 55.8 

(C, C7), 74.8 (C, C9), 126.6 CH, C2(3)], 128.0 [CH, C1(4)], 145.4 [C, C4a(11a)], 156.3 

(C, NHCONH), 169.1 (C, COCH3). Anal. Calcd for C24H33N3O3: C 70.04, H 8.08, N 
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10.21. Found: C 69.63, H 8.28, N 9.86. HRMS: Calcd for [C24H33N3O3+H]+: 412.2595; 

Found: 412.2595. 

1-(5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl-9-d)-3-(1-

(tetrahydro-2H-pyran-4-carbonyl)piperidin-4-yl)urea, 28. To a solution of 

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-9-d-7-amine 

hydrochloride (82 mg, 0.32 mmol) in DCM (2 mL) and saturated aqueous NaHCO3 

solution (2 mL), triphosgene (36 mg, 0.12 mmol) was added. The biphasic mixture was 

stirred at room temperature for 30 minutes and then the two phases were separated and 

the organic one was washed with brine (3 mL), dried over anh. Na2SO4, filtered and 

evaporated under vacuum to obtain 1-2 mL of a solution of isocyanate in DCM. To this 

solution was added (4-aminopiperidin-1-yl)(tetrahydro-2H-pyran-4-yl)methanone (68 

mg, 0.32 mmol). The mixture was stirred overnight at room temperature and the solvent 

was then evaporated. Column chromatography (SiO2, DCM/Methanol mixtures) 

provided urea 28 as a white solid (83 mg, 56% yield). The analytical sample was obtained 

by crystallization from hot EtOAc, mp 125-126 ºC. IR (ATR): 3318, 2902, 2849, 1630, 

1557, 1491, 1445, 1361, 1318, 1300, 1274, 1238, 1213, 1123, 1108, 1090, 1040, 1016, 

987, 972, 872, 823, 750 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.17 [dt, J = 12.0 Hz, J’ = 

4.0 Hz, 2 H, 3’-Hax or 5’-Hax], 1.20 [dt, J = 12.0 Hz, J’ = 4.0 Hz, 2 H, 5’-Hax or 3’-Hax], 

1.56 [m, 2 H, 3’’(5’’)-Hax], 1.73 [d, J = 13.2 Hz, 2 H, 10(13)-Hax], 1.80-1.90 [complex 

signal, 3 H, 3’’(5’’)-Heq, 5’-Heq or 3’-Heq), 1.92 [dd, J = 13.2 Hz, J’ = 6.0 Hz, 2 H, 10(13)-

Heq], 1.98-2.10 [complex signal, 5 H, 6(12)-Hax, 8-H2, 3’-Heq or 5’-Heq], 2.18 [m, 2 H, 

6(12)-Heq], 2.65-2.76 [complex signal, 2 H, 4’’-H, 2’-Hax or 6’-Hax], 3.03 [t, J = 6.0 Hz, 

2 H, 5(11)-H], 3.10 (m, 1 H, 6’-Hax or 2’-Hax), 3.43 [m, 2 H, 2’’(6’’)-Hax], 3.75 (m, 1 H, 

4’-H), 3.82 (d, J = 13.0 Hz, 1 H, 6’-Heq or 2’-Heq), 3.99 [dm, J = 11.4 Hz, 2 H, 2’’(6’’)-

Heq], 4.27-4.34 [complex signal, 2 H, C7-NH, C4’-NH), 4.48 (d, J = 13.0 Hz, 1 H, 2’-Heq 
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or 6’-Heq], 7.03 [m, 2 H, 1(4)-H], 7.05 [m, 2 H, 2(3)-H]. 13C-NMR (100.6 MHz, CDCl3) 

δ: 29.2 [CH2, C3’’(5’’)], 30.7 (CD, t, 1JC-D = 19.8 Hz, C9), 32.4 (CH2, C5’ or C3’), 34.1 

(CH2, C3’ or C5’), 34.3 [CH2, C10(13)], 37.6 (CH, C4’’), 40.5 [CH2, C6(12)], 41.1 [CH2, 

C2’ or C6’), 41.2 [CH, C5(11) and CH2, C8], 44.3 (CH2, C6’ or C2’), 47.1 (CH, C4’), 

51.9 (C, C7), 67.2 [CH2, C2’’(6’’)], 126.2 [CH, C2(3)], 128.0 [CH, C1(4)], 146.6 [C, 

C4a(11a)], 156.1 (C, NHCONH), 172.8 (C, NCOR). HRMS: Calcd for 

[C27H36DN3O3+H]+: 453.297; Found: 453.2974. Anal. Calcd for C27H36DN3O3·1 H2O: C 

68.91, H 8.14, N 8.93. Found: C 69.28, H 7.94, N 8.69 

tert-butyl 4-(2-((9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)amino)-2-oxoethyl)piperidine-1-carboxylate. To a 

suspension of 9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-amine  hydrochloride (500 mg, 1.89 mmol) in EtOAc (5 

mL), 2-(1-(tert-butoxycarbonyl)piperidin-4-yl)acetic acid (461 mg, 1.89 mmol), HOBt 

(384 mg, 2.84 mmol), EDC·HCl (440 mg, 2.84 mmol) and Et3N (767 mg, 7.58 mmol) 

were added. The mixture was stirred at room temperature for 24 h. Water (10 mL) and 

DCM (20 mL) were added to the resulting suspension and the 2 phases were separated. 

The organic phase was washed with sat. NaHCO3 aqueous solution (10 mL), brine (10 

ml), 2N HCl solution (10 mL) and 2N NaOH (10 mL), dried over anh. Na2SO4, filtered 

and concentrated under vacuum to give a yellow solid (515 mg, 60% yield). 1H-NMR 

(400 MHz, CDCl3) δ: 0.92 (s, 3H), 1.11 (dq, J = 4.4 Hz, J’ = 11.6 Hz, 2 H), 1.4 (s, 9 H), 

1.54 (d, J = 13.6 Hz, 2 H), 1.63-1.68 (complex signal, 4 H), 1.84 (s, 2 H), 1.91 (m, 1 H), 

1.97 (s, 2 H), 2.0 (d, J = 12.8 Hz, 2 H), 2.14-2.18 (complex signal, 2 H), 2.69 (t, J = 13.2 

Hz, 2 H), 3.06 (t, J = 6.0 Hz, 2 H), 4.06 (broad signal, 2 H), 5.14 (s, 1 H), 7.02-7.08 

(complex signal, 4 H). 
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N-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-

yl)-2-(piperidin-4-yl)acetamide. To a solution of tert-butyl 4-(2-((9-methyl-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)amino)-2-

oxoethyl)piperidine-1-carboxylate (250 mg, 0.55 mmol) in DCM (4 mL) was added 4M 

HCl in 1,4-dioxane (0.5 ml). The reaction mixture was stirred at room temperature for 3 

days. Then, the solvent was evaporated under vacuum and the residue was dissolved in 

DCM (10 mL) and washed with 5N NaOH solution, dried over anh. Na2SO4, filtered and 

concentrated under vacuum to give a yellow solid (189 mg, 97% yield). 1H-NMR (400 

MHz, CDCl3) δ: 0.91 (s, 3H), 1.12 (dq, J = 4 Hz, J’ = 12.0 Hz, 2 H), 1.53 (d, J = 13.2 Hz, 

2 H), 1.62-1.71 (complex signal, 4 H), 1.84 (s, 2 H), 1.88 (m, 1 H), 1.95-2.01 (complex 

signal, 4 H), 2.14-2.19 (complex signal, 2 H), 2.6 (dt, J = 2.8 Hz, J’ = 12.0 Hz, 2 H), 3.00-

3.07 (complex signal, 4 H), 5.15 (s, 1 H), 7.02-7.09 (complex signal, 4 H). 

2-(1-acetylpiperidin-4-yl)-N-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)acetamide, 24. To a solution of N-(9-methyl-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-2-(piperidin-4-

yl)acetamide (200 mg, 0.57 mmol) in anh. DCM (5 mL) under argon atmosphere was 

added anh. Et3N (69 mg, 0.68 mmol). The mixture was cooled down to 0°C and acetyl 

chloride (45 mg, 0.57 mmol) was added dropwise. Then, the reaction mixture was stirred 

at room temperature overnight and quenched by addition of 2N HCl solution (3 mL). The 

two phases were separated and the aqueous layer was extracted with EtOAc (2 x 20 mL). 

The combined organic phases were washed with 2N NaOH solution, dried over anh. 

Na2SO4, filtered and concentrated under vacuum. Column chromatography (SiO2, 

Hexane/EtOAc mixtures) gave acetamide 24 as a white solid (134 mg, 60% yield), mp 

85-86 ºC. IR (NaCl disk): 3315, 3060, 3017, 2916, 2860, 1631, 1544, 1493, 1450, 1361, 

1304, 1273, 1241, 1197, 1165, 1138, 1096, 1048 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 
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0.91 (s, 3 H, C9’’-CH3), 1.10 [m, 2 H, 3’(5’)-Hax], 1.53 [d, J = 13.6 Hz, 2 H, 10’’(13’’)-

Hax], 1.65 [dm, J = 12.8 Hz, 10’’(13’’)-Heq], 1.71 (d, J = 12.8 Hz, 1 H, 5’-Heq or 3’-Heq), 

1.76 (d, J = 12.4 Hz, 1 H, 3’-Heq or 5’-Heq), 1.83 (s, 2 H, 8’’-H), 1.96-2.04 [complex 

signal, 5 H, 2-H2, 4’-H, 6’’(12’’)-Hax], 2.06 (s, 3 H, COCH3), 2.15 [m, 2 H, 6’’(12’’)-

Heq], 2.53 (t, J = 12.4 Hz, 1 H, 2’-Hax or 6’-Hax), 3.03 (m, 1 H, 6’-Hax or 2’-Hax), 3.08 

[broad t, J = 6.0 Hz, 2 H, 5’’(11’’)-H], 3.76 (d, J = 13.6 Hz, 1 H, 6’-Heq or 2’-Heq), 4.58 

(d, J = 13.2 Hz, 1 H, 2’-Heq or 6’-Heq), 5.25 (s, 1H, NH), 7.03  [m, 2 H, 1’’(4’’)-H], 7.06 

[m, 2 H, 2’’(3’’)-H]. 13C-NMR (100.6 MHz, CDCl3) δ: 21.5 (CH3, COCH3), 31.6 (CH2, 

C5’ or C3’), 32.2 (CH3, C9-CH3), 32.4 (CH2, C3’ or C5’), 33.56 (C or CH, C9’’ or C4’), 

33.57 (CH or C, C4’ or C9’’), 39.0 (CH2, C6’’ or C12’’), 39.1 (CH2, C12’’ or C6’’), 40.9 

[CH, C5’’(11’’)], 41.1 [CH2, C10’’(13’’)], 41.7 (CH2, C2’ or C6’), 44.4 (CH2, C2), 46.5 

(CH2, C6’ or C2’), 47.2 (CH2, C8’’), 54.7 (C, C7’’), 126.3 [CH, C2’’(3’’)], 128.0 [CH, 

C1’’(4’’)], 146.1 [C, C4a’’(11a’’)], 168.7 (C, COCH3), 170.4 (C, NHCO). Anal. Calcd 

for C25H34N2O2·0.5 H2O: C 74.41, H 8.74, N 6.94. Found: C 74.36, H 8.79, N 6.74. 

HRMS: Calcd for [C25H34N2O2+H]+: 395.2693; Found: 395.2691. 

2-[1-(isopropylsulfonyl)piperidin-4-yl]-N-(9-methyl-5,6,8,9,10,11-hexahydro-7H-

5,9:7,11-dimethanobenzo[9]annulen-7-yl)acetamide, 25. To a solution of N-(9-

methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-2-

(piperidin-4-yl)acetamide (185 mg, 0.52 mmol) in DCM (5 mL) was added Et3N (63 mg, 

0.63 mmol). The mixture was cooled down to 0 °C and propane-2-sulfonyl chloride (74 

mg, 0.52 mmol) was added dropwise. Then, the reaction mixture was stirred at room 

temperature overnight and quenched by addition of 2N HCl solution (3 mL). The two 

phases were separated and the aqueous phase was extracted with EtOAc (2 x 20 mL). The 

combined organic phases were washed with 5N NaOH solution, dried over anh. Na2SO4, 

filtered and concentrated under vacuum to give a yellow solid. Column chromatography 
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(SiO2, Hexane/EtOAc mixtures) gave acetamide 25 as a white solid (145 mg, 60% yield). 

The analytical sample was obtained by crystallization from hot EtOAc, mp 172 -173 °C. 

IR (NaCl disk): 3365, 3319, 3059, 3018, 2916, 2852, 1648, 1536, 1493, 1452, 1361, 1323, 

1309, 1265, 1190, 1167, 1138, 1091, 1044, 1011, 993, 945, 905, 881, 801, 759, 732, 702, 

665 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.91 (s, 3 H, C9’’-CH3), 1.25 [dq, J = 12.0 Hz, 

J’ = 4.0 Hz, 2 H, 3’(5’)-Hax], 1.31 [d, J = 6.8 Hz, 6 H, CH(CH3)2], 1.53 [d, J = 13.6 Hz, 

2 H, 10’’(13’’)-Hax], 1.65 [dm, J = 13.6 Hz, 2 H, 10’’(13’’)-Heq], 1.74 [dm, J = 12.0 Hz, 

2 H, 3’(5’)-Heq], 1.82 (s, 2 H, 8’’-H2), 1.93 (m, 1 H, 4’-H), 1.97-2.04 [complex signal, 4 

H, 2-H2, 6’’(12’’)-Hax], 2.15 [dd, J = 11.6 Hz, J’ = 6.0 Hz, 6’’(12’’)-Heq], 2.85 [dt, J = 

12.4 Hz,  J’ = 2.4 Hz, 2 H, 2’(6’)-Hax], 3.06 [t, J = 6.0 Hz, 2 H, 5’’(11’’)-H], 3.15 [sept, 

J = 6.8 Hz, 1 H, CH(CH3)2], 3.80 [dt, J = 12.8 Hz, J’ = 2.0 Hz, 2 H, 2’(6’)-Heq], 5.22 (s, 

1 H, NH), 7.03 [m, 2 H, 1’’(4’’)-H], 7.07 [m, 2 H, 2’’(3’’)-H]. 13C-NMR (100.6 MHz, 

CDCl3) δ: 16.8 [CH3, CH(CH3)2], 32.2 (CH3, C9-CH3), 32.3 [CH2, C3’(5’)], 33.1 (CH, 

C4’), 33.6 (C, C9’’), 39.1 [CH2, C6’’(12’’)], 41.0 [CH, C5’’(11’’)], 41.1 [CH2, 

C10’’(13’’)], 44.4 (CH2, C2), 46.5 [CH2, C2’(6’)], 47.2 (CH2, C8’’), 53.2 [CH, 

CH(CH3)2], 54.7 (C, C7’’), 126.3 [CH, C2’’(3’’)], 128.0 [CH, C1’’(4’’)], 146.1 [C, 

C4a’’(11a’’)], 170.3 (C, CO). Anal. Calcd for C26H38N2O3S: C 68.09, H 8.35, N 6.11. 

Found: C 67.75 H 8.62, N 5.74. HRMS: Calcd for [C26H38N2O3S+H]+: 459.2676; Found: 

459.2675. 

2-(1-benzylpiperidin-4-yl)-N-(9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)acetamide, 30. To a suspension of 9-methyl-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-amine  

hydrochloride (250 mg, 0.95 mmol) in EtOAc (5 mL), 2-(1-benzylpiperidin-4-yl)acetic 

acid hydrochloride (255 mg, 0.95 mmol), HOBt (192 mg, 1.42 mmol), EDC·HCl (220 

mg, 1.42 mmol) and Et3N (480 mg, 4.74 mmol) were added. The mixture was stirred at 
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room temperature for 24 h. Water (10 mL) and DCM (10 mL) were added to the resulting 

suspension and the 2 phases were separated. The organic phase was washed with sat. 

NaHCO3 aqueous solution (10 mL), brine (10 ml), dried over anh. Na2SO4, filtered and 

concentrated under vacuum to give a yellow gum (479 mg). Column chromatography 

(SiO2, DCM/Methanol mixtures) gave acetamide 30 as a white solid (280 mg, 67% yield). 

The analytical sample was obtained by crystallization from hot EtOAc and Et2O, mp 145-

146 ºC. IR (NaCl disk): 3302, 3060, 3025, 2917, 2842, 2799, 2756, 1641, 1545, 1493, 

1452, 1361, 1343, 1309, 1279, 1211, 1185, 1144, 1078, 1009, 974, 944, 917, 794, 757, 

737, 698 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.91 (s, 3 H, C9’’-CH3), 1.27 [dq, J = 12.4 

Hz, J’ = 3.6 Hz, 2 H, 3’(5’)-Hax], 1.53 [d, J = 13.2 Hz, 2 H, 10’’(13’’)-Hax], 1.62-1.70 

[complex signal, 4 H, 3’(5’)-Heq, 10’’(13’’)-Heq], 1.77 (m, 1 H, 4’-H), 1.84 (s, 2 H, 8’’-

H), 1.94-2.02 (complex signal, 6 H, 6’’(12’’)-Hax, 2-H, 6’(2’)-Hax], 2.16 [dd, J = 12 Hz, 

J’ = 6 Hz, 6’’(12’’)-Heq], 2.86 [dt, J = 11.6 Hz, J’ = 2.8 Hz, 2 H, 2’(6’)-Heq], 3.06 [t, J = 

6 Hz, 2 H, 5’’(11’’)-H], 3.48 (s, 2 H, CH2-C6H5), 5.20 (s, 1 H, NH), 7.03 [m, 2 H, 1’’(4’’)-

H], 7.06 [m, 2 H, 2’’(3’’)-H], 7.23 (m, 1 H, Ar-Hpara), 7.27-7.32 (complex signal, 4 H, 

Ar-Hortho, Ar-Hmeta). 
13C-NMR (100.6 MHz, CDCl3) δ: 32.0 [CH2, C3’(5’)], 32.2 (CH3, 

C9’’-CH3), 33.4 (C, C9’’), 33.5 (CH, C4’), 39.1 [CH2, C6’’(12’’)], 40.9 [CH, C5’’(11’’)], 

41.1 [CH2, C10’’(13’’)], 44.9 (CH2, C2), 47.1 (CH2, C8’’), 53.5 (CH2, C2’(6’)], 54.4 (C, 

C7’’), 63.3 (CH2, CH2-C6H5), 126.2 [CH, C2’’(3’’)], 126.9 (CH, Ar-CHpara), 127.9 [CH, 

C1’’(4’’)], 128.1 [CH, Ar-CHmeta], 129.2 [CH, Ar-CHortho], 138.3 (C, Ar-Cipso), 146.1 [C, 

C4a’’(11a’’)], 171.0 (C, NHCO). HRMS: Calcd for [C30H38N2O+H]+: 443.3057; Found: 

443.3061. 

N-(9-chloro-5,6, 8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-

yl)-2-(1-(isopropylsulfonyl)piperidin-4-yl)acetamide, 31. To a solution of N-(9-chloro-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-2-(piperidin-4-
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yl)acetamide hydrochloride (75 mg, 0.18 mmol) and triethylamine (100 µL, 73 mg, 0.72 

mmol) in anh. DCM (1 mL) was added 2-propanesulfonyl chloride (31 µL, 32.8 mg, 0.27 

mmol). Then, the mixture was stirred at RT overnight. NaHCO3 sat. (15 mL) was added 

followed by EtOAc (10 mL) and the mixture was partitioned. The aqueous layer was 

extracted again with EtOAc (10 mL). Both organic layers were joined, dried over Na2SO4 

anh., filtered and solvents were concentrated in vacuo. The resulting crude was purified 

by column chromatography in silica gel (using as eluent mixtures of EtOAc in hexane 

from 0% to 70%). Fractions containing the desired product were collected and 

concentrated in vacuo to afford acetamide 31 (37 mg, 40% yield) as a reddish solid, mp: 

163-164 ºC. IR (ATR): 3305, 2922, 2906, 2858, 1643, 1548, 1356, 1321, 1276, 1196, 

1138, 1058, 1047, 952, 935, 799, 764, 738, 658 cm−1. 1H NMR (400 MHz, CD3OD) δ: 

1.22 [m, 2 H, 3’’(5’’)-Hax], 1.29 [d, J = 6.8 Hz, 6 H, CH(CH3)2], 1.72 [m, 2 H, 3’’(5’’)-

Heq], 1.88 (m, 1 H, 4-H’’), 2.02-2.12 [complex signal, 6 H, 2-H, 6’(12’)-Hax, 10’(13’)-

Hax], 2.22 [m, 2 H, 6’(12’)-Heq], 2.40 [m, 2 H, 10’(13’)-Heq], 2.48 (s, 2 H, 8’-H), 2.90 [m, 

2 H, 2’’(6’’)-Hax], 3.19 [m, 2 H, 5’(11’)-H], 3.28 [sept, J = 6.8 Hz, 1 H, CH(CH3)2], 3.76 

m, [2 H, 2’’(6’’)-Heq], 7.05-7.14 [complex signal, 4 H, 1’(4’)2’(3’)-H]. 13C NMR (100.6 

MHz, CD3OD) δ: 17.0 [CH3, CH(CH3)2], 33.3 [CH2, C3’’(5’’)], 34.6 (CH, C4’’), 38.9 

[CH2, C6’(12’)], 42.6 [CH, C5’(11’)], 44.4 (CH2, C2), 45.9 [CH2, C10’(13’)], 47.4 [CH2, 

C2’’(6’’)], 51.0 (CH2, C8’), 54.0 [CH, CH(CH3)2], 57.6 (C, C7’), 70.3 (C, C9’), 128.0 

[CH, C2’(3’)], 129.1 [CH, C1’(4’)], 146.2 [C, C4a(11a)], 173.8 (C, CO). Anal. calcd for 

C25H35ClN2O3S: C 62.68, H 7.36, N 5.85. Found: C 62.63, H 7.31, N 5.68. HRMS: Calcd 

for [C25H35ClN2O3S+H]+: 479.2130, found: 479.2143. 

N-(9-fluoro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-

2-(1-(isopropylsulfonyl)piperidin-4-yl)acetamide, 32. To a solution of N-(9-fluoro-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-2-(piperidin-4-
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yl)acetamide (186 mg, 0.52 mmol) and triethylamine (87 µL, 63 mg, 0.63 mmol) in DCM 

(2 mL) was added 2-propanesulfonyl chloride (70 µL, 89 mg, 0.63 mmol) under ice-bath. 

Then, the mixture was allowed to warm up to RT and stirred overnight. NaHCO3 sat. (15 

mL) was added followed by EtOAc (15 mL) and the mixture was partitioned. The aqueous 

layer was extracted with EtOAc/MeOH 9/1 (2 x 15 mL). All organic layers were joined, 

dried over Na2SO4 anh., filtered and solvents were concentrated in vacuo. The resulting 

crude was purified by column chromatography in silica gel (using as eluent mixtures of 

EtOAc in hexane from 0% to 70%). Fractions containing the desired product were 

collected and concentrated in vacuo to afford acetamide 32 (123 mg, 51% yield) as a 

white solid, mp 192-193 ºC. IR (ATR): 3342, 2914, 2855, 1663, 1536, 1449, 1316, 1138, 

1045, 1017, 998, 953, 940, 865, 761, 753, 732, 652 cm−1. 1H NMR (400 MHz, CDCl3) δ: 

1.24 [m, 2 H, 3’’(5’’)-Hax], 1.31 [d, J = 6.8 Hz, 6 H, CH(CH3)2], 1.73 [m, 2 H, 3’’(5’’)-

Heq], 1.88-2.04 [complex signal, 7 H, 2-H, 6’(12’)-Hax, 10’(13’)-Hax, 4’’-H], 2.10-2.23 

[complex signal, 4 H, 6’(12’)-Heq, 10’(13’)-Heq], 2.26 (d, J = 6.3 Hz, 2 H, 8’-H), 2.85 [m, 

2 H, 2’’(6’’)-Hax], 3.14 [sept, J = 7.0 Hz, 1 H, CH(CH3)2], 3.23 [m, 2 H, 5’(11’)-H], 3.80 

[m, 2 H, 2’’(6’’)-Heq], 5.42 (broad s, 1 H, NH), 7.07 [m, 2 H, 1’(4’)-H], 7.13 [m, 2 H, 

2’(3’)-H]. 13C NMR (100.6 MHz, CDCl3) δ: 16.9 [CH3, CH(CH3)2], 32.4 [CH2, 

C3’’(5’’)], 33.2 (CH, C4’’), 38.7 [CH2, C6’(12’)], 39.6 [d, 3JCF = 13.3 Hz, CH, C5’(11’)], 

40.2 [d, 2JCF = 20.2 Hz, CH2, C10’(13’)], 44.3 (CH2, C2), 46.1 (d, 2JCF = 18.5 Hz, CH2, 

C8’), 46.7 [CH2, C2’’(6’’)], 53.4 [CH, CH(CH3)2], 58.0 (d, 3JCF = 11.4 Hz, C, C7’), 94.2 

(d, 1JCF = 177.6 Hz, C, C9’), 127.1 [CH, C2’(3’)], 128.3 [CH, C1’(4’)], 144.8 [C, 

C4a(11a)], 170.6 (C, CO). Anal. calcd for C25H35FN2O3S: C 64.91, H 7.63, N 6.06. 

Found: C 65.08, H 7.97, N 5.74. HRMS: Calcd for [C25H35FN2O3S+H]+: 463.2425, 

found: 463.2425. 
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N-(5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-2-(1-

(isopropylsulfonyl)piperidin-4-yl)acetamide, 33. To a solution of N-(5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)-2-(piperidin-4-yl)acetamide 

(90 mg, 0.27 mmol) and triethylamine (150 µL, 109 mg, 1.08 mmol) in anh. MeCN (1 

mL) was added 2-propanesulfonyl chloride (60 µL, 39.4 mg, 0.53 mmol). Then, the 

mixture was stirred at RT overnight. NaHCO3 sat. was added followed by EtOAc and the 

mixture was partitioned. The aqueous layer was extracted again with EtOAc. Both 

organic layers were joined, dried over Na2SO4 anh., filtered and solvents were 

concentrated in vacuo. The resulting crude was purified by column chromatography in 

silica gel (using as eluent mixtures of EtOAc in hexane from 0% to 70%). Fractions 

containing the desired product were collected and concentrated in vacuo to afford 

acetamide 33 (68 mg, 55% yield) as a white solid, mp: 136-137 ºC. IR (ATR): 3301, 

2922, 2858, 1642, 1548, 1355, 1320, 1276, 1195, 1137, 1047, 951, 935, 799, 764, 738, 

684, 657, 618 cm−1. 1H NMR (400 MHz, CD3OD) δ: 1.24 [m, 2 H, 3’’(5’’)-Hax], 1.29 [d, 

J = 6.8 Hz, 6 H, CH(CH3)2], 1.68-1.77 [complex signal, 4 H, 10’(13’)-Hax, 3’’(5’’)-Heq], 

1.86 (m, 1 H, 4’’-H), 2.00 [m, 2 H, 10’(13’)-Heq], 2.02-2.09 (complex signal, 4 H, 2-H, 

8’-H), 2.16 [m, 2 H, 6’(12’)-Hax], 2.23 [m, 2 H, 6’(12’)-Heq], 2.32 (m, 1 H, 9’-H), 2.90 

[m, 2 H, 2’’(6’’)-Hax], 3.04 [broad t, J = 6.0 Hz, 2 H, 5’(11’)-H], 3.26 [sept, J = 6.8 Hz, 

1 H, CH(CH3)2], 3.76 [dm, J = 12.8 Hz, 2 H, 2’’(6’’)-Heq], 7.03 [s, 4 H, 1’(4’)-H, 2’(3’)-

H]. 13C NMR (100.6 MHz, CD3OD) δ: 17.0 [CH3, CH(CH3)2], 32.6 (CH, C9’), 33.3 [CH2, 

C3’’(5’’)], 34.6 (CH, C4’’), 35.7 [CH2, C10’(13’)], 40.4 [CH2, C6’(12’)], 41.4 (CH2, C2), 

42.6 [CH, C5’(11’)], 44.5 (CH2, C8’), 47.4 [CH2, 2’’(6’’)], 53.9 (CH, CH(CH3)2), 54.0 

(C, C7’), 127.3 [CH, C2’(3’)], 129.0 [CH, C1’(4’)], 148.0 [C, C4a’(11a’)], 173.6 (C, CO). 

Anal. calcd for C25H36N2O3S: C 67.53, H 8.16, N 6.30. Calcd for C25H36N2O3S·0.2 H2O: 
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C 66.99, H 8.19, N 6.25. Found: C 67.04, H 8.12, N 6.09. HRMS: Calcd for 

[C25H36N2O3S+H]+: 445.2519, found: 445.2528. 

N-(5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl-9-d)-2-(1-

(isopropylsulfonyl)piperidin-4-yl)acetamide, 34. To a solution of N-(5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl-9-d)-2-(piperidin-4-

yl)acetamide (111 mg, 0.33 mmol) and triethylamine (184 µL, 133 mg, 1.32 mmol) in 

anh. MeCN (1 mL) was added 2-propanesulfonyl chloride (73 µL, 53 mg, 0.65 mmol). 

Then, the mixture was stirred at RT overnight. NaHCO3 sat. (20 mL) was added followed 

by EtOAc (15 mL) and the mixture was partitioned. The aqueous layer was extracted 

again with EtOAc (15 mL). Both organic layers were joined, dried over Na2SO4 anh., 

filtered and solvents were concentrated in vacuo. The resulting crude was purified by 

Biotage purification system in silica gel (using as eluent mixtures of EtOAc in hexane 

from 0% to 70%). Fractions containing the desired product were collected and 

concentrated in vacuo to afford acetamide 34 (97 mg, 66% yield) as a white solid, mp: 

138-139 ºC. IR (ATR) v: 3299, 2922, 2857, 1643, 1549, 1321, 1276, 1138, 1047, 952, 

934, 764, 738, 656 cm−1. 1H NMR (400 MHz, CD3OD) δ: 1.22 [m, 2 H, 3’’(5’’)-Hax], 

1.29 [d, J = 6.9 Hz, 6 H, CH(CH3)2], 1.68-1.76 [complex signal, 4 H, 10’(13’)-Hax, 

3’’(5’’)-Heq], 1.86 (m, 1H, 4’’-H), 1.99 [m, 2 H, 10’(13’)-Heq], 2.03-2.08 (complex signal, 

4 H, 2-H, 8’-H), 2.16 [m, 2 H, 6’(12’)-Hax], 2.23 [m, 2 H, 6’(12’)-Heq], 2.89 [m, 2 H, 

2’’(6’’)-Hax], 3.03 [m, 2 H, 5’(11’)-H], 3.25 [sept, J = 6.8 Hz, 1 H, CH(CH3)2], 3.76 [dm, 

J = 12.4 Hz, 2 H, 2’’(6’’)-Heq], 7.03 [s, 4 H, 1’(4’)-H, 2’(3’)-H]. 13C NMR (100.6 MHz, 

CD3OD) δ: 17.0 [CH3, CH(CH3)2], 32.1 (CD, t, 1JC-D = 19.5 Hz, C9’), 33.3 [CH2, 

C3’’(5’’)], 34.6 (CH, C4’’), 35.6 [CH2, C10’(13’)], 40.4 [CH2, C6’(12’)], 41.3 (CH2, C2), 

42.6 [CH, C5’(11’)], 44.5 (CH2, C8’), 47.4 [CH2, 2’’(6’’)], 53.9 [CH, CH(CH3)2], 54.0 

(C, C7’), 127.3 [CH, C2’(3’)], 129.0 [CH, C1’(4’)], 148.0 [C, C4a’(11a’)], 173.6 (C, CO). 
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Anal. calcd for C25H35DN2O3S: C 67.38, H 8.37, N 6.29. Calcd for C25H35DN2O3S · 0.3 

H2O: C 66.58, H 7.96, N 6.21. Found: C 66.68, H 8.05, N 6.10. HRMS: Calcd for 

[C25H35DN2O3S+H]+: 446.2582, found: 446.2589. 

Enzymatic sEH activity assay. The assay was performed as previously described.29 All 

hsEH, msEH and rsEH IC50 values were determined by a fluorescence-based assay system 

in a 96-well format. Nonfluorescent MNPC cyano(6-methoxy-naphthalen-2-yl)methyl 

trans-[(3-phenyloxiran-2- yl)methyl] carbonate was used as the assay substrate at a 

concentration of 5 μM. This substrate is hydrolyzed by the sEH to the fluorescent 6-

methoxynaphthaldehyde. The formation of the product was measured (λem = 330 nm, 

λex = 465 nm) by a Molecular Device M-2 plate reader. All measurements were 

performed in triplicate. 

Microsomal stability. The human, rat and mice recombinant microsomes employed were 

purchased from Tebu-Xenotech. The compound was incubated at 37 ºC with the 

microsomes in a 50 mM phosphate buffer (pH = 7.4) containing 3 mM MgCl2, 1 mM 

NADP, 10 mM glucose-6-phosphate and 1 U/mL glucose-6-phosphate-dehydrogenase. 

Samples (75 µL) were taken from each well at 0, 10, 20, 40 and 60 min and transferred 

to a plate containing 4 °C 75 µL acetonitrile and 30 µL of 0.5% formic acid in water were 

added for improving the chromatographic conditions. The plate was centrifuged (46000 

g, 30 min) and supernatants were taken and analyzed in a UPLC-MS/MS (Xevo-TQD, 

Waters) by employing a BEH C18 column and an isocratic gradient of 0.1% formic acid 

in water: 0.1% formic acid acetonitrile (60:40). The metabolic stability of the compounds 

was calculated from the logarithm of the remaining compounds at each of the time points 

studied. 
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Solubility. A 10 mM stock solution of the compound was serially diluted in 100% DMSO 

and 1 µL of this solution was added to a 384-well UV-transparent plate (Greiner) 

containing 99 µL of PBS. The plate was incubated at 37 °C for 2 h and the light scattering 

was measured in a Nephelostar Plus reader (BMG LABTECH). The data was fitted to a 

segmented linear regression for measuring the compound solubility. 

Parallel Artificial Membrane Permeation Assays - Blood-Brain Barrier (PAMPA-

BBB). To evaluate the brain penetration of the different compounds, a parallel artificial 

membrane permeation assay for blood-brain barrier was used, following the method 

described by Di et al.30 The in vitro permeability (Pe) of fourteen commercial drugs 

through lipid extract of porcine brain membrane together with the test compounds were 

determined. Commercial drugs and assayed compounds were tested using a mixture of 

PBS:EtOH (70:30). Assay validation was made by comparing the experimental 

permeability with the reported values of the commercial drugs by bibliography and lineal 

correlation between experimental and reported permeability of the fourteen commercial 

drugs using the parallel artificial membrane permeation assay was evaluated (y = 1.5219x 

– 0.9129; R2 = 0.9387). From this equation, and taking into account the limits established 

by Di et al.38 for BBB permeation, we established the ranges of permeability as  

compounds of high BBB permeation  (CNS+): Pe (10-6 cms-1) > 5.149; compounds of 

low BBB permeation (CNS-): Pe (10-6 cms-1) < 2.131 and  compounds of uncertain BBB 

permeation (CNS+/-): 5.149 > Pe (10-6 cms-1) > 2.131. 

Cytotoxicity in SH-SY5Y cells. Cytotoxicity was evaluated in the human neuroblastoma 

SH-SY5Y cell line (ATCC Number: CRL-2266). Cells were cultured in Minimum 

Essential Medium / Ham’s-F12 (1:1, v/v) medium, supplemented with non-essential 

amino acids, 10% fetal bovine serum, 1 mM glutamine and 50 µg/ml gentamycin (all 

reagents from Gibco, Invitrogen). For experiments, cells were seeded at 3×105 cells/ml 
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(100 µl/well) in 96-well plates (Nunc). After 24 h, the testing compounds were added 

concentrate to triplicate wells to obtain the final different concentrations up to 100 µM. 

Compounds were incubated for further 24 h. At termination, cytotoxicity was analysed 

by the propidium iodide (PI) fluorescence stain assay and the 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide (MTT) colorimetric assay. All compounds were tested in 

three independent experiments using different cell passages. 

The PI assay measures cell death. PI enters into the cells with damaged membranes and 

greatly increases the fluorescence by binding to DNA. PI reagent (Molecular Probes) at 

the final concentration of 7.5 µg/ml was added to the cells and incubated for 1 h. The 

resulting fluorescence was measured by a Gemini XPS Microplate reader (Millipore) at 

530 nm excitation and 645 nm emission. Percentage of cell death induced by the 

treatments was calculated from to the fluorescence of treated cells (Ft) relative to that of 

control cells (Fmin) and cells incubated with Triton X100 (Fmax) as the 0% and 100% 

cell death, respectively [% = ((Ft-Fmin)/(Fmax-Fmin)) x 100]. 

The MTT assay quantifies cellular metabolic activity as an indicator of cell viability and 

proliferation. MTT is a tretrazolium salt that when oxidised by metabolically active cells 

gives blue formazan crystals, that may be solubilized by a combination of a detergent 

(SDS) and an organic solvent (dimethylformamide) (all Sigma reagents). MTT was added 

to cultured cells at the final concentration of 0.5 mg/ml and incubated for 2 h. Then the 

solubilizing buffer was added to the wells and the culture plates were wrapped wth 

Parafilm to avoid evaporation and maintained at 37°C overnight. The resulting 

colorimetric reaction was measured by a Multiskan Spectrum Spectrophotometer 

(Thermo) at 570 nm and a reference 630 nm wavelength. Results were given as a 

percentage of control cells values. 
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Cytochrome P450 inhibition assay. The objective of this study was to screen the 

nhibition potential of the compounds using recombinant human cytochrome P450 

enzymes CYP3A4 (BFC and DBF substrates) and probe substrates with fluorescent 

detection. Incubations were conducted in a 200 μL volume in 96-well microtiter plates 

(COSTAR 3915). The addition of the mixture buffer-cofactor (KH2PO4 buffer, 1.3 mM 

NADP, 3.3 mM MgCl2, 0.4 U/mL glucose- 6-phosphate dehydrogenase), control 

supersomes, the Standard inhibitor Ketoconazole (Sigma K1003), and previously diluted 

compounds to plates was carried out by a liquid handling station (Zephyr Caliper). The 

plate was then preincubated at 37 °C for 5 min in 100 μL volume, and reaction was 

initiated by the addition of prewarmed enzyme/substrate (E/S) mix. The E/S mix 

contained buffer (KH2PO4), enzyme (CYP), substrate 7-benzyloxytrifluoromethyl 

coumarin (7-BFC), and Dibenzylfluorescein (DBF) in a reaction volume of 200 μL. 

Reactions were terminated after various times depending on the substrate by addition of 

STOP solution (ACN/TrisHCl 0.5 M 80:20 (BFC) or 2 N NaOH for CYP3A4 (DBF). 

Fluorescence per well was measured using a fluorescence plate reader (Tecan M1000 pro) 

and percentage of inhibition was calculated. 

Permeability. The Caco-2 cells were cultured to confluency, trypsinized and seeded onto 

a filter transwell inserted at a density of ~10,000 cells/well in DMEM cell culture 

medium. Confluent Caco-2 cells were subcultured at passages 58-62 and grown in a 

humidified atmosphere of 5% CO2 at 37ºC. Following an overnight attachment period 

(24 h after seeding), the cell medium was replaced with fresh medium in both the apical 

and basolateral compartments every other day. The cell monolayers were used for 

transport studies 21 days post seeding. The monolayer integrity was checked by 

measuring the transepithelial electrical resistance (TEER) obtaining values ≥ 500 Ω/cm2. 

On the day of the study, after the TEER measurement, the medium was removed and the 
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cells were washed twice with pre-warmed (37ºC) Hank's Balanced Salt Solution (HBSS) 

buffer to remove traces of medium. Stock solutions were made in dimethyl sulfoxide 

(DMSO), and further diluted in HBSS (final DMSO concentration 1%). Each compound 

and reference compounds (Colchicine, E3S) were all tested at a final concentration of 10 

μM. For A → B directional transport, the donor working solution was added to the apical 

(A) compartment and the transport media as receiver working solution was added to the 

basolateral (B) compartment. For B → A directional transport, the donor working was 

added to the basolateral (B) compartment and transport media as receiver working 

solution was added to the apical (A) compartment. The cells were incubated at 37ºC for 

2 hours with gentle stirring.  

At the end of the incubation, samples were taken from both donor and receiver 

compartments and transferred into 384-well plates and analyzed by UPLC-MS/MS. The 

detection was performed using an ACQUITY UPLC /Xevo TQD System. After the assay, 

Lucifer yellow was used to further validate the cell monolayer integrity, cells were 

incubated with LY 10μM in HBSS for 1hour at 37ºC, obtaining permeability (Papp) 

values for LY of ≤ 10 nm/s confirming the well-established Caco-2 monolayer. 

Inhibition of human lipoxygenase-5 (hLOX-5). AA and 2’,7’-

dichlorodihydrofluorescein diacetate (H2DCFDA) were obtained from Sigma. Human 

recombinant LOX-5 was purchased from Cayman Chemical. For the determination of 

hLOX-5 activity, the method described by Pufahl et al. was followed.31 The assay solution 

consisted of 50 mM Tris (pH 7.5), 2 mM EDTA, 2 mM CaCl2, 3 μM AA, 10 μM ATP, 

10 μM H2DCFDA and 100 mU/well hLOX-5. For the enzyme inhibition studies the 

compounds to be tested were added to the assay solution prior to AA and ATP and were 

preincubated for a period of 10 min at room temperature, after which AA and ATP were 

added. The enzymatic reaction was carried out for 20 min and terminated by the addition 
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of 40 µL of acetonitrile. The fluorescence measurement, 485 nm excitation and 520 nm 

emission, was performed on a FLUOstar OPTIMA (BMG LABTECH, Offenburg, 

Germany.). The IC50 is defined as the concentration of compound that inhibits enzymatic 

activity by 50% over the untreated enzyme control. 

Pharmacokinetic study. 24 male C57BL/6 mice (21 grams aprox.) were supplied by 

ENVIGO (#16338). During the experimental procedure animals were identified with 

permanent marker (tail code numbers). Plasma samples were obtained at 0, 0.25, 0.5, 1, 

2, 4, 6, 8 and 24 hours post-dosing. Upon arrival, animals were housed in groups of 3 

animals/cage in polycarbonate maintenance cages (type IIL; 365 x 207 x 140 mm, with a 

surface area of 530 cm2) with absorbent bedding (Lignocel, JRS). Animals were kept in 

an environmentally controlled room (ventilation 10-15 air changes per hour, temperature 

22±3ºC and humidity 35-70%) on a 12-h light/dark cycle. A period of at least 5 days of 

observation and acclimatisation underwent between the date of arrival and the start of the 

procedure. During this period, the animals were observed to check their general health 

state. The maintenance diet was supplied by Harlan Interfauna Ibérica S.L. (2014 Harlan 

Teklad Global Diets) and was provided to the animals ad libitum. Diet was analysed by 

the manufacturer to detect possible contaminants. Tap water was supplied by CASSA 

(Servei d’Aigües de Sabadell) and was provided to the animals by bottles ad libitum. The 

animals were maintained in accordance with European Directive for the Protection of 

Vertebrate Animals Used for Experimental and other Scientific Purposes (86/609/EU). 

Decree 214/1997 of 30th July. Ministry of Agriculture, Livestock and Fishing of the 

autonomous government of Catalonia, Spain. Royal Decree 53/2013 of 1st February 

(Spain) Animal care including environmental and housing conditions conformed to the 

applicable Standard Operating Procedures regarding laboratory animals of Draconis 

Pharma S.L. All the experimental procedures were approved by the Animal 
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Experimentation Ethical Committee of Universitat Autònoma de Barcelona (procedure 

number: 3718) and by the Animal Experimentation Commission of the Generalitat de 

Catalunya (Catalan Government) (DAAM:9590). Formulations were prepared the day of 

the study. Vehicle was 10% of 2-hydroxypropyl-β- cyclodextrin, (CAS 128446-35-5) 

Sigma-Aldrich (Ref.332607-25G). 21 mice were intraperitoneally administered with a 

single dose of 3 mg/kg of 25. The volume of administration was 10 mL/kg. Animals were 

weighed before each administration to adjust the required volume. Blood samples were 

collected at different times post administration: 0, 0.25, 0.5, 1, 2, 4, 6, 8 and 24 h. 3 mice 

were not administered and referred as t=0. Blood samples (0.5-0.8 mL) were collected 

from anesthetised animals with isoflurane by cava vein puncture in tubes containing K2-

EDTA 5%. Blood samples were centrifuged at 10.000 rpm for 5 min to obtain plasma 

that were stored at -20ºC until analysis. Analytical measurements were performed by 

liquid chromatography-tandem mass spectrometry (LC-MS/MS). Pharmacokinetics 

parameters were calculated with Phoenix 64 (WinNonlin). 

Evaluation of capsaicin-induced mechanical hypersensitivity. Animals were placed in 

the experimental room (under low illumination) to allow them to acclimatize to the study 

room for 1 h before the experiments were begun. After that time, the animals were placed 

into individual test compartments for 2 h before the test to habituate them to the test 

conditions. The test compartments had black walls and were situated on an elevated mesh-

bottomed platform with a 0.5 cm2 grid to provide access to the ventral surface of the hind 

paws. In all experiments, punctate mechanical stimulation was applied with a Dynamic 

Plantar Aesthesiometer (Ugo Basile, Varese, Italy) at 15 min after the administration of 

capsaicin (1 µg, time to maximum effect, data not shown) or its solvent. Briefly, a 

nonflexible filament (0.5 mm diameter) was electronically driven into the ventral side of 

the paw previously injected with capsaicin or solvent (i.e., the right hind paw), at least 5 
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mm away from the site of the injection towards the fingers. When a paw withdrawal 

response occurred, the stimulus was automatically terminated, and the response latency 

time was automatically recorded. A cut-off time of 50 s was used. In all experiments, the 

filament was applied to the right hind paw of each mouse three times, separated by 

intervals of 0.5 min, and the mean value of the three trials was considered the withdrawal 

latency time of the animal. Compound 16 was administered s.c. 30 min before the i.pl. 

administration of capsaicin or DMSO 1% (i.e., 45 min before we evaluated the response 

to the mechanical punctate stimulus). The antiallodynic effects of 16 were evaluated in 

capsaicin-sensitized mice using a mechanical stimulation of 0.5 g force. This intensity of 

the mechanical stimulus did not induce paw withdrawal in DMSO-treated mice, but 

markedly reduced paw withdrawal latency time in capsaicin-sensitized mice.  
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Compound 

Cytochrome inhibitiona  

CYP 

1A2 

CYP 

2D6 

CYP 3A4b 

(BFC) (DBF) 

16  18 ± 1 43 ± 2  1 ± 1 25 ± 3 

24  24 ± 1 37 ± 3  2 ± 2 8 ± 3 

25  24 ± 2 13 ± 5  1 ± 1 2 ± 1 

Table S1. Inhibition (expressed as % of inhibition at 10 µM or IC50) of recombinant 

human cytochromes P450 enzymes aThe cytochrome inhibition was tested at 10 µM. IC50 

was calculated for those compounds that presented >50% of inhibition. bFor the study of 

CYP3A4, two different substrates were used: benzyloxytrifluoromethylcoumarin (BFC) 

and dibenzylfluorescein (DBF).  

 

 

 

 

Compound 

IC50 

 hLOX-5 

hCOX-2  

(10 µM) 

hERG  

% Inhibition 

(10 µM) 

Permeability (Caco-2) 

Papp (nm/s) ERd 

AB BA 

16  >100 >100 >100 5.56 17.16 3.1 

24 >100 >100 >100 32.9 301.7 9.2 

25 >100 >100 >100 26.9 235.4 8.8 

Table S2. IC50 in human LOX-5 (hLOX-5), inhibition (expressed as % of inhibition) of 

human COX-2 (hCOX-2) at 10 µM, hERG inhibition and permeability assay in Caco-2 

cells for compounds 16, 24 and 25. Inhibition of hCOX-2 was performed at Eurofins 

(catalogue reference 4186). 
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Time ID 

 

Total 

Concentration 

(ng/mL) 

Mean 

(ng/mL) 

SD (ng/mL) 

0 h 

Mouse 1 

Mouse2 

Mouse3 

0 

0 

0 

0 0 

0.25 h 

Mouse 1 

Mouse2 

Mouse3 

2790 

2410 

2160 

2453.3 317.2 

0.5 h 

Mouse 1 

Mouse2 

Mouse3 

1390 

1690 

970 

1350 361.7 

1 h 

Mouse 1 

Mouse2 

Mouse3 

156 

167 

63 

128.7 57.1 

2 h 

Mouse 1 

Mouse2 

Mouse3 

34.9 

6.4 

15.9 

19.1 14.5 

4 h 

Mouse 1 

Mouse2 

Mouse3 

0 

0 

0 

0 0 

6 h 

Mouse 1 

Mouse2 

Mouse3 

0 

0 

0 

0 0 

24 h 

Mouse 1 

Mouse2 

Mouse3 

0 

0 

0 

0 0 

Table S3. Mean of concentrations of compound 16 in mouse plasma at diferent times 

after intraperitoneal administration at 1 mg/Kg. 
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Figure S1. Plasma concentration vs time for compound 16 (1 mg/Kg, IP) in mouse. 

 

 

 
Figure S2. Plasma concentration (in log10 scale) vs time for compound 16 (1 mg/Kg, IP) 

in mouse. 
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 Introduction 

As we have previously discussed in Chapters 3 and 4, we found that the replacement 

of the adamantane nucleus or the aromatic ring of known sEHIs by the 

benzohomoadamantane moiety led to very potent compounds endowed with good 

DMPK properties, but they presented some limitations in terms of microsomal stability, 

especially the compounds featuring a substituted piperidine in the RHS of the molecule. 

Indeed, in Chapter 4, we described that the substitution of the methyl group of 104 by 

halogen atoms produced an improvement of the stability in human, mice and rat 

microsomes, as well as better solubility values (Table 6).  

 

Cpd 

 

R 

sEH IC50 (nM)a 
Microsomal 

Stabilityb 
(h/m/r) 

Solubilityc 

(µM) human murine 

105 CH3 4.0 6.0 1/0.5/ND 38 

137 F 2.0 23 40/30/8 45 

138 Cl 1.5 0.8 50/8/0.1 94 

Table 6. Potency, microsomal stability and solubility of 105, 137 and 138. aReported IC50 values 

are the average of three replicates. The fluorescent assay as performed here has a standard 

error between 10 and 20% suggesting that differences of two-fold or greater are significant. 

Because of the limitations of the assay it is difficult to distinguish among potencies < 0.5 nM.209 
bPercentage of remaining compound after 60 min of incubation with human, mice and rat 

microsomes obtained from Tebu-Xenotech in the presence of NADP at 37 °C. cSolubility in a 

1% DMSO : 99% PBS buffer solution. 

Notwithstanding, apart from exploring the R position of the 

benzohomoadamantane scaffold, this polycycle can be further explored by replacing 

hydrogen atoms of the aromatic ring by different groups. In this work, several electron 

donating and electron withdrawing groups were introduced in the aromatic ring in order 

to evaluate the potency of these new compounds of general structure XIX and, more 

interestingly, to explore the impact of that substitution in terms of microsomal stability 

and other DMPK properties (Figure 39).  
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Figure 39. General structure XIX of the new compounds, exploring the substitution of the 

aromatic ring. 

 

 Discussion and results 

In this work, the hydrogen atoms of the aromatic ring of the 

benzohomoadamantane scaffold were replaced by 1-fluorine or 2-fluorine atoms, 2-

methoxy, 2-amino, 2-nitro, 2-acetyl and, additionally, positions 2 and 3 were 

simultaneously replaced by two methoxy groups, in order to obtain new ureas of general 

structure XIX as new sEHIs. It is worth mentioning that all the compounds studied in the 

previous chapters are non-chiral, because the positions 2 and 3 of the unsubstituted 

aromatic ring are equivalent and the same is true for the positions 1 and 4. However, 

the introduction of a single substituent in the aromatic ring turns the molecule chiral, 

and all the compounds that we will present in this chapter have been synthesized and 

evaluated as racemic mixtures. 

 A key point for the synthesis of these compounds was the introduction of the 

radical in the aromatic ring. This introduction was made following 3 different procedures 

(Scheme 27). 

In the first approach, the synthetic pathway was the same as the one followed for 

the obtention of the compounds bearing a non-substituted aromatic ring, but starting 

from a suitably substituted o-phthaldialdehyde, instead of using o-phthaldialdehyde 85 

(see Scheme 18, Chapter 3). In some cases, the substituted o-phthaldialdehydes were 

not commercially available and their synthesis was required. 
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Scheme 27. Simplified synthetic routes followed for the obtention of the new sEHIs with 

general structure XIX. 

As mentioned in Chapter 4, the PhD Tesis of Andreea L. Turcu was partially focused 

on the synthesis of new benzomohoadamantane amines.218 Hence, she was the main 

responsible for the synthesis of these new polycyclic amines, which were used in this 

work as starting materials for the synthesis of the desired ureas (Figure 40). Of note, 

amine 161 was synthesized by Beatrice Jora in the context of her PhD Tesis.220 

  

Figure 40. Structure of the substituted amines used as starting materials for the preparation 

of the new ureas.  

The second synthetic pathway revolved around the substitution of the aromatic ring 

using electrophilic aromatic substitution (SEAr) reactions on the corresponding 

unsubstituted polycyclic chloroacetamide. Thus, chloroacetamide 92 was treated with 

acetic anhydride, glacial acetic acid and fuming nitric acid to provide the 2-nitro-

substituted chloroacetamide 162 in moderate yield. Additionally, the Friedel-Craft 

reaction of 92 with acetyl chloride and aluminium chloride in dichloromethane led to 
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the 2-acetyl-substituted chloroacetamide 163 in moderate yield. Deprotection of 162 

and 163 using thiourea and acetic acid in ethanol under reflux furnished the amines 164 

and 165, which were treated with an excess of HCl in diethyl ether to obtain the 

corresponding hydrochlorides in medium to excellent yields (Scheme 28). 

 

Scheme 28. Synthesis of chloroacetamides 162 and 163 and their deprotection, providing the 

amines 164 and 165. 

Once the polycyclic amines 156-161, 164 and 165 were obtained, the isocyanates 

of the corresponding benzohomoadamantane amines were then prepared by treating 

them with triphosgene in a solution of aqueous sodium hydrogen carbonate and 

dichloromethane. Then, the addition of the corresponding substituted aminopiperidines 

in dichloromethane provided the desired ureas 166-173 (Figure 41). 

 

Figure 41. Ureas 166-173 synthesized in this work. 
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The third procedure involved the modification of the substituent of the aromatic 

ring R’’ of the final urea. Therefore, the nitro group of urea 172 was easily converted to 

an amino group by catalytic hydrogenation at atmospheric pressure in ethanol using 

palladium over carbon as catalyst, affording the desired urea 174 in moderate yield 

(Scheme 29). 

 

Scheme 29. Catalytic hydrogenation of urea 172 to afford urea 174. 

In order to explore the impact of the substitution in the aromatic ring of the 

benzohomoadamantane scaffold, the potency of the new ureas as sEHIs was evaluated 

by Dr Christophe Morisseau, from the group of Prof. Bruce D. Hammock at UCD. 

Moreover, the microsomal stability, solubility and cytochrome inhibition assays were 

performed by the group of Prof. M. Isabel Loza and Prof. José M. Brea of the Drug 

Screening Platform/Biofarma Research Group of the University of Santiago de 

Compostela. Additionally, predicted PAMPA-BBB was evaluated by Dr. Belén Pérez of 

the Autonomous University of Barcelona.  

First, the potency of the new compounds as sEHIs was evaluated. Gratifyingly, the 

introduction of a plethora of different substituents in the benzohomoadamantane 

scaffold was not deleterious for the activity. Indeed, some derivatives were more potent 

than the unsubstituted urea 105 with several compounds in the low nanomolar or even 

in the subnanomolar range (Table 7). Even the less potent compound, aniline 174, which 

exhibited IC50 values of 25 nM and 17.1 nM in the human and murine enzymes 

respectively, was an acceptable inhibitor. Taking into account that the sEH present a 

hydrophobic pocket, it was reasonable that the addition of the polar amino group in the 

aromatic ring produced a drop in terms of potency.  Taking this into account and our 

concers regarding the potential toxicity related with the aniline group, this compound 

was not further evaluated. 
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Cpd 
R R’’ 

sEH IC50 (nM)a 
Microsomal 

Stabilityb 
(h/m/r) 

Solubilityc 

(µM) 
PAMPA-

BBB 

Cytochrome 
inhibition 
 (10 µM, 

2C19) 
human murine 

105 CH3 H 4.0 6.0 1/0.5/ND 38 CNS + 19% 

166 CH3 1-F 0.9 0.8 16/1/0.1 45 CNS + <26 % 

167 CH3 2-F 0.9 0.6 22/4/0.1 28 CNS + <40 % 

168 F 1-F 2.1 1.4 69/41/82 98 CNS +/- 37 % 

169 CH3 2-OCH3 1.2 1.7 33/32/8 89 CNS +/- <48 % 

170 CH3 2,3-OCH3 1.3 2.2 100/70/42 90 CNS - 25 % 

171 Cl 2,3-OCH3 0.9 2.5 69/17/58 76 CNS- 37%  

172 CH3 2-NO2 4.5 4.5 100/27/45 35 CNS +/- <36 % 

173 CH3 2-COCH3 4.1 6.7 92/70/41 86 CNS - <29 % 

174 CH3 2-NH2 25 17.1 ND ND ND ND 

Table 7. Potency in human and murine enzymes, microsomal stability and solubility values of 

105, 166-174. aReported IC50 values are the average of three replicates. The fluorescent assay 

as performed here has a standard error between 10 and 20% suggesting that differences of 

two-fold or greater are significant. Because of the limitations of the assay it is difficult to 

distinguish among potencies < 0.5 Nm.209 bPercentage of remaining compound after 60 min of 

incubation with human, mice and rat microsomes obtained from Tebu-Xenotech in the 

presence of NADP at 37 °C. cSolubility in a 1% DMSO : 99% PBS buffer solution. 

Next, the experimental solubility was measured. Apart from compounds 167 and 

172 that presented moderate solubility values, most of them showed improved 

solubility than 105 (Table 7). The most soluble compounds were 168, 169, 170 and 173, 

with experimental solubility values between 86 µM and 98 µM.  

Regarding the microsomal stability, most of the new substituted compounds 

presented higher stability against human, murine and rat microsomes than 105 (Table 

7). In particular, compounds bearing either a nitro or a ketone group in the position 2 of 
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the aromatic ring, 172 and 173, respectively, and the di-substituted 170 presented much 

higher stability against the microsomes than the unsubstituted 105.  

On the other hand, the PAMPA-BBB assay was performed. While the predicted brain 

permeability of compounds 105, 166 and 167 showed CNS+ proving their potential 

capacity to reach CNS, compounds 168, 169 and 172 presented uncertain BBB 

permeation (CNS+/-). In contrast, the more polar compounds 170, 171, 173 presented 

CNS-, showing predicted low BBB permeation (Table 7). Interestingly, non-BBB 

penetrant candidates are attractive for the treatment of peripheral diseases, in order to 

avoid possible central side effects. 

Finally, the cytochromes inhibition was measured, paying special attention to CYP 

2C19, as it is one of the subfamilies in charge of producing EETs, the substrate of the 

sEH. Gratifyingly, all of the compounds inhibited CYPs less than 50 % at 10 µM (Table 7). 

With all these results in hand, we can conclude that the substitution of the aromatic 

ring is a good strategy in order to obtain extremely potent sEHIs with improved 

microsomal stability and solubility values, two critical parameters for drug discovery. For 

these reasons, additional work around the substitution of the aromatic ring is still 

ongoing by other members of the research group, in order to further explore the 

substitution of the polycyclic scaffold and to obtain new sEHIs with excellent inhibitory 

activities and DMPK properties (See section 4 of the present Thesis: Perspectives). 

Given that more research around the aromatic ring of the benzohomoadamantane 

scaffold is currently being conducted, the results presented in this Chapter have not 

been published as a scientific article yet. Nevertheless, all the compounds bearing the 

benzohomoadamantane scaffold described in Chapters 3, 4 and 5 of the present Thesis 

have been disclosed in a patent application,217 which is currently under exam. The 

mentioned document is attached at the end of this Chapter. 
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 Experimental section 

 

Preparation of 1-(1-acetylpiperidin-4-yl)-3-(2-fluoro-9-methyl-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea  

 

To a solution of 2-fluoro-9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-amine hydrochloride (150 mg, 0.53 mmol) in DCM (3 mL) 

saturated aqueous NaHCO3 solution (3 mL) and triphosgene (59 mg, 0.20 mmol) were 

added. The biphasic mixture was stirred at room temperature for 30 minutes and then 

the two phases were separated and the organic layer was washed with brine (3 mL), 

dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-2 mL of a 

solution of the isocyanate in DCM. To this solution was added 1-(4-aminopiperidin-1-

yl)ethan-1-one (91 mg, 0.64 mmol). The reaction mixture was stirred at room 

temperature overnight and the solvent was evaporated under vacuum to obtain a 

yellowish oil (165 mg). Column chromatography (SiO2, DCM/Methanol mixtures) gave 1-

(1-acetylpiperidin-4-yl)-3-(2-fluoro-9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea (103 mg, 49 % yield) as a white solid, mp 269-270 

ºC. IR (NaCl disk): 3357, 2919, 2856, 1644, 1620, 1555, 1499, 1453, 1361, 1342, 1320, 

1228, 1153, 1138, 1064, 967, 863, 818 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.90 (s, 3 H, 

C9-CH3), 1.17 [dq, J = 11.6 Hz, J’ = 4.0 Hz, 2 H, 3’(5’)-Hax], 1.49 (m, 2 H, 10-Hax, 13-Hax), 

1.57-1.64 (complex signal, 2 H, 10-Heq, 13-Heq), 1.76 (s, 2 H, 8-H), 1.85 (m, 1 H, 5’-Heq or 

3’-Heq), 1.91-2.13 (complex signal, 8 H, COCH3, 6-H, 12-H, 2’-Heq or 6’-Heq), 2.70 (m, 1 H, 

2’-Hax or 6’-Hax), 2.98 (t, J = 6.0 Hz, 1 H, 11-H or 5-H), 3.04 (t, J = 6.0 Hz, 1 H, 5-H or 11-

H), 3.11 (m, 1 H, 6’-Hax or 2’-Hax), 3.69-3.78 (complex signal, 2 H, 4’-H, 6’-Heq or 2’-

Heq),4.42 (d, J = 13.6 Hz, 1 H, 2’-Heq or 6’-Heq), 4.58-4.65 (complex signal, 2 H, C7-NH, C4’-

NH), 6.69-6.75 (complex signal, 2 H, 3-H, 1-H), 6.97 (dd, J = 8.0 Hz, J’ = 5.6 Hz, 1 H, 4-H). 

13C-NMR (100.5 MHz, CDCl3) δ: 21.4 (CH3, COCH3), 32.2 (CH3, C9-CH3), 32.4 (CH2, C5’ or 
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C3’), 33.6 (C, C9), 33.7 (CH2, C3’ or C5’), 39.6 (CH2, C6 or C12), 39.9 (CH2, C12 or C6), 40.3 

(CH, C5 or C11), 40.7 (CH2, C2’ or C6’), 40.9 (CH, C11 or C5), 41.2 (CH2, C10, C13), 45.4 

(CH2, C6’ or C2’), 46.7 (CH, C4’), 47.9 (CH2, C8), 53.2 (C, C7), 112.1 (d, 2JC-F = 20.32 Hz, CH, 

C1), 114.6 (d, 2JC-F = 20.72 Hz, CH, C3), 129.3 (d, 3JCF = 7.94 Hz, CH, C4), 142.5 (d, 4JCF = 

3.11 Hz, C, C4a), 148.4 (d, 3JCF = 6.63 Hz, C, C11a), 156.4 (C, NHCONH), 161.1 (d, 1JCF = 

243.45, C, C2-F), 169.1 (C, COCH3). Accurate mass: Calculate for [C24H32FN3O2+H]+: 

414.2551; Found: 414.2553. Anal. Calcd for C24H32FN3O2 · 0.25 DCM: C 66.99, H 7.53, N 

9.66. Found: C 67.22, H 7.84, N 9.32. 

Preparation of 1-(1-acetylpiperidin-4-yl)-3-(1-fluoro-9-methyl-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea  

 

To a solution of 1-fluoro-9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-amine hydrochloride (150 mg, 0.53 mmol) in DCM (3 mL) 

saturated aqueous NaHCO3 solution (3 mL) and triphosgene (58 mg, 0.20 mmol) were 

added. The biphasic mixture was stirred at room temperature for 30 minutes and then 

the two phases were separated and the organic layer was washed with brine (3 mL), 

dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-2 mL of a 

solution of the isocyanate in DCM. To this solution was added 1-(4-aminopiperidin-1-

yl)ethan-1-one (91 mg, 0.64 mmol). The reaction mixture was stirred at room 

temperature overnight and the solvent was evaporated under vacuum to obtain a 

yellow oil (320 mg). Column chromatography (SiO2, DCM/Methanol mixtures) gave 1-(1-

acetylpiperidin-4-yl)-3-(1-fluoro-9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea (160 mg, 73 % yield) as a white solid, mp 122-123 

ºC. IR (NaCl disk): 3351, 2944, 2918, 2861, 1642, 1618, 1555, 1462, 1362, 1321, 1238, 

1137, 1066, 976, 885, 798, 749. cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.90 (s, 3 H, C9-CH3), 

1.18 [dq, J = 12.0 Hz, J’ = 4.0 Hz, 2 H, 3’(5’)-Hax], 1.42-1.54 (complex signal, 2 H, 10-Hax, 

13-Hax), 1.59-1.67 (complex signal, 10-Heq, 13-Heq), 1.71 (d, J = 11.6 Hz, 1 H, 8-Ha), 1.77-

1.89 (complex signal, 2 H, 3’-Heq or 5’-Heq, 8-Hb), 1.89-2.05 (complex signal, 4 H, 3’-Heq 
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or 5’-Heq, 6-Hax, 12-Hax, 6-Heq or 12-Heq), 2.06 (s, 3 H, COCH3), 2.14 (m, 1 H, 12-Heq or 6-

Heq), 2.72 (m, 1 H, 2’-Hax or 6’-Hax), 3.05-3.16 (complex signal, 2 H, 6’-Hax or 2’-Hax, 11-H, 

3.64-3.78 (complex signal, 3 H, 4’-H, 6’-Heq or 2’-Heq, 5-H), 4.41 (dm, J = 12.8 Hz, 1 H, 2’-

Heq or 6’-Heq), 4.66-4.71 (complex signal, 2 H, C4’-NH, C7-NH), 6.79-6.86 (complex signal, 

2 H, 2-H, 4-H), 6.98 (td, J = 8.0 Hz, J’ = 5.6 Hz, 1 H, 3-H). 13C-NMR (100.5 MHz, CDCl3) δ: 

21.4 (CH3, COCH3), 28.5 (C, C9), 28.6 (CH, C5), 32.2 (CH3, C9-CH3), 32.4 (CH2, C5’ or C3’), 

33.6 (CH2, C3’ or C5’), 39.3 (CH2, C6 or C12), 39.5 (CH2, C12 or C6), 40.6 (CH2, C10 or C13), 

40.7 (CH2, C2’ or C6’), 40.9 (CH2, C13 or C10), 41.0 (d, 3JC-F = 2.21 Hz, CH, C11), 45.4 (CH2, 

C6’ or C2’), 46.7 (CH, C4’), 47.9 (CH3, C8), 53.3 (C, C7), 113.1 (2JC-F = 24.85 Hz, CH, C2), 

123.3 (4JC-F = 3.02 Hz, CH, C4), 126.8 (3JC-F = 9.35 Hz, CH, C3), 128.7 (2JC-F = 28.84 Hz, C, 

C11a), 132.6 (3JC-F = 13.36 Hz, C, C4a), 154.4 (C, NHCONH), 159.1 (1JC-F = 242.75 Hz, C, C1-

F), 169. 1 (C, COCH3). Accurate mass: Calculate for [C24H32FN3O2+H]+: 414.2551; Found: 

414.2554. Anal. Calcd for C24H32FN3O2 · 0.3 H2O: C 66.24, H 7.97, N 9.66. Found: C 67.47, 

H 7.86, N 9.36. 

Preparation of 1-(1-acetylpiperidin-4-yl)-3-(1,9-difluoro-5,6,8,9,10,11-hexahydro-

7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea  

 

To a solution of 1,9-difluoro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-amine hydrochloride (120 mg, 0.42 mmol) in DCM (3 mL) 

and saturated aqueous NaHCO3 solution (3 mL), triphosgene (46 mg, 0.16 mmol) was 

added. The biphasic mixture was stirred at room temperature for 30 minutes and then 

the two phases were separated and the organic one was washed with brine (3 mL), dried 

over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-2 mL of a solution 

of isocyanate in DCM. To this solution was added 1-(4-aminopiperidin-1-yl)ethan-1-one 

(72 mg, 0.50 mmol). The mixture was stirred overnight at room temperature and the 

solvent was then evaporated. Column chromatography (SiO2, DCM/Methanol mixtures) 

provided 1-(1-acetylpiperidin-4-yl)-3-(1,9-difluoro-5,6,8,9,10,11-hexahydro-7H-

5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea as a yellowish solid (84 mg, 48% yield). 
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Analitical sample was obtained by crystallization from hot Ethyl Acetate/Pentane, mp 

248-249 °C. IR (ATR): 3382, 3266, 2923, 2164, 1645, 1622, 1562, 1503, 1464, 1454, 1425, 

1362, 1341, 1325, 1318, 1304, 1244, 1232, 1185, 1135, 1099, 1059, 1036, 1015, 995, 

978, 952, 929, 891, 868, 795, 746, 717, 695, 645, 625, 605, 590 cm-1. 1H-NMR (400 MHz, 

CDCl3) δ: 1.19 [m, 2 H, 3’(5’)-Hax], 1.79-1.93 (complex signal, 3 H, 5’-Heq or 3’-Heq, 10-Hax, 

13-Hax), 1.96-2.06 (complex signal, 2 H, 6-Hax, 12-Hax), 2.07 (s, 3 H, COCH3), 2.08-2.27 

(complex signal, 7 H, 8-H, 3’-Heq or 5’-Heq, 6-Heq, 12-Heq, 10-Heq, 13-Heq), 2.70 (m, 1 H, 2’-

Hax or 6’-Hax), 3.12 (m, 1 H, 6’-Hax or 2’-Hax), 3.26 (t, J = 7.2 Hz, 1 H, 11-H), 3.69-3.80 

(complex signal, 2 H, 4’-H, 6’-Heq or 2’-Heq), 3.86 (t, J = 7.2 Hz, 1 H, 5-H),  4.39 (d, J = 7.6 

Hz, 1 H, C4’-NH), 4.47 (dm, J = 13.6 Hz, 1 H, 2’-Heq or 6’-Heq), 4.53 (s, 1 H, C7-NH), 6.84-

6.93 (complex signal, 2 H, 2-H, 4-H), 7.04 (td, J = 8.0 Hz, J’ = 5.6 Hz, 1 H, 3-H). 3C-NMR 

(100.5 MHz, CDCl3) δ: 21.4 (CH3, COCH3), 27.3 (CH, C5), 32.4 (CH2, C3’ or C5’), 33.7 (CH2, 

C5’ or C3’), 38.8 (CH2, C6 or C12), 38.9 (CH2, C12 or C6), 39.4 (CH, C11), 39.6 (CH2, C10 or 

C13), 39.7 (CH2, C13 or C10), 40.7 (CH2, C2’ or C6’), 45.4 (CH2, C6’ or C2’), 46.7 (CH2, C8), 

46.9 (CH, C4’), 56.9 (d, 3JC-F = 11.45 Hz, C, C7), 94.1 (d, 1JC-F = 177.18, C, C9), 113.7 (d, 2JC-

F = 24.54 Hz, CH, C2), 123.5 (d, 4JC-F = 3.2 Hz, CH, C4), 127.5 (3JC-F = 9.25 Hz, CH, C3), 143.3 

(C, C11a), 155.9 (C, C4a), 157.6 (C, NHCONH), 159.0 (d, 1JC-F = 243.45 Hz, C, C9-F), 169.1 

(C, COCH3). Accurate mass: Calculate for [C23H29F2N3O2+H]+: 418.2301; Found: 418.2300. 

 

Preparation of 1-(1-acetylpiperidin-4-yl)-3-(2-methoxy-9-methyl-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea  

 

To a solution of 2-methoxy-9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-amine hydrochloride (150 mg, 0.51 mmol) in DCM (3 mL) 

saturated aqueous NaHCO3 solution (3 mL) and triphosgene (56 mg, 0.19 mmol) were 

added. The biphasic mixture was stirred at room temperature for 30 minutes and then 

the two phases were separated and the organic layer was washed with brine (3 mL), 

dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-2 mL of a 
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solution of the isocyanate in DCM. To this solution was added 1-(4-aminopiperidin-1-

yl)ethan-1-one (87 mg, 0.61 mmol). The reaction mixture was stirred at room 

temperature overnight and the solvent was evaporated under vacuum to obtain a 

brown oil (256 mg). Column chromatography (SiO2, DCM/Methanol mixtures) gave 1-(1-

acetylpiperidin-4-yl)-3-(2-methoxy-9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea (121 mg, 56 % yield) as a white solid, mp 116-117 

ºC. IR (NaCl disk): 3359, 2905, 2861, 1644, 1619, 1551, 1501, 1452, 1360, 1343, 1319, 

1267, 1227, 1153, 1136, 1042, 973, 807, 736 cm-1.1H-NMR (400 MHz, CDCl3) δ: 0.89 (s, 3 

H, C9-CH3), 1.16 [m, 2 H, 5’(3’)-Hax], 1.44-1.55 (complex signal, 2 H, 10-Hax, 13-Hax), 1.57-

1.65 (complex signal, 2 H, 10-Heq, 13-Heq), 1.75-1.93 (complex signal, 5 H, 8-H, 6-Hax, 12-

Hax, 5’-Heq or 3’-Heq), 2.01 (dm, J = 12.0 Hz, 1 H, 3’-Heq or 5’-Heq), 2.06 (s, 3 H, COCH3), 

2.12 (m, 2 H, 6-Heq, 12-Heq), 2.70 (m, 1 H, 2’-Hax or 6’-Hax), 2.95-3.04 (complex signal, 2 

H, 5-H, 11-H), 3.10 (m, 1 H, 6’-Hax or 2’-Hax), 3.67-3.77 (complex signal, 5 H, C2-OCH3, 4’-

H, 6’-Heq or 2’-Heq), 4.42 (dm, J = 13.6 Hz, 1 H, 2’-Heq or 6’-Heq), 4.54-4.63 (complex 

signal, 2 H, C7-NH, C4’-NH), 6.56-6.63 (complex signal, 2 H, 1-H, 3-H), 6.95 (d, J = 8.0 Hz, 

4-H).13C-NMR (100.5 MHz, CDCl3) δ: 21.4 (CH3, COCH3), 32.3 (CH3, C9-CH3), 32.4 (CH2, C5’ 

or C3’), 33.5 (C, C9), 33.6 (CH2, C3’ or C5’), 39.8 (CH2, C12 or C6), 40.2 (CH, C5 or C11), 

40.3 (CH2, C6 or C12), 40.7 (CH2, C2’ or C6’), 41.3 (CH, C11 or C5), 41.6 (CH2, C10 or C13), 

45.4 (CH2, C6’ or C2’), 46.7 (CH, C4’), 47.9 (CH2, C8), 53.4 (C, C7), 55.2 (CH3, C2-OCH3), 

110.3 (CH, C1), 114.0 (CH, C3), 128.9 (CH, C4), 138.8 (CH, C4a), 147.7 (C, C11a), 156.4 (C, 

NHCONH), 157.8 (C, C2), 169.0 (C, COCH3). Accurate mass: Calculate for [C25H35N3O3+H]+: 

426.2571; Found: 426.2760. Anal. Calcd for C25H35N3O3 · 0.15 DCM: C 68.92, H 8.12, N 

9.59. Found: C 68.96, H 8.12, N 9.39. 

 

Preparation of 1-(1-acetylpiperidin-4-yl)-3-(2,3-dimethoxy-9-methyl-

5,6,8,9,10,11-hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea  
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To a solution of 2,3-dimethoxy-9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-amine hydrochloride (150 mg, 0.46 mmol) in DCM (3 mL) 

saturated aqueous NaHCO3 solution (3 mL) and triphosgene (51 mg, 0.17 mmol) were 

added. The biphasic mixture was stirred at room temperature for 30 minutes and then 

the two phases were separated and the organic layer was washed with brine (3 mL), 

dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-2 mL of a 

solution of the isocyanate in DCM. To this solution was added 1-(4-aminopiperidin-1-

yl)ethan-1-one (79 mg, 0.55 mmol). The reaction mixture was stirred at room 

temperature overnight and the solvent was evaporated under vacuum to obtain a 

yellow oil (334 mg). Column chromatography (SiO2, DCM/Methanol mixtures) gave 1-(1-

acetylpiperidin-4-yl)-3-(2,3-dimethoxy-9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea (168 mg, 80 % yield) as a white solid, mp 127-128 

ºC. IR (NaCl disk): 3365, 3052, 2913, 2862, 2834, 1643, 1616, 1553, 1516, 1452, 1360, 

1343, 1320, 1293, 1252, 1232, 1168, 1137, 1092, 1019, 974, 863, 801, 734 cm-1. 1H-NMR 

(400 MHz, CDCl3) δ: 0.90 (s, 3 H, C9-CH3), 1.16 [m, 2 H, 3’(5’)-Hax], 1.51 [d, J = 13.2 Hz, 2 

H, 10(13)-Hax], 1.61 [dd, J = 13.6 Hz, J’ = 6.4 Hz, 2 H, 10(13)-Heq], 1.80 (s, 2 H, 8-H), 1.82-

1.93 [complex signal, 3 H, 6(12)-Hax, 3’-Heq or 5’-Heq], 1.99-2.05 (dm, J = 12.4 Hz, 1 H, 5’-

Heq or 3’-Heq), 2.06 (s, 3 H, COCH3), 2.12 [dd, J = 12.8, J’ = 6.4 Hz, 2 H, 6(12)-Heq], 2.69 (m, 

1 H, 2’-Hax or 6’-Hax), 2.96 [t, J = 6.0 Hz, 2 H, 5(11)-H], 3.10 (m, 1 H, 6’-Hax or 2’-Hax), 3.67-

3.77 (complex signal, 2 H, 4’-H, 6’-Heq or 2’-Heq), 3.82 [s, 6 H, C2(3)-OCH3], 4.38 (d, J = 7.6 

Hz, 1 H, 4’-NH), 4.44 (dm, J = 13.2 Hz, 1 H, 2’-Heq or 6’-Heq), 4.50 (s, 1 H, 7-NH), 6.59 [s, 2 

H, 1(4)-H]. 13C-NMR (100.5 MHz, CDCl3) δ: 21.4 (CH3, COCH3), 32.3 (CH3, C9-CH3), 32.4 

(CH2, C3’ or C5’), 33.6 (C, C9), 33.6 (CH2, C5’ or C3’), 40.1 [CH2, C6(12)], 40.7 [CH, C5(11), 

CH2, C2’ or C6’], 41.4 [CH2, C10(13)], 45.4 (CH2, C6’ or C2’), 46.9 (CH, C4’), 47.9 (CH2, C8), 

53.5 (C, C7), 56.0 [CH3, C2(3)-OCH3], 112.2 [CH, C1(4)], 138.7 [C, C4a(11a)], 146.7 [C, 

C2(3)], 156.3 (C, NHCONH), 169.0 (C, COCH3). Accurate mass: Calculate for 

[C26H37N3O4+H]+: 456.2857; Found: 456.2859. Anal. Calcd for C26H37N3O4 · 0.85 H2O: C 

66.32, H 8.28, N 8.92. Found: C 66.52, H 8.05, N 8.70. 

Obtention of 1-(1-acetylpiperidin-4-yl)-3-(9-chloro-2,3-dimethoxy-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea  
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To a solution of 1 9-chloro-2,3-dimethoxy-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-amine hydrochloride (104 mg, 0.3 mmol) in DCM (3 mL) 

and saturated aqueous NaHCO3 solution (2 mL), triphosgene (33 mg, 0.11 mmol) was 

added. The biphasic mixture was stirred at room temperature for 30 minutes and then 

the two phases were separated and the organic one was washed with brine (3 mL), dried 

over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-2 mL of a solution 

of isocyanate in DCM. To this solution was added 1-(4-aminopiperidin-1-yl)ethan-1-one 

(43 mg, 0.3 mmol). The mixture was stirred overnight at room temperature and the 

solvent was then evaporated. Column chromatography (SiO2, DCM/Methanol mixtures) 

provided 1-(1-acetylpiperidin-4-yl)-3-(9-chloro-2,3-dimethoxy-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea as a yellowish solid (79 

mg, 55% yield), mp 148-149 ºC. IR (ATR): 3355, 2923, 2851, 1615, 1550, 1517, 1450, 

1376, 1359, 1346, 1335, 1318, 1303, 1287, 1249, 1226, 1163, 1089, 1023, 984, 945, 863, 

815 cm-1. 1H-NMR (400 MHz, CDCl3) δ: 1.14 [m, 2 H, 3’(5’)-Hax], 1.86-1.92 [complex signal, 

3 H, 6(12)-Hax, 5’-Heq or 3’-Heq], 2.00 (m, 1 H, 3’-Heq or 5’-Heq), 2.06 (s, 3 H, COCH3), 2.10-

2.24 [complex signal, 4 H, 10(13)-Hax, 6 (12)-Heq], 2.34 [dd, J = 12.8 Hz, J’ = 6.4 Hz, 2 H, 

10(13)-Heq], 2.48 (m, 2 H, 8-H), 2.71 (m, 1 H, 2’-Hax or 6’-Hax), 3.05 [t, J = 6.4 Hz, 2 H, 

5(11)-H], 3.12 (m, 1 H, 6’-Hax or 2’-Hax), 3.68-3.78 (complex signal, 2 H, 4’-H, 2’-Heq or 6’-

Heq), 3.83 [s, 6 H, 2(3)-OCH3], 4.41 (dm, J = 14.0 Hz, 1 H, 2’-Heq or 6’-Heq), 4.71 (d, J = 8.0 

Hz, 1 H, 4’-NH), 4.83 (s, 1 H, 7-NH), 6.59 [s, 2 H, 1(4)-H]. 13C-NMR (100.5 MHz, CDCl3) δ: 

21.4 (CH3, COCH3), 32.3 (CH2, C5’ or C3’), 33.7 (CH2, C3’ or C5’), 39.1 [CH2, C6(12)], 40.7 

(CH2, C2’ or C6’), 40.8 [CH, C5(11)], 44.7 [CH2, C10(13)], 45.4 (CH2, C6’ or C2’), 46.6 (CH, 

C4’), 50.8 (CH2, C8), 55.5 [CH3, C2(3)-OCH3], 56.0 (C, C7), 69.6 (C, C9), 112.1 [CH, C1(4)], 

137.2 [C, C2(3)], 146.9 [C, C4a(11a)], 156.2 (C, NHCONH), 169.12 (C, COCH3). Accurate 

mass: Calculate for [C25H34ClN3O4+H]+: 476.2311; Found: 476.2313. Anal. Calcd for 

C25H34ClN3O4 · 1.05 MeOH: C 61.39, H 7.55, N 8.24. Found: C 61.55, H 7.16, N 7.86. 

Preparation of 1-(1-acetylpiperidin-4-yl)-3-(9-methyl-2-nitro-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea  
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To a solution of 9-methyl-2-nitro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-amine hydrochloride (600 mg, 1.94 mmol) in DCM (10 

mL) saturated aqueous NaHCO3 solution (10 mL) and triphosgene (213 mg, 0.718 mmol) 

were added. The biphasic mixture was stirred at room temperature for 30 minutes and 

then the two phases were separated and the organic layer was washed with brine (5 

mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to obtain 1-2 mL of 

a solution of the isocyanate in DCM. To this solution was added 1-(4-aminopiperidin-1-

yl)ethan-1-one (331 mg, 2.33 mmol). The reaction mixture was stirred at room 

temperature overnight and the solvent was evaporated under vacuum to obtain a 

brown solid (840 mg). Column chromatography (SiO2, DCM/methanol mixtures) gave 1-

(1-acetylpiperidin-4-yl)-3-(9-methyl-2-nitro-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)urea (640 mg, 75% yield) as a yellowish solid, mp  155-

156 ºC. IR (NaCl disk): 3360, 2918, 2237, 1619, 1552, 1522, 1454, 1345, 1322, 1266, 

1230, 1164, 1137, 1081, 974, 949, 911, 865, 838, 798, 761, 731, 644 cm-1. 1H-NMR (400 

MHz, CDCl3) δ: 0.93 (s, 3 H, C9-CH3), 1.17 [dq, J = 11.2 Hz, J’ = 3.6 Hz, 2 H, 3’(5’)-Hax], 1.51 

(complex signal, 2 H, 10-Hax, 13-Hax), 1.65-1.88 (complex signal, 5 H, 10-Heq, 13-Heq, 8-H, 

5’-Heq or 3’-Heq), 2.02-2.11 (complex signal, 8 H, COCH3, 6-H, 12-H, 3’-Heq or 5’-Heq), 2.70 

(m, 1 H, 2’-Hax or 6’-Hax), 3.12 (m, 1 H, 6’-Hax or 2’-Hax), 3.18 (complex signal, 2 H, 5-H, 

11-H), 3.73 (complex signal, 2 H, 4’-H, 6’-Heq or 2’-Heq), 4.55 (d, J = 7.6 Hz, 1 H, C4’-NH), 

4.62 (s, 1 H, C7-NH), 7.18 (m, 1 H, 1-H). 13C-NMR (100.5 MHz, CDCl3) δ: 21.4 (CH3, COCH3), 

32.1 (CH3, C9-CH3), 32.4 (CH2, C5’ or C3’), 33.6 (C, C9), 33.7 (CH2, C3’ or C5’), 39.0 (CH2, 

C6 or C12), 39.4 (CH2, C12 or C6), 40.5 (CH2, C10 or C13), 40.7 (CH2, C2’ or C6’), 41.0 (CH, 

C5, C11), 45.4 (CH2, C6’ or C2’), 46.8 (CH, C4’), 47.7 (CH2, C8), 121.6 (CH C1), 122.8 (CH, 

C3), 128.9 (CH, C4), 146.2 (C, C4a or C11a), 147.8 (C, C11a or C4a), 154.16 (C, C2), 156.3 

(C, NHCONH), 169.1 (C, COCH3). Anal. Calcd for C24H32N4O4: C 65.43, H 7.32, N 12.72. 

Found: C 65.22, H 7.45, N 12.56. Accurate mass: Calculate for [C24H32N4O4+H]+: 

441.2496; Found: 441.2495. 

Preparation of 1-(2-acetyl-9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)-3-(1-acetylpiperidin-4-yl)urea  
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To a solution of 1-(7-amino-9-methyl-6,7,8,9,10,11-hexahydro-5H-5,9:7,11-

dimethanobenzo[9]annulen-2-yl)ethan-1-one hydrochloride (300 mg, 0.98 mmol) in 

DCM (5 mL) and saturated aqueous NaHCO3 solution (3.52 mL) was added triphosgene 

(145 mg, 0.49 mmol). The biphasic mixture was stirred at room temperature for 30 

minutes and then the two phases were separated and the organic layer was washed 

with brine (5 mL), dried over anh. Na2SO4, filtered and evaporated under vacuum to 

obtain 1-2 mL of a solution of the isocyanate in DCM. To this solution was added 1-(4-

aminopiperidin-1-yl)ethan-1-one (167 mg, 1.17 mmol). The reaction mixture was stirred 

at room temperature overnight and the solvent was evaporated under vacuum to obtain 

a yellow gum (483 mg). Column chromatography (SiO2, DCM/methanol mixtures) gave 

1-(2-acetyl-9-methyl-5,6,8,9,10,11-hexahydro-7H-5,9:7,11-

dimethanobenzo[9]annulen-7-yl)-3-(1-acetylpiperidin-4-yl)urea (324 mg, 76% yield), mp 

144-145ºC. IR (NaCl disk): 3363, 3005, 2918, 2861, 2239, 1679, 1619, 1552, 1453, 1426, 

1361, 1320, 1272, 1229, 1203, 1137, 1106, 1057, 973, 950, 917, 830, 731, 645 cm-1. 1H-

NMR (400 MHz, CDCl3) δ: 0.91 (s, 3 H, C9-CH3), 1.09-1.20 [complex signal, 2 H, 5’(3’)-Hax], 

1.49 (d, J = 13.6 Hz, 2 H, 10-Hax, 13-Hax), 1.65 (dd, J = 13.2 Hz, J’ = 6.0 Hz, 2 H, 10-Heq, 13-

Heq), 1.75 (dm, J = 11.6 Hz, 1 H, 8-Ha), 1.79-1.97 (complex signal, 4 H, 8-Hb, 5’-Heq or 3’-

Heq, 6-Hax, 12-Hax), 2.01 (m, 1 H, 2’-Heq or 6’-Heq), 2.05 (s, 3 H, NCOCH3), 2.09 (m, 1 H, 6-

Heq or 12-Heq), 2.21 (m, 1 H, 12-Heq or 6-Heq), 2.55 (s, 3 H, C2-COCH3), 2.65-2.75 (complex 

signal, 1 H, 2’-Hax or 6’-Hax), 3.07-3.17 (complex signal, 3 H, 5-H, 11-H, 6’-Hax or 2’-Hax), 

3.66-3.77 (complex signal, 2 H, 4’-H, 6’-Heq or 2’-Heq), 4.42 (d, J = 13.6 Hz, 1H, 2’-Heq or 

6’-Heq), 4.71 (d, J = 6.8 Hz, 1 H, C4’-NH), 4.76 (s, 1 H, C7-NH), 7.12 (d, J = 7.6 Hz, 1 H, 1-

H), 7.62-7.67 (complex signal, 2 H, 3-H, 4-H). 13C-NMR (100.5 MHz, CDCl3) δ: 21.4 (CH3, 

NCOCH3), 26.6 (CH3, C2-COCH3), 31.5 (C, C9), 32.2 (CH3, C9-CH3), 32.4 (CH2, C5’ or C3’), 

33.6 (CH2, C3’ or C5’), 39.3 (CH2, C12 or C6), 39.8 (CH2, C6 or C12), 40.7 (CH2, C2’ or C6’), 

41.0 (CH2, C10, C13), 41.07 (CH, C5 or C11), 41.1 (CH, C11 or C5), 45.4 (CH2, C6’ or C2’), 

46.7 (CH, C4’), 47.7 (CH2, C8), 53.2 (C, C7), 126.8 (CH, C3), 127.6 (CH, C4), 128.3 (CH, C1), 

135.3 (C, C2), 146.7 (C, C11a), 152.4 (C, C4a), 156.4 (C, NHCONH), 169.0 (C, NCOCH3), 

198.3 (C, C2-COCH3). Anal. Calcd for C26H35N3O3 · 0.45 MeOH: C 70.29, H 8.21, N 9.30. 
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Found: C 70.64, H 8.56, N 8.88. Accurate mass: Calculate for [C26H35N3O3+H]+: 438.2751; 

Found: 438.2746. 

Preparation of 1-(1-acetylpiperidin-4-yl)-3-(2-amino-9-methyl-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea  

 

To a solution of 1-(1-acetylpiperidin-4-yl)-3-(9-methyl-2-nitro-5,6,8,9,10,11-

hexahydro-7H-5,9:7,11-dimethanobenzo[9]annulen-7-yl)urea ( 260 mg, 0.59 mmol) in 

EtOH (17 ml) was added PtO2 (20 mg). The mixture was hydrogenated at room 

temperature and atmospheric pressure for 8 days. The resulting suspension was filtered 

and the filtrate was evaporated under vacuum to obtain a dark brown solid (223 mg), 

which was dissolved in DCM (10 mL) and washed with Et2O obtaining a white solid (140 

mg). Column chromatography (SiO2, DCM/Methanol mixtures) gave a white solid (82 

mg, 34% yield), mp 150-151 ºC. IR (NaCl disk): 3344, 3006, 2905, 2853, 1614, 1556, 1505, 

1454, 1360, 1344, 1320, 1303, 1266, 1229, 1194, 1162, 1136, 1060, 974, 868, 820, 734 

cm-1. 1H-NMR (400 MHz, CDCl3) δ: 0.88 (s, 3 H, C9-CH3), 1.15 [m, 2 H, 5’(3’)-Hax], 1.43-

1.53 (complex signal, 2 H, 10-Hax, 13-Hax), 1.56-1.62 (complex signal, 2 H, 10-Heq, 13-Heq), 

1.75-1.86 (complex signal, 5 H, 8-H, 5’-Heq or 3’-Heq, 6-Hax, 12-Hax), 1.99 (dm, J = 12.0 Hz, 

1 H, 3’-Heq or 5’-Heq), 2.04-2.10 (complex signal, 4 H, COCH3, 6-Heq or 12-Heq), 2.15 (m, 1 

H, 12-Heq or  6-Heq), 2.69 (m, 1 H, 2’-Hax or 6’-Hax), 2.85 (t, J = 6.0 Hz, 1 H, 11-H or 5-H), 

2.94 (t, J = 6.0 Hz, 1 H, 5-H or 11-H), 3.09 (m, 1 H, 6’-Hax or 2’-Hax), 3.67-3.76 (complex 

signal, 2 H, 4’-H, 6’-Heq or 2’-Heq), 4.41 (dm, J = 13.6 Hz, 1 H, 2’-Heq or 6’-Heq), 4.62 (d, J = 

8.0 Hz, 1 H, C4’-NH), 4.66 (s, 1 H, C7-NH), 6.37-6.41 (complex signal, 2 H, 1-H, 3-H), 6.82 

(d, J = 7.6 Hz, 1 H, 4-H). 13C-NMR (100.5 MHz, CDCl3) δ: 21.4 (CH3, COCH3), 32.29 (CH3, 

C9-CH3), 32.36 (CH2, C5’ or C3’), 33.5 (C, C9), 33.6 (CH2, C3’ or C5’), 39.8 (CH2, C12 or C6), 

40.2 (CH, C5 or C11), 40.6 (CH2, C6 or C12), 40.7 (CH2, C2’ or C6’), 41.2 (CH, C11 or C5), 

41.7 (CH2, C10, C13), 45.4 (CH2, C6’ or C2’), 46.7 (CH2, C8), 53.4 (C, C7), 112.4 (CH, C1), 

115.2 (CH, C3), 128.9 (CH, C4), 136.9 (C, C2), 144.3 (C, C4a), 147.4 (C, C11a), 156.5 (C, 

NHCONH), 169.0 (C, COCH3). Accurate mass: Calculate for [C24H35N4O2+H]+: 411.2755; 

Found: 411.2756.  
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In line with the objectives of this Thesis, several compounds presenting inhibitory 

activities against the sEH enzyme bearing different polycyclic scaffolds have been 

successfully designed, synthesized and biologically evaluated in both in vitro and in vivo 

assays. The main conclusions derived from each Chapter are summarized below.  

4.1. 2-Oxaadamantane-based sEHIs 

In Chapter 1, eleven compounds bearing the 2-oxaadamantane scaffold were 

synthesized, ten of them presenting a piperidine moiety in the RHS and one of them 

featuring an aromatic ring. Additionally, several aromatic derivatives were synthesized 

in the context of Eugènia Pujol’s experimental postgraduate Master. Figure 42 

summarizes the main features of the structure-activity relationships (SAR) of these new 

family of compounds.  

 

Figure 42. SAR of the 2-oxaadamantane-based sEHI. 

 

 After a screening cascade, compound 42 was selected. The PK study of 42 

allowed us to select the intraperitoneal route in the following in vivo studies, 

and the MTD assay showed that 42 was well tolerated. 

 In both pre-induction and post-induction in vivo studies of cerulein-induced 

AP, 42 (30 mg/kg) diminished the overexpression of inflammatory and ER 

stress markers and reduced the pancreatic damage. 

Overall, these positive results reinforce the hypothesis that sEHIs may be of clinical 

interest for treating and/or preventing AP. 
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4.2. Exploring the size of the lipophilic unit of sEHIs 

The objective of Chapter 2 was to assess if alterations in the size of the lipophilic 

unit attached to the urea significantly impacted its potency against the sEH as well as 

influencing solubility, permeability and metabolic stability. Therefore, three ring-

contracted (73, 75 and 77, derived from noradamantane) and four ring-expanded 

analogs (74, 76, 78 and 79, derived from diamantane) of the adamantane-based 

AR9281, t-AUCB and 10 were synthesized in the context of the present Thesis. The main 

conclusions of the biological evaluation of the new sEHIs are collected in Figure 43. 

 

Figure 43. Results of the exploration of the size of the lipophilic unit of sEHIs. 

Altogether, we conclude that the catalytic center of the sEH enzyme can 

accommodate polycycles of very different sizes. Moreover, the replacement of the 

adamantane nucleus by the very large diamantane group leads to more potent 

compounds than the replacement by smaller ones. 

4.3. Benzohomoadamantane-based sEHIs (I) 

In Chapter 3 it was envisaged the synthesis of new sEHIs bearing the very versatile 

benzohomoadamantane scaffold as the hydrophobic moiety. Therefore, eleven 

compounds featuring this polycycle were synthesized and biologically evaluated. The 

main characteristics of these new compounds are collected in Figure 44.  
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Figure 44. SAR of the first family of benzohomoadamantane-based sEHIs. 

 A screening cascade allowed us to select compounds 108 and 110, and PK 

studies revealed that compound 110 exhibits better profile than 108. 

 In the cerulein-induced mouse model of AP, treatment with 110 (0.3 mg/Kg) 

resulted in an improved health status and less pancreatic damage, edema 

and neutrophils infiltration. 

Therefore, we conclude that the benzohomoadamantane moiety is a suitable 

scaffold for the design and synthesis of novel sEHIs with efficacy in in vivo studies.  

 

4.4.  Benzohomoadamantane-based sEHIs (II and III) 

The purpose of Chapters 4 and 5 was the synthesis of a new family of 

benzohomoadamantane-based piperidine derivatives in order to improve solubility and, 

more importantly, the microsomal stability of compound 105. Therefore, thirty 

compounds were synthesized in the context of the present Thesis and all of them were 

biologically evaluated. The main characteristics of these new compounds are collected 

in Figure 45. 
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Figure 45. SAR of the second and third families of benzohomoadamantane-based sEHIs. 

 

 After performing a screening cascade, compound 140 was selected for in 

vivo studies in a murine model. Pharmacokinetics studies showed good 

bioavailability and elimination characteristics for 140.  

 The in vivo efficacy study in the predictive murine model of NP 

demonstrated that 140 reduced mechanical allodynia in a dose-dependent 

manner and outperformed other sEHIs tested. 

 

With these results, we conclude that the addition of a halogen atom in the R 

position of the benzohomoadamantane scaffold and the substitution of the aromatic 

ring are good approaches in order to improve the microsomal stability of 

benzohomoadamantane-based piperidine derivatives while keeping excellent inhibitory 

activities. In addition, the administration of a selected compound is effective in a 

predictive model of NP. For this reason, further studies with 140 in NP models are 

ongoing and additional work around the substitution of the aromatic ring is required in 

order to further explore the substitution of the polycyclic scaffold. 
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The promising results derived from the research conducted in the present Thesis 

encourages the group to further investigate the design, synthesis and evaluation of new 

sEHIs.  Some of the possible lines of research that can be developed in the near future 

are described below. 

 

5.1. 3-Alkyl 2-oxaadamantane derivatives 

Interestingly, we have recently found that the introduction of several alkyl chains in 

the position 3 of the 2-oxaadamantane nucleus increases the inhibitory potency against 

the human sEH. As shown in Figure 46, the replacement of the hydrogen atom of the 

position 3 of 16 (described in Chapter 1) by a methyl group (175) or ethyl group (176) 

led to more potent compounds, with IC50 values in the low nanomolar range.  

 

Figure 46. New ureas bearing the 2-oxaadamantane scaffold alkylated in the position 3. 

 

The next step is to evaluate the solubility of these new ureas. In the case that the 

solubility of 175 and 176 is not reduced due to the introduction of the alkyl chain, the 

group envisages to further explore the 2-oxaadamante-based ureas as sEHIs, especially 

those derivatives alkylated in the position 3 of the polycyclic system, introducing 

different groups such as methyl, ethyl, propyl or cyclopropyl, among others.  As an 

example, it would be interesting to consider the synthesis of analogues of AR9281, t-

AUCB or 42 alkylated at the position 3 of the 2-oxaadamantane (Figure 47).  
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Figure 47. Analogs of AR9281, 42 and t-AUCB alkylated in the position 3 of the 2-

oxaadamantane moiety. 

 

5.2.  New benzohomoadamantane-based sEHIs 

Throughout the research conducted along the present Thesis, particularly in 

Chapters 3, 4 and 5, it has been demonstrated that the benzohomoadamantane moiety 

is a suitable hydrophobic scaffold for the design and synthesis of new sEHIs. Therefore, 

it still remains a lot of work to do in order to expand the family of compounds derived 

from this versatile polycycle (Figure 48).  

 

Figure 48. General structure XXIII presenting all the combinations of substituents to obtain 

new sEHIs bearing the benzohomoadamantane scaffold. 
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 New amides as sEHIs  

Theoretically, amides might present better DMPK properties than ureas, such as 

better solubility values and higher stability against microsomes.116 However, in the case 

of sEHIs and specially those bearing the benzohomoadamantane scaffold, amides were 

less potent than ureas, as in the case of urea 105 and amide 146.  Notwithstanding that, 

we have also observed that in the amide series, the substitution of the acyl group of the 

piperidine by a sulfonyl group increased the potency, as it happens in amide 148, a good 

inhibitor of the human enzyme and endowed with excellent inhibitory activities of the 

murine and rat enzymes (Figure 49).  

 

Figure 49. Structure and potency of ureas 105 and 133 and their respective amides 146 and 

148. 

Consequently, these results encourage us to further explore the 

benzohomoadamantane-based amides and the preparation of new compounds with 

general formula XXIV is planned (Figure 50). 
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Figure 50. General structure XXIV of the new amides planned to be synthesized. 

 Further exploration of the aromatic ring  

In Chapter 5 of the present Thesis we observed that the introduction of different 

substituents in the aromatic ring of the benzohomoadamantane scaffold was a good 

strategy in order to obtain extremely potent sEHIs with improved microsomal stability 

and solubility values, two critical parameters in the drug discovery field and, in 

particular, in the discovery of new sEHIs. Thus, further exploration of the aromatic ring 

is required and the synthesis of new benzohomoadamantane-amines as starting 

materials for the obtention of new sEHIs is envisaged. For example, a myriad of 

combinations can be created between the substituent of the aromatic ring and the 

radical of the C9 position (R) of the polycyclic scaffold (Figure 51). 

 

Figure 51. Examples of new polycyclic amines as starting materials for the synthesis of new 

sEHIs.  
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Additionally, new substitutions in the aromatic ring are also foreseen, such as the 

ones depicted in Figure 52. 

 

Figure 52. Examples of new possible substitutions of the aromatic ring. 

 Further exploration of the RHS  

5.2.3.1. Bicyclic compounds: 

As mentioned in Chapter 4, we found that the piperidine ring can be replaced by a 

tropane ring, in particular in the N-bencilated derivatives, leading to the potent sEHI 

129. This promising result opened the doors to the design and synthesis of new 

derivatives bearing different bicyclic systems instead of the piperidine moiety. Possible 

examples of the new compounds 189 and 190 are collected in Figure 53. 

 

Figure 53. Structure and activity of 132 and 129 and possible new derivatives 189 and 190. 
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5.2.3.2. Spirocycles: 

As pointed out above, one of the main limitations in the discovery of new sEHIs is 

their limited aqueous solubility. A known strategy in Medicinal Chemistry to increase 

the solubility of the compounds is to increase the carbon bond saturation or the sp3 

fraction.227 In fact, polar spirocyclic scaffolds dramatically increase Fsp3 and have been 

successfully employed for the design of sEHIs.128,228,229,230,  

Moreover, unsubstituted 2-azaspiro[3.3]heptane has been suggested as an 

analogue of the piperidine moiety with an improved water solubility.231 Therefore, the 

trifluorophenyl group of the potent sEHI 191 can be replaced by the 

benzohomoadamantane scaffold, or the piperidine moiety of the 

benzohomoadamantane-based 105 might be replaced by different spirocycles leading 

to, for example, ureas 192, 193 and 194 (Figure 54). 

 

Figure 54. Structure of 191 and examples of new sEHIs bearing spirocycles in their structure. 

                                                      

227 Lovering, F.; Bikker, J.; Humblet, C. J. Med. Chem. 2009, 21, 6752-6756. 
228 Ceccarelli, S. M.; Guerot, C.; Knust, H. (F. Hoffmann-La Roche). WO 2013/064467 A1, November 01, 
2011. 
229 Lukin, A.; Kramer, J.; Hartmann, M.; Weizel, L.; Hernandez-Olmos, V.; Falahati, K.; Burghardt, I.; 
Kalinchenkova, N.; Bagnyukova, D.; Zhurillo, N.; Rautio, J.; Forsberg, M.; Ihalainen, J.; Auriola, S.; 
Leppänen, J.; Konstantinov, I.; Pogoryelov, D.; Proschak, E.; Dar’in, D.; Krasavin, M. Bioorg. Chem. 2018, 
80, 655-667. 
230 Kato, Y.; Fuchi, N.; Saburi, H.; Nishimura, Y.; Watanabe, A.; Yagi, M.; Nakadera, Y.; Higashi, E.; Yamada, 
M.; Aoki, T. Bioorg. Med. Chem. Lett. 2013, 23, 5975-5979. 
231 Kirichok, A. A.; Shton, I.; Kliachyna, M.; Pishel, I.; Mykhailiuk, P. K. Angew. Chem. Int. Ed. 2017, 56, 8865-
8869. 
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5.2.3.3. 3,3-disubstituted ureas: 

It has been mentioned that at least one free NH of the urea group is needed in order 

to stablish a hydrogen bond with the C-terminal domain of the sEH. Hence, several 

compounds presenting 3,3-disubstituted ureas have been published.232,233,234 Some of 

them presenting excellent inhibitory activities towards the sEH are shown in Figure 55. 

Taking this into account, we might consider replacing the trifluorophenyl group of some 

of these compounds by the benzohomoadamantane scaffold leading to structures 197, 

198 and 199, among others (Figure 55). 

 

Figure 55. Structure and potency of 195, 196 and 197, and their possible 

benzomohoadamantane analogs 198, 199 and 200. 

                                                      

232 Kodani, S. D.; Wan, D.; Wagner, K. M.; Hwang, S. H.; Morisseau, C, Hammock, B. D. ACS Omega 2018, 
3, 14076-14086. 
233 Hammock, B.; Kodani, S. (University of California). WO 2017/160861 A1, March 15, 2016. 
234 Delombaert, S.; Eldrup, A. B.; Kowalski, J. A.; Mugge, I. A.; Soleymanzadeh, F.; Swinamer, A. D.; Taylor, 
S. J. (Boehringer Ingelheim). WO 2007/106705 A1, March 10, 2006.  
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5.2.3.4. Aromatic derivatives:  

Several sEHIs described in the literature feature a substituted aromatic ring directly 

attached to the urea and some representative examples are shown in Figure 

56.196,235,236,237,238,239  

  

Figure 56. Structure and potency of 201-206 and sorafenib. 

 

In this sense, it might be a good strategy to synthetize analogs of these compounds 

replacing the LHS by the benzohomoadamantane scaffold (Figure 57). Indeed, during 

                                                      

235 Anandan, S.-K.; Gless, R. D. Bioorg. Med. Chem. Lett. 2010, 20, 2740-2744. 
236 Huang, S.-X.; Li, H.-Y.; Liu, J.-Y.; Morisseau, C.; Hammock, B. D.; Long, Y.-Q. J. Med. Chem. 2010, 53, 
8376-8386. 
237 Waltenberger, B.; Garsha, U.; Temml, V.; Liers, J.; Werz, O.; Schuster, D.; Stuppner, H. J. Chem. Inf. 
Model. 2016, 56, 747-762. 
238 Vieder, L.; Romp, E.; Temml, V.; Fisher, J.; Kretzer, C.; Schoenthaler, M.; Taha, A.; Hernández-Olmos, 
V.; Sturm, S.; Schuster, D.; Werz, O.; Garsha, U.; Matuszczak. ACS Med. Chem. Lett. 2019, 10, 62-66. 
239 Yefidoff-Freedman, R.; Fan, J.; Yan, L.; Zhang, Q.; Reis dos Santos, G. R.; Rana, S.; Contrerasm J. I.; Sahoo, 
R.; Wan, D.; Young, J.; Dias Teixeira, K. L.; Morisseau, C.; Halperin, J.; Hammock, B.; Natarajan, A.; Wang, 
P.; Chorev, M.; Aktas, B. H. J. Med. Chem. 2017, 60, 5392. 
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the writing of this PhD Thesis, another member of our laboratory, Andrea Bagán, has 

synthesized some of these compounds (e.g., 207 with R = methyl, F and Cl) and they 

showed to be subnanomolar inhibitors of the human and murine sEH.240 

 

Figure 57. Possible new benzohomoadamantane-based ureas 207-211. 

 

Overall, it can be easily seen that the field of benzohomoadamantane-based sEHIs 

is just starting to flourish and a lot of research that can be done revolving this new 

promising scaffold. 

                                                      

240 Bagán Polonio, A. Ph.D. Dissertation, University of Barcelona, in progress. 
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