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ABSTRACT: The cytochrome P450 eicosanoid 14,15-epox-
yeicosa-5,8,11-trienoic acid (14,15-EET) is a powerful
endogenous autacoid that has been ascribed an impressive
array of physiologic functions including regulation of blood
pressure. Because 14,15-EET is chemically and metabolically
labile, structurally related surrogates containing epoxide
bioisosteres were introduced and have become useful in vitro
pharmacologic tools but are not suitable for in vivo applications. A new generation of EET mimics incorporating modifications to
the carboxylate were prepared and evaluated for vasorelaxation and inhibition of soluble epoxide hydrolase (sEH). Tetrazole 19
(ED50 0.18 μM) and oxadiazole-5-thione 25 (ED50 0.36 μM) were 12- and 6-fold more potent, respectively, than 14,15-EET as
vasorelaxants; on the other hand, their ability to block sEH differed substantially, i.e., 11 vs >500 nM. These data will expedite the
development of potent and specific in vivo drug candidates.

■ INTRODUCTION
An imposing body of studies,1 spanning more than three
decades, has cogently elucidated the involvement of epox-
yeicosatrienoic acids (EETs) in a wide array of critical
physiological functions, inter alia, blood pressure regulation,2

nociception,3 adipogenesis,4 anti-inflammatory activity,5 organ
regeneration,6 insulin potentiation,7 podocyte integrity,8 and
cellular responses to bacterial infection.9 The most prominent
regioisomer,10 14,15-epoxyeicosa-5(Z),8(Z),11(Z)-trienoic acid
(14,15-EET), along with other members of this autacoid family,
arise via metabolism of arachidonic acid by cytochromes P450,
especially members of the 2C11 and 2J12 families. The ratio of
EET isomers and their stereocomposition are CYP P450
isoform-dependent13 and, thus, species- and tissue-specific.14

Numerous chemical and metabolic factors conspire to
complicate investigations into the roles of 14,15-EET and
restrain its potential therapeutic utility (Figure 1).15 Its
susceptibility toward aerial oxidation or auto-oxidation, i.e., a
nonenzymatic, free radical process involving the 1,4-dienyl

substructures characteristic of polyunsaturated fatty acids,
necessitates handling and/or storage under strict conditions
that minimize exposure to oxygen and trace transition metals.16

A precis of inactivating enzymatic processes includes
esterification,17 metabolism by other pathways of the
arachidonate cascade,18 conjugation,19 β-oxidation,20 chain
elongation,21 and hydrolysis of the epoxide.22 In biological
milieu, hydration of the epoxide by soluble epoxide hydrolase
(sEH) is a major determinant in maintaining the steady state
levels of 14,15-EET,23 whose half-life has been estimated at no
more than seconds to minutes.24 The pioneering studies of
Hammock25 and others26 confirmed inhibition of sEH can
elevate EET levels both in vitro and in vivo, thus offering an
indirect means for pharmacologic intervention in EET-
mediated processes. However, this strategy might prove less
efficacious than an agonist replacement therapy whenever
endogenous EET biosynthesis is compromised, for instance, as
a consequence of disease, inflammation, radiotherapy, aging,
and/or exposure to xenobiotics and drugs that inhibit
cytochromes P450.27

■ RESULTS AND DISCUSSION

To address some of the stability limitations of natural EETs,
our laboratories previously prepared several iterations of EET
surrogates with improved stability.28,29 Advanced versions were
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Figure 1. Major routes of metabolism/degradation (oxid = oxidation).
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evaluated for relaxation of precontracted bovine coronary artery
rings and for in vitro inhibition of recombinant human sEH.15

Depending upon the bioisostere and its position along the
carbon chain, varying levels of vascular relaxation and/or sEH
inhibition were observed. Generally, oxamides and N-iPr-
amides displayed useful 14,15-EET agonist activities but were
modest to poor sEH inhibitors. Unsubstituted ureas proved to
be both potent 14,15-EET agonists and sEH inhibitors. The in
vitro success of this generation of analogues prompted us to
consider further structural iterations.30

The surrogates described herein modify the free carboxylic
acid of the previous generation of 14,15-EET mimics while, for
the most part, retaining some key structural features of the
pharmacophore identified earlier (i.e., cis-Δ8,9-olefin and an
epoxide bioisostere). They were evaluated as described before
in precontracted bovine coronary artery rings for (i) %
vasorelaxation at 10 μM relative to a 14,15-EET control, (ii)
EC50 for vasorelaxation, and (iii) IC50 for sEH inhibition (Table
1).15 Interestingly, the simple expedient of conjugating the
carboxylate with a short poly(ethylene oxide) (PEG) unit
improved both % vasorelaxation and the EC50 somewhat

Table 1. Vasorelaxation of Precontracted Bovine Coronary Artery and in Vitro Inhibition of Recombinant Human Soluble
Epoxide Hydrolasea,b

aAt 10 μM, 14,15-EET induces 85% of maximum vasorelaxation and its ED50 is 2.2 μM. For recombinant human sEH, the IC50 for 12-(3-adamantan-
1-yl-ureido)dodecanoic acid (AUDA) is 3 nM. bBioassay determinations (n) = 3−5.
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compared with the parent free acids31 regardless the type of
epoxide bioisostere, viz., N-iPr-amide 1, urea 2, and oxamide 3;
on the other hand, the soluble epoxide hydrolase (sEH)
inhibitory activity of urea 2 was significantly compromised
versus the parent free acid (EC50 7.5 μM, IC50 46 nM). Linkage
of the carboxylate to the nitrogen of glycine (4 and 5) or
aspartic acid (6) resulted in a modest boost to the vasoactivities
while the sEH IC50 of 6 dropped by an order of magnitude
compared to the parent free acid. Conversion to the N-phenyl
and N-methylsulfonimides 7 and 8, respectively, left the
biological activities virtually unchanged in all categories while
the simplified phenylsulfonamide 9 led to an improvement in
the EC50 by a factor of ∼2 and smaller improvements in the
other parameters.
Given the generally lackluster behavior of the esters and

amides, our focus changed to replacement of the carboxylate
with a variety of heterocyclic bioisosteres identified from
literature sources.32 For phosphonate 10 and sulfonate 11, the
increase in polarity did not improve potency as seen with the
PEG esters. Interestingly, sulfonate 11 retained its ability to
suppress sEH, in contrast to phosphonate 10 and PEG ester 2.
Vasorelaxation by S-alkylthiocatechol 12 was poor, but its IC50
for sEH was pushed down into the single digits.33 The sulfone
variant 13 regained some vasopotency, probably due to an
increase in the acidity of the phenol but not sufficiently to be
viable. Replacement of the phenol moiety in 12 with a tetrazole
ring34 produced 14 and was encouraging, but this trend was not
continued in triazole 15. Sequential oxidation of the sulfur to
sulfoxamide 16 and sulfonamide 17, as seen for 12 → 13,
incrementally improved the EC50. The ED50 jumped in the
tetrazole bioisostere series 18−21, achieving a submicromolar
value for urea 19 (12-fold better than 14,15-EET), while the %
vasorelaxation versus 14,15-EET peaked. Factoring in a very
respectable low nanomolar IC50, 19 is the best dual activity
analogue in the study and a leading candidate for further
development. Notably, all three parameters began to erode,
albeit minimally, in the one-carbon homologue 20 and further
in oxamide 21. The performance of another five-membered
heterocycle,35 oxadiazol-5-one 22, while acceptable, was not
comparable to urea 19. The closely related oxathiadiazole-2-
oxides35 23 and 24, on the other hand, demonstrated good
vasorelaxant activities; sEH inhibition potency was consistent
with our previous observations that ureas ≫ N-iPr-amides. The
isomeric thioxo-1,2,4-oxadiazol35 25 registered a 6-fold
improvement in ED50 over 14,15-EET yet was a comparatively
poor sEH inhibitor and, thus, is a good option whenever an
EET agonist with minimal impact on sEH function is required.
The corresponding urea thioxo-oxadiazol,36 26, could not
sustain the vasopotency; its ED50 sagged by almost an order of
magnitude versus 25 while at the same time its sEH IC50
improved by more than an order of magnitude. A final variant
on this heterocyclic theme, 5-thioxothiadiazol36 27, fell short of
expectations on all levels and further study of this particular
heterocycle was terminated. Despite its success in the glitazone
series of antidiabetic drugs,37 the 2,4-thiazolidinedione
modification proved disappointing when incorporated into
28 . Given the larger size of the N-(4-hydroxy-2-
benzothiazolyl)acetamide bioisostere,38 the carbon chain
utilized in most of the analogues (Figure 1) was trimmed by
four carbons before attachment via the phenolic oxygen to
generate 29. The undistinguished results caused us to re-
evaluate our assumptions. Following inspection of molecular
models, the carbon chain was shortened even further and the

olefin was deleted, leading to N-iPr-amide 30, urea 31, and
oxamide 32, whose total chain length more closely resembled
that of 14,15-EET. As hoped, the EC50 values increased relative
to 29, although the % vasorelaxation was variable. All were
comparatively poor sEH inhibitors, including unexpectedly urea
31.
Contrary to expectations, there was no evident correlation

between the pKa of the EET analogues and the ED50 for
vasorelaxation (Figure 2), suggesting factors other than ionic
interactions are involved in binding the carboxylate at the
putative EET binding site.

Chemistry. The syntheses of tetrazole 19 and thioxo-1,2,4-
oxadiazol 25 are summarized in Scheme 1 and illustrate the
approach used to prepare the other analogues. Semihydroge-
nation of the known39 acetylene 34 using P-2 nickel and H2 led
to cis-olefin 35 that was subjected to azidation using
diphenylphosphoryl azide (DPPA) under Mitsunobu condi-
tions. Staudinger reduction of the product, azide 36, led to
primary amine 37 that was reacted without purification with n-
pentyl isocyanate to furnish urea 38. An uneventful series of
functional group interchanges proceeding through alcohol 39,
bromide 40, and ending with nitrile 41 set the stage for the zinc

Figure 2. Plot of calculated pKa vs ED50 (μM) of analogues in Table 1.
The protonated form of analogues 6, 11, and 12 was used for the
calculation.
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bromide mediated annulation40 with sodium azide that
delivered tetrazole 19.
Condensation of 37 with 2-(n-butylamino)-2-oxoacetic

acid15 gave rise to oxamide 42. Following the same sequence
of transformations as described above, 42 was converted into
nitrile 45. Condensation of hydroxyimine 46, obtained by
addition41 of hydroxylamine to 45, with 1,1′-(thiocarbonyl)-
diimidazole yielded thioxo-1,2,4-oxadiazol 25 as a crystalline
solid.

■ EXPERIMENTAL SECTION
General Methods and Materials. Final compounds were judged

≥95% pure by HPLC using a Zorbax Eclipse C18 column (250 mm ×
4.6 mm; Agilent) connected to an Agilent 1200 API/LC-MS using
acetonitrile/water combinations as eluent unless otherwise noted.
Nuclear magnetic resonance (NMR) spectra were recorded on Varian
300, 400, or 500 spectrometers at operating frequencies of 300/400/
500 MHz (1H) or 75/100/125 MHz (13C) in CDCl3 with TMS as
internal standard, unless otherwise stated. 1H NMR data are reported
as follows: chemical shift (ppm), multiplicity (s = singlet, br s = broad
singlet, d = doublet, t = triplet, q = quartet, app q = apparent quartet,
qn = quintet, app qn = apparent quintet, m = multiplet), and coupling
constant (Hz). High resolution mass spectra (HRMS) were obtained
at UT-Arlington using a Shimadzu IT-TOF mass spectrometer or at
the Medical College of Wisconsin by Prof. Kasem Nithipatikom.
Infrared (IR) spectra were obtained using a PerkinElmer Spectrum
1000 Fourier transform spectrometer. Melting points were measured
using an OptiMelt from Stanford Research Systems and are
uncorrected. Analytical thin layer chromatography (TLC) used
EMD Chemicals TLC silica gel 60 F254 plates (0.040−0.063 mm)
with visualization by UV light and/or KMnO4 or phosphomolybdic
acid (PMA) solution followed by heating. All oxygen and/or moisture
sensitive reactions were performed under an argon atmosphere using
oven-dried glassware and anhydrous solvents. Extracts were dried over
anhydrous Na2SO4 and filtered prior to removal of all volatiles under
reduced pressure. Chromatographic purifications utilized preparative

TLC or flash chromatography using prepacked SiO2 columns on a
CombiFlash Rf200 chromatograph (Teledyne Isco). Unless otherwise
noted, yields refer to isolated, purified material with spectral data
consistent with assigned structures or, if known, were in agreement
with published data. Reagents were purchased at the highest
commercial quality available and used without further purification,
unless otherwise noted. Anhydrous solvents were dried using a Glass
Contours solvent system by passage through columns of activated
packing material under argon immediately prior to use.

1-(12-(1H-Tetrazol-5-yl)dodec-5(Z)-en-1-yl)-3-pentylurea
(19). A mixture of 1-(12-cyanododec-5(Z)-enyl)-3-n-pentylurea (41).
(500 mg, 1.55 mmol), sodium azide (100 mg, 1.55 mmol), and zinc
bromide (335 mg, 1.48 mmol) was heated at 110 °C in 2-propanol/
H2O (1:3, 8 mL) while stirring vigorously in a sealed tube.40 After 18
h, the mixture was cooled to room temperature and the pH was
adjusted to 1 using aq HCl (3 N, 4 mL). Ethyl acetate (10 mL) was
added, and the stirring was continued until no solid was present. The
organic layer was isolated and the aqueous layer extracted with EtOAc
(2 × 25 mL). The combined organic fractions were washed with water
(3 × 25 mL), dried, and concentrated in vacuo. The residue was
purified by silica gel column chromatography to give the tetrazole 19
(431 mg, 76%) as a colorless solid, mp 205.6−205.8 °C. TLC: 10%
MeOH/CH2Cl2, Rf ∼ 0.30. 1H NMR (CD3OD, 300 MHz) δ 5.40−
5.30 (m, 2H), 3.06−3.11 (m, 4H), 2.93 (t, J = 8.0 Hz, 2H), 1.98−2.10
(m, 4H), 1.70−1.82 (m, 2H), 1.24−1.50 (m, 16H), 0.90 (t, J = 7.6 Hz,
3H). 13C NMR (CD3OD, 75 MHz) δ 160.16, 156.81, 129.77, 129.47,
39.81, 39.68, 29.88, 29.80, 29.35, 28.99, 28.69, 28.55, 27.48, 26.85,
26.81, 26.68, 22.96, 22.31, 13.22. HRMS calcd for C19H37N6O [M +
1]+ 365.3029, found 365.3030.

N1-Butyl-N2-(12-(2-oxido-3H-1,2,3,5-oxathiadiazol-4-yl)-
dodec-5(Z)-en-1-yl)oxalamide (25). A mixture of N1-(13-amino-
13-(hydroxyimino)tridec-5(Z)-enyl)-N2-n-butyloxalamide (46) (100
mg, 0.27 mmol) and 1,1′-(thiocarbonyl)diimidazole (57 mg, 0.32
mmol) in dry THF (5 mL) was stirred at room temperature for 45
min. The mixture was diluted with water (20 mL) and extracted with
ethyl acetate (3 × 10 mL). The combined organic extracts were
washed with water and dried, and the solvent was evaporated in vacuo.
The residue was dissolved in acetonitrile (5 mL) to which was then
added DBU (61 mg, 0.40 mmol). After stirring at room temperature
for 1 h, the mixture was diluted with water (10 mL), adjusted pH ∼ 4
with 1 N HCl, and extracted with ethyl acetate (3 × 10 mL) to give
thioxo-1,2,4-oxadiazol 25 (71 mg, 63%) as a white solid, mp 110.6−
110.8 °C. TLC: MeOH/CH2Cl2 (1:9), Rf ∼ 0.55. 1H NMR (400
MHz) δ 8.90 (br s, NH, 1H), 7.52 (br s, NH, 2H), 5.28−5.40 (m,
2H), 3.20−3.40 (m, 4H), 2.59 (t, J = 7.5 Hz, 2H), 1.98−2.10 (m, 4H),
1.21−1.70 (m, 16H), 0.92 (t, J = 7.3 Hz, 3H). 13C NMR (100 MHz) δ
160.12, 160.08, 153.31, 130.62, 129.46, 39.93, 39.85, 31.35, 29.33,
28.94, 28.89, 28.68, 27.02, 26.84, 26.69, 23.96, 20.23, 13.90. HRMS
calcd for C19H35N4O4S [M + 1]+ 415.2379, found 415.2372.

12-(tert-Butyldiphenylsilyloxy)dodec-5(Z)-en-1-ol (35).
NaBH4 (82 mg, 2.28 mmol) was added in portions with vigorous
stirring to a room temperature solution of Ni(OAc)2·4H2O (567 mg,
2.28 mmol) in absolute ethanol (20 mL) under a hydrogen
atmosphere (1 atm). After 15 min, freshly distilled ethylenediamine
(0.30 mL, 4.56 mmol) was added to the black suspension, followed
after a further 15 min by a solution of 12-(tert-butyldiphenylsilyloxy)-
dodec-5-yn-1-ol39 (34) (4.0 g, 9.16 mmol) in absolute EtOH (10 mL).
After 1 h, the reaction mixture was diluted with Et2O (20 mL) and
passed through a small bed of silica gel. The bed was rinsed with
another portion of Et2O (5 mL). The combined ethereal filtrates were
concentrated under reduced pressure to afford alcohol 35 (3.85 g,
96%) as a colorless oil sufficiently pure to be used directly in the next
step. TLC: EtOAc/hexanes (3:7), Rf ∼ 0.46. 1H NMR (300 MHz) δ
7.64−7.68 (m, 4H), 7.34−7.42 (m, 6H), 5.42−5.28 (m, 2H), 3.63 (t, J
= 6.4 Hz, 4H), 2.08−1.96 (m, 4H), 1.50−1.60 (m, 4H), 1.40−1.24 (m,
10H), 1.04 (s, 9H). 13C NMR (100 MHz) δ 135.81, 134.40, 130.61,
129.71, 129.60, 127.80, 64.21, 63.14, 32.78, 32.60, 29.98, 29.27, 27.42,
27.14, 27.10, 26.08, 25.92, 19.48. HRMS calcd for C28H43O2Si [M +
1]+ 439.3032, found 439.3027.

Scheme 1. Synthesis of Representative 14,15-EET
Analoguesa

aReagents and conditions: (a) P2-Ni/(H2NCH2)2, H2 (1 atm), EtOH,
rt, 1 h (96%); (b) DIAD/Ph3P/Ph2P(O)N3, THF, −20 to 23 °C, 4 h
(72%); (c) Ph3P, H2O/THF, rt, 12 h (76%); (d) C5H11NCO, THF,
rt, 3 h (76%); (e) nBu4NF, THF, rt, 12 h (82−89%); (f) CBr4/Ph3P,
CH2Cl2, rt, 2 h (83−84%); (g) KCN, DMSO, rt, 12 h (78−81%); (h)
NaN3/ZnBr2, iPrOH/H2O (1:3), 110 °C, 18 h (76%); (i) HO-
(CO)2NH(CH2)3CH3, EDCI, DMF, rt, 12 h (73%); (j) H2NOH/
Na2CO3, MeOH/H2O (4:1), 60 °C, 18 h (62%); (k) Im2C(S), THF,
rt, 45 min (63%).
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1-tert-Butyldiphenylsilyloxy-12-azidododec-7(Z)-ene (36).
Diisopropyl azodicarboxylate (DIAD; 1.46 mL, 7.35 mmol) was
added dropwise to a −20 °C solution of PPh3 (2.10 g, 8.0 mmol) in
dry THF (45 mL) under an argon atmosphere. After 10 min, a
solution of 12-(tert-butyldiphenylsilyloxy)dodec-5(Z)-en-1-ol (35)
(3.20 g, 7.35 mmol) in dry THF (10 mL) was added dropwise.
After 30 min, the mixture was warmed to 0 °C and diphenylphos-
phoryl azide (1.58 mL, 7.35 mmol) was added dropwise. After stirring
4 h at rt, the reaction mixture was quenched with water (150 mL) and
extracted with EtOAc (2 × 100 mL). The combined organic extracts
were washed with brine (100 mL), dried (Na2SO4), and concentrated
under reduced pressure. The residue was purified by SiO2 column
chromatography eluting with 4% EtOAc/hexane to afford azide 36
(2.45 g, 72%). TLC: EtOAc/hexanes (1:9), Rf ∼ 0.55. 1H NMR (400
MHz) δ 7.64−7.68 (m, 4H), 7.34−7.42 (m, 6H), 5.28−5.42 (m, 2H),
3.70 (t, J = 5.8 Hz, 2H), 3.27 (t, J = 6.3 Hz, 2H), 1.96−2.10 (m, 4H),
1.24−1.64 (m, 12H), 1.04 (s, 9H). 13C NMR (100 MHz) δ 135.84,
134.41, 130.93, 129.75, 129.12, 127.83, 64.22, 51.62, 32.81, 29.93,
29.30, 28.68, 27.46, 27.14, 27.02, 26.90, 25.96, 19.49. IR (neat) 2930,
2783, 2331, 2097, 1106 cm−1. HRMS calcd for C28H42N3OSi [M + 1]+

464.3097, found 464.3099.
1-tert-Butyldiphenylsilyloxy-12-aminododec-7(Z)-ene (37).

Triphenylphosphine (1.18 g, 4.50 mmol) was added to a stirring
solution of 1-tert-butyldiphenylsilyloxy-12-azidododec-7(Z)-ene (36)
(1.90 g, 4.10 mmol) in THF (12 mL) containing 10 drops of
deionized water. After 12 h, the reaction mixture was diluted with
CH2Cl2 (10 mL), dried, and concentrated in vacuo to give amine 37
(1.36 g, 76%) as a viscous, colorless oil that was used directly in the
next reaction without further purification. TLC: MeOH/CH2Cl2
(1:4), Rf ∼ 0.25. 1H NMR (400 MHz) δ 7.62−7.68 (m, 4H), 7.32−
7.40 (m, 6H), 5.30−5.40 (m, 2H), 3.63 (t, J = 5.2 Hz, 2H), 2.62 (t, J =
4.8 Hz, 2H), 1.92−2.06 (m, 4H), 1.40−1.58 (m, 4H), 1.20−1.40 (m,
8H), 1.03 (s, 9H). 13C NMR (100 MHz) δ 135.79, 134.37, 130.42,
129.70, 127.78, 64.19, 42.28, 33.44, 32.77, 29.93, 29.28, 27.40, 27.21,
27.10, 25.92, 19.44. HRMS calcd for C28H44NOSi [M + 1]+ 438.3192,
found 438.3186.
1-(12-(tert-Butyldiphenylsilyloxy)dodec-5(Z)-enyl)-3-n-pen-

tylurea (38). A solution of 1-tert-butyldiphenylsilyloxy-12-amino-
dodec-7(Z)-ene (37) (1.32 g, 3.0 mmol) in THF (5 mL) was added
dropwise to a stirring solution of n-pentyl isocyanate (0.386 mL, 3.0
mmol) in THF (10 mL). After 3 h stirring at room temperature, all
volatiles were removed under reduced pressure and the residue was
purified by SiO2 column chromatography eluting with 20% EtOAc/
hexane to afford urea 38 (1.26 g, 76%) as a viscous oil. TLC: EtOAc/
hexanes (2:3), Rf ∼ 0.40. 1H NMR (300 MHz) δ 7.60−7.70 (m, 4H),
7.35−7.42 (m, 6H), 5.28−5.42 (m, 2H), 5.16 (br s, −NH, 2H), 3.65
(t, J = 6.5 Hz, 2H), 3.08−3.20 (m, 4H), 1.96−2.08 (m, 4H), 1.22−
1.60 (m, 18H), 1.02 (s, 9H), 0.89 (t, J = 7.3 Hz, 3H). 13C NMR (100
MHz) δ 159.23, 135.80, 134.24, 130.52, 129.74, 129.49, 127.82, 64.22,
40.62, 40.54, 32.80, 30.33, 29.95, 29.37, 29.32, 27.46, 27.34, 27.18,
27.11, 25.97, 22.71, 19.46, 14.29. HRMS calcd for C34H55N2O2Si [M +
1]+ 551.4033, found 551.4032.
1-(12-Hydroxydodec-5(Z)-enyl)-3-n-pentylurea (39). A mix-

ture of 1-(12-(tert-butyldiphenylsilyloxy)dodec-5(Z)-enyl)-3-n-penty-
lurea (38) (1.12 g, 2.0 mmol) and tetra-n-butylammonium fluoride
(2.20 mL of 1 M soln in THF, 2.2 mmol) in dry THF (10 mL) was
stirred at room temperature under an argon atmosphere for 12 h and
then evaporated to dryness in vacuo. The residue was dissolved in
EtOAc (50 mL) and washed with water (30 mL), brine (30 mL),
dried, and evaporated in vacuo. Purification of the residue via SiO2
column chromatography gave alcohol 39 (0.56 g, 89%) as a colorless
solid, mp 63.7−63.8 °C. TLC: EtOAc/hexanes (7:3), Rf ∼ 0.30. 1H
NMR (300 MHz) δ 5.25−5.42 (m, 2H), 4.48 (br s, −NH, 2H), 3.64
(d, J = 6.5 Hz, 2H), 3.08−3.20 (m, 4H), 1.96−2.14 (m, 4H), 1.22−
1.60 (m, 18H), 0.88 (t, J = 7.0 Hz, 3H). 13C NMR (125 MHz) δ
159.26, 130.23, 129.62, 63.72, 40.33, 40.29, 32.92, 30.30, 30.26, 29.74,
29.35, 29.13, 27.26, 27.20, 27.13, 25.82, 22.69, 14.27. HRMS calcd for
C18H37N2O2 [M + 1]+ 313.2855, found 313.2857.
1-(12-Bromododec-5(Z)-enyl)-3-n-pentylurea (40). CBr4 (0.55

g, 1.66 mmol) and PPh3 (0.43 g, 1.66 mmol) were added to a 0 °C

solution of 1-(12-hydroxydodec-5(Z)-enyl)-3-n-pentylurea (39) (0.43
g, 1.38 mmol) in CH2Cl2 (20 mL). After 2 h at room temperature, the
reaction mixture was concentrated in vacuo and the residue was
purified via SiO2 column chromatography to give 1-(12-bromododec-
5(Z)-enyl)-3-n-pentylurea (40) (0.43 g, 83%) as a solid, mp 46.7−46.8
°C. TLC: EtOAc/hexanes (2:3), Rf ∼ 0.60. 1H NMR (300 MHz) δ
5.22−5.42 (m, 2H), 4.40 (br s, 2H), 3.42 (t, J = 9.3 Hz, 2H), 3.10−
3.20 (m, 4H), 1.98−2.10 (m, 4H), 1.80−1.90 (m, 2H), 1.25−1.55 (m,
16H), 0.92 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz) δ 159.51,
130.14, 129.69, 40.48, 40.39, 34.20, 32.96, 30.34, 29.67, 29.36, 28.58,
28.25, 27.31, 27.27, 27.17, 22.68, 14.26. HRMS calcd for
C18H36BrN2O [M + 1]+ 375.2011, found 375.2014.

1-(12-Cyanododec-5(Z)-enyl)-3-n-pentylurea (41). A mixture
of potassium cyanide (0.23 g, 3.54 mmol) and 1-(12-bromododec-
5(Z)-enyl)-3-n-pentylurea (40) (0.90 g, 2.40 mmol) was stirred in
DMSO (5 mL) at room temperature. After 12 h, the reaction mixture
was diluted with water (20 mL) and extracted with ethyl acetate (2 ×
50 mL). The combined organic extracts were washed with water (2 ×
25 mL), brine (25 mL), dried (Na2SO4), and passed through a silica
gel column to give nitrile 41 (0.62 g, 81%) as a colorless solid, mp 56−
57 °C. TLC: EtOAc/hexanes (2:3), Rf ∼ 0.45. 1H NMR (300 MHz) δ
5.29−5.40 (m, 2H), 4.27 (br s, −NH, 2H), 3.10−3.20 (m, 4H), 2.34
(t, J = 7.0 Hz, 2H), 1.98−2.08 (m, 4H) 1.24−1.70 (m, 18H), 0.89 (t, J
= 7.0 Hz, 3H). 13C NMR (125 MHz) δ 159.41, 129.94, 129.86,
120.14, 40.45, 40.35, 30.30, 29.50, 29.33, 28.70, 28.51, 27.26, 27.16,
25.47, 22.66, 17.28, 14.24. IR (neat) 2930, 2281, 2184, 2042, 1936,
1613, 1197, 1042 cm−1. HRMS calcd for C19H36N3O [M + 1]+

322.2858, found 322.2867.
N1-n-Butyl-N2-(12-(tert-butyldiphenylsilyloxy)dodec-5(Z)-

enyl)oxalamide (42). A mixture of 2-(n-butylamino)-2-oxoacetic
acid15 (0.40 g, 2.70 mmol), 1-tert-butyldiphenylsilyloxy-12-amino-
dodec-7(Z)-ene (37) (1.20 g, 2.70 mmol), 1-hydroxybenzotriazole
(HOBt; 0.44 g, 3.30 mmol), and [1-(3-(dimethylamino)propyl)-3-
ethylcarbodiimide hydrochloride] (EDCI: 0.63 g, 3.30 mmol) in dry
DMF (5 mL) was stirred at room temperature overnight. The reaction
mixture was quenched with water (30 mL) and extracted into ethyl
acetate (3 × 20 mL). The combined organic extracts were washed with
water (2 × 10 mL) and brine (10 mL), dried, and concentrated in
vacuo. The residue was purified by SiO2 column chromatography to
give N1-n-butyl-N2-(12-(tert-butyldiphenylsilyloxy)dodec-5(Z)-enyl)-
oxalamide (42) (1.10 g, 73%). TLC: EtOAc/hexanes (2:3), Rf ∼
0.55. 1H NMR (400 MHz) δ 8.05 (br s, −NH, 2H), 7.66−7.74 (m,
4H), 7.32−7.42 (m, 6H), 5.30−5.42 (m, 2H), 3.67 (t, J = 3.9 Hz, 2H),
3.31 (q, J = 5.2 Hz, 4H), 1.96−2.10 (m, 4H), 1.50−1.64 (m, 6H),
1.22−1.44 (m, 10H), 1.06 (s, 9H), 0.92 (t, J = 7.8 Hz, 3H). 13C NMR
(100 MHz) δ 160.33, 135.80, 134.35, 130.73, 129.74, 129.20, 127.83,
64.17, 39.89, 39.69, 32.79, 31.48, 29.94, 29.29, 29.07, 27.46, 27.23,
27.14, 27.0, 25.96, 20.29, 19.46, 13.96. HRMS calcd for C34H53N2O3Si
[M + 1]+ 565.3826, found 565.3824.

N1-n-Butyl-N2-(12-hydroxydodec-5(Z)-enyl)oxalamide (43).
N1-n-Butyl-N2-(12-(tert-butyldiphenylsilyloxy)dodec-5(Z)-enyl)-
oxalamide (42) (1.20 g, 2.12 mmol) was desilylated as described above
for 39 to give N1-n-butyl-N2-(12-hydroxydodec-5(Z)-enyl)oxalamide
(43) (0.568 g, 82%) as a colorless solid, mp 102.8−102.9 °C. TLC:
EtOAc/hexanes (7:3), Rf ∼ 0.55. 1H NMR (400 MHz) δ 7.69 (br s,
2H), 5.20−5.35 (m, 2H), 3.56 (t, J = 4.2 Hz, 2H), 3.26 (q, J = 5.6 Hz,
4H), 2.17 (br s, 1H), 1.95−2.02 (m, 4H), 1.44−1.56 (m, 6H), 1.20−
1.40 (m, 10H), 0.87 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz) δ
160.15, 130.66, 129.21, 62.98, 39.80, 39.63, 32.93, 31.39, 29.77, 29.18,
28.95, 27.26, 27.0, 26.88, 25.80, 20.18, 13.85. HRMS calcd for
C18H35N2O3 [M + 1]+ 327.2648, found 327.2648.

N1-(12-Bromododec-5(Z)-enyl)-N2-n-butyloxalamide (44).
N1-n-Butyl-N2-(12-hydroxydodec-5(Z)-enyl)oxalamide (43) (330 mg,
1.0 mmol) was brominated as described above for 40 to give N1-(12-
bromododec-5(Z)-enyl)-N2-n-butyloxalamide (44) (330 mg, 84%) as
a white solid, mp 46.0−46.3 °C. TLC: EtOAc/hexanes (3:2), Rf ∼
0.55. 1H NMR (400 MHz) δ 7.79 (br s, −NH, 1H), 7.77 (br s, −NH,
1H), 5.20−5.32 (m, 2H), 3.32 (t, J = 6.4 Hz, 2H), 3.22 (q, J = 7.2 Hz,
4H), 1.90−2.00 (m, 4H), 1.72−1.82 (m, 2H), 1.42−1.56 (m, 4H),
1.20−1.40 (m, 10H), 0.85 (t, J = 7.3 Hz, 3H). 13C NMR (100 MHz) δ
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160.17, 160.15, 130.40, 129.34, 39.77, 39.59, 34.12, 32.93, 31.40,
29.62, 29.0, 28.54, 27.25, 27.24, 27.0, 26.91, 20.18, 13.85. HRMS calcd
for C18H34BrN2O2 [M + 1]+ 389.1804, found 389.1809.
N1-n-Butyl-N2-(12-cyanododec-5(Z)-enyl)oxalamide (45). N1-

(12-Bromododec-5(Z)-enyl)-N2-n-butyloxalamide (44) (250 mg,
0.642 mmol) was treated with potassium cyanide as described above
for 41 to give N1-n-butyl-N2-(12-cyanododec-5(Z)-enyl)oxalamide
(45) (168 mg, 78%) as a colorless solid, mp 83.0−83.3 °C. TLC:
EtOAc/hexanes (3:2), Rf ∼ 0.35. 1H NMR (400 MHz) δ 7.45 (br s,
−NH, 2H), 5.30−5.40 (m, 2H), 3.34 (q, J = 8.6 Hz, 4H), 2.32 (t, J =
7.6 Hz, 2H), 1.98−2.08 (m, 4H), 1.30−1.68 (m, 16H), 0.92 (t, J = 7.2
Hz, 3H). 13C NMR (100 MHz) δ 160.03 (2C), 130.03, 129.08,
120.10, 39.88, 39.42, 31.22, 29.40, 28.82, 28.60, 28.42, 27.07, 27.06,
26.82, 25.54, 20.06, 17.01, 13.80. HRMS calcd for C19H34N3O2 [M +
1]+ 336.2651, found 336.2650.
N1-(13-Amino-13-(hydroxyimino)tridec-5(Z)-enyl)-N2-n-bu-

tyloxalamide (46). To a suspension of N1-n-butyl-N2-(12-cyanodo-
dec-5(Z)-enyl)oxalamide (45) (420 mg, 1.29 mmol) in MeOH/H2O
(4:1; 12 mL) was added H2NOH·HCl (228 mg, 3.28 mmol) and
Na2CO3 (344 mg, 3.25 mmol).41 The reaction mixture was heated at
60 °C for 18 h then cooled to room temperature, and all volatiles were
removed in vacuo. The residue was diluted with water (30 mL) and
extracted into ethyl acetate (2 × 25 mL). The combined organic
extracts were washed with water (2 × 10 mL) and brine (10 mL),
dried, and purified via silica gel column chromatography to give N1-
(13-amino-13-(hydroxyimino)tridec-5(Z)-enyl)-N2-n-butyloxalamide
(46) (287 mg, 62%) as a colorless solid, 116.3−116.4 °C. TLC:
MeOH/CH2Cl2 (1:4), Rf ∼ 0.20. 1H NMR (CD3OD, 400 MHz) δ
5.28−5.40 (m, 2H), 3.24 (t, J = 6.4 Hz, 4H), 1.98−2.00 (m, 6H),
1.50−1.60 (m, 6H), 1.26−1.40 (m, 10H), 0.92 (t, J = 7.3 Hz, 3H). 13C
NMR (CD3OD, 100 MHz) δ 160.55 (2C), 156.31, 130.05, 129.18,
39.23, 39.09, 31.18, 30.63, 29.51, 28.83, 28.69, 27.10, 26.87, 26.59,
19.88, 12.88. HRMS calcd for C19H37N4O3 [M + 1]+ 369.2866, found
369.2864.
Bioassays. The influence of eicosanoids and analogues on

coronary vascular tone was measured by the induced changes in
isometric tension of bovine coronary artery rings precontracted with
the thromboxane-mimetic, U46619, as previously described.42,43

Synthetic 14,15-EET was used as a control. All assays were conducted
in triplicate or greater and are means ±10% SD of the reported value.
Recombinant human sEH was produced in a baculovirus expression

system44 and was purified by affinity chromatography.45 Inhibition
potencies (IC50s) were determined using a fluorescent-based assay.46

Human sEH (∼1 nM) was incubated with inhibitors (0.4 < [I]final <
100000 nM) for 5 min in 25 mM bis-tris/HCl buffer (200 mL, pH
7.0) at 30 °C before the substrate, cyano(2-methoxynaphthalen-6-
yl)methyl trans-(3-phenyl-oxyyran-2-yl]methyl carbonate (CMNPC;
[S]final = 5 mM), was added. Activity was assessed by measuring the
appearance of the fluorescent 6-methoxynaphthaldehyde product (λem
= 330 nm, λex = 465 nm) at 30 °C during a 10 min incubation
(Spectramax M2, Molecular Device, Inc., Sunnyvale, CA).46 IC50s refer
to the concentrations of inhibitor that reduced activity by 50% and are
the averages of three replicates.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental procedures and copies of the 1H/13C NMR
spectra for all new compounds. This material is available free of
charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*Phone: 214-648-2406. Fax: 214-648-6455. E-mail: j.falck@
utsouthwestern.edu.
Notes
The authors declare the following competing financial
interest(s): JRF, JDI, and WBC authored patents describing
the synthesis and clinical uses of the analogues described herein

and assigned all rights to the Medical College of Wisconsin and
the University of Texas Southwestern Medical Center.

■ ACKNOWLEDGMENTS

Financial support provided in part by NIH (GM32178,
DK38226, HL83297) and the Robert A. Welch Foundation
(GL 625910).

■ ABBREVIATIONS USED

14,15-EET, cis-14,15-epoxyeicosa-5(Z),8(Z),11(Z)-trienoic
acid; sEH, soluble epoxide hydrolase

■ REFERENCES
(1) Review: Bellien, J.; Joannides, R. Epoxyeicosatrienoic Acid
Pathway in Human Health and Diseases. J. Cardiovasc. Pharmacol.
2013, 61, 188−196.
(2) Review: Pfister, S. L.; Gauthier, K. M.; Campbell, W. B. Vascular
Pharmacology of Epoxyeicosatrienoic Acids. Adv. Pharmacol. 2010, 60,
27−59.
(3) (a) Terashvili, M.; Tseng, L. F.; Wu, H. E.; Narayanan, J.; Hart, L.
M.; Falck, J. R.; Pratt, P. F.; Harder, D. R. Antinociception Produced
by 14,15-Epoxyeicosatrienoic Acid is Mediated by the Activation of
Beta-Endorphin and Met-Enkephalin in the Rat Ventrolateral
Periaqueductal Gray. J. Pharmacol. Exp. Ther. 2008, 326, 614−622.
(b) Sisignano, M.; Park, C. K.; Angioni, C.; Zhang, D. D.; von Hehn,
C.; Cobos, E. J.; Ghasemlou, N.; Xu, Z. Z.; Kumaran, V.; Lu, R.; Grant,
A.; Fischer, M. J.; Schmidtko, A.; Reeh, P.; Ji, R. R.; Woolf, C. J.;
Geisslinger, G.; Scholich, K.; Brenneis, C. 5,6-EET is Released Upon
Neuronal Activity and Induces Mechanical Pain Hypersensitivity via
TRPA1 on Central Afferent Terminals. J. Neurosci. 2012, 32, 6364−
6372. (c) Conroy, J. L.; Fang, C.; Gu, J.; Zeitlin, S. O.; Yang, W.; Yang,
J.; VanAlstine, M. A.; Nalwalk, J. W.; Albrecht, P. J.; Mazurkiewicz, J.
E.; Snyder-Keller, A.; Shan, Z.; Zhang, S.-Z.; Wentland, M. P.; Behr,
M.; Knapp, B. I.; Bidlack, J. M.; Zuiderveld, O. P.; Leurs, R.; Ding, X.;
Hough, L. B. Opioids Activate Brain Analgesic Circuits Through
Cytochrome P450/Epoxygenase Signaling. Nature Neurosci. 2010, 13,
284−286. (d) Inceoglu, B.; Jinks, S. L.; Ulu, A.; Hegedus, C. M.;
Georgi, K.; Schmelzer, K. R.; Wagner, K.; Jones, P. D.; Morisseau, C.;
Hammock, B. D. Soluble Epoxide Hydrolase and Epoxyeicosatrienoic
Acids Modulate Two Distinct Analgesic Pathways. Proc. Natl. Acad. Sci.
U. S. A. 2008, 105, 18901−18906.
(4) Burgess, A. P.; Vanella, L.; Bellner, L.; Gotlinger, K.; Falck, J. R.;
Abraham, N. G.; Schwartzman, M. L.; Kappas, A. Heme Oxygenase
(HO-1) Rescue of Adipocyte Dysfunction in HO-2 Deficient Mice via
Recruitment of Epoxyeicosatrienoic Acids (EETs) and Adiponectin.
Cell Physiol. Biochem. 2012, 29, 99−110.
(5) (a) Node, K.; Huo, Y.; Ruan, X.; Yang, B.; Spiecker, M.; Ley, K.;
Zeldin, D. C.; Liao, J. K. Anti-Inflammatory Properties of Cytochrome
P450 Epoxygenase-Derived Eicosanoids. Science 1999, 285, 1276−
1279. (b) Deng, Y.; Theken, K. N.; Lee, C. R. Cytochrome P450
Epoxygenases, Soluble Epoxide Hydrolase, and the Regulation of
Cardiovascular Inflammation. J. Mol. Cell. Cardiol. 2010, 48, 331−341.
(6) Panigrahy, D.; Kalish, B. T.; Huang, S.; Bielenberg, D. R.; Le, H.
D.; Yang, J.; Edin, M. L.; Lee, C. R.; Benny, O.; Mudge, D. K.;
Butterfield, C. E.; Mammoto, A.; Mammoto, T.; Inceoglu, B.; Jenkins,
R. L.; Simpson, M. A.; Akino, T.; Lih, F. B.; Tomer, K. B.; Ingber, D.
E.; Hammock, B. D.; Falck, J. R.; Manthati, V. L.; Kaipainen, A.;
D’Amore, P. A.; Puder, M.; Zeldin, D. C.; Kieran, M. W.
Epoxyeicosanoids Promote Organ and Tissue Regeneration. Proc.
Natl. Acad. Sci. U. S. A. 2013, 110, 13528−13533.
(7) Skepner, J. E.; Shelly, L. D.; Ji, C.; Reidich, B.; Luo, Y. Chronic
Treatment with Epoxyeicosatrienoic Acids Modulates Insulin Signaling
and Prevents insulin Resistance in Hepatocytes. Prostaglandins Other
Lipid Mediat. 2011, 94, 3−8.
(8) Sharma, M.; McCarthy, E. T.; Reddy, D. S.; Patel, P. K.; Savin, V.
J.; Medhora, M.; Falck, J. R. 8,9-Epoxyeicosatrienoic Acid Protects the

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm500262m | J. Med. Chem. 2014, 57, 6965−69726970

http://pubs.acs.org
mailto:j.falck@utsouthwestern.edu
mailto:j.falck@utsouthwestern.edu


Glomerular Filtration Barrier. Prostaglandins Other Lipid Mediat. 2009,
89, 43−51.
(9) (a) Stables, M. J.; Gilroy, D. W. Old and New Generation Lipid
Mediators in Acute Inflammation and Resolution. Prog. Lipid Res.
2011, 50, 35−51. (b) Yaghi, A.; Bradbury, J. A.; Zeldin, D. C.; Mehta,
S.; Bend, J. R.; McCormack, D. G. Pulmonary Cytochrome P-450 2J4
is Reduced in a Rat Model of Acute Pseudomonas pneumonia. Am. J.
Physiol. 2003, 285, L1099−L1105.
(10) (a) Karara, A.; Wei, S.; Spady, D.; Swift, L.; Capdevila, J. H.;
Falck, J. R. Arachidonic Acid Epoxygenase: Structural Characterization
and Quantification of Epoxyeicosatrienoates in Plasma. Biochem.
Biophys. Res. Commun. 1992, 182, 1320−1325. (b) Zhu, Y.; Schieber,
E. B.; McGiff, J. C.; Balazy, M. Identification of Arachidonate P-450
Metabolites in Human Platelet Phospholipids. Hypertension 1995, 25,
854−859.
(11) Daikh, B. E.; Lasker, J. M.; Raucy, J. L.; Koop, D. R. Regio- and
Stereoselective Epoxidation of Arachidonic Acid by Human
Cytochromes P450 2C8 and 2C9. J. Pharmacol. Exp. Ther. 1994,
271, 1427−1433.
(12) Wu, S.; Moomaw, C. R.; Tomer, K. B.; Falck, J. R.; Zeldin, D. C.
Molecular Cloning and Expression of CYP2J2, a Human Cytochrome
P450 Arachidonic Acid Epoxygenase Highly Expressed in Heart. J.
Biol. Chem. 1996, 271, 3460−3468.
(13) Capdevila, J. H.; Falck, J. R. Biochemical and Molecular
Properties of the Cytochrome P450 Arachidonic Acid Monooxyge-
nases. Prostaglandins Other Lipid Mediators 2002, 68−69, 325−344.
(14) Capdevila, J. H.; Falck, J. R.; Harris, R. C. Cytochrome P450
and Arachidonic Acid Bioactivation. Molecular and Functional
Properties of the Arachidonate Monooxygenase. J. Lipid Res. 2000,
41, 163−181.
(15) Falck, J. R.; Kodela, R.; Manne, R.; Atcha, K. R.; Puli, N.;
Dubasi, N.; Manthati, V. L.; Capdevila, J. H.; Yi, X.-Y.; Goldman, D.
H.; Morisseau, C.; Hammock, B. D.; Campbell, W. B. 14,15-
Epoxyeicosa-5,8,11-trienoic Acid (14,15-EET) Surrogates Containing
Epoxide Bioisosteres: Influence upon Vascular Relaxation and Soluble
Hydrolase Inhibition. J. Med. Chem. 2009, 52, 5069−5075.
(16) Yin, H.; Porter, N. A. New Insights Regarding the Autoxidation
of Polyunsaturated Fatty Acids. Antioxid. Redox Signaling 2005, 7,
170−184.
(17) Fang, X.; Weintraub, N. L.; Spector, A. A. Differences in
Positional Esterification of 14,15-Epoxyeicosatrienoic Acid in
Phosphatidylcholine of Porcine Coronary Artery Endothelial and
Smooth Muscle Cells. Prostaglandins Other Lipid Mediators 2003, 71,
33−42.
(18) (a) Capdevila, J. H.; Mosset, P.; Yadagiri, P.; Lumin, S.; Falck, J.
R. NADPH-Dependent Microsomal Metabolism of 14,15-Epoxyeico-
satrienoic Acid to Diepoxides and Epoxyalcohols. Arch. Biochem.
Biophys. 1988, 261, 122−133. (b) le Quere, V.; Plee-Gautier, E.; Potin,
P.; Madec, S.; Salauen, J.-P. Human CYP4F3s are the Main Catalysts
in the Oxidation of Fatty Acid Epoxides. J. Lipid Res. 2004, 45, 1446−
1458. (c) Homma, T.; Zhang, J. Y.; Shimizu, T.; Prakash, C.; Blair, I.
A.; Harris, R. C. Cyclooxygenase-Derived Metabolites of 8,9-
Epoxyeicosatrienoic Acid are Potent Mitogens for Cultured Rat
Glomerular Mesangial Cells. Biochem. Biophys. Res. Commun. 1993,
191, 282−288.
(19) Spearman, M. E.; Prough, R. A.; Estabrook, R. W.; Falck, J. R.;
Manna, S.; Leibman, K. C.; Murphy, R. C.; Capdevila, J. Novel
Glutathione Conjugates Formed from Epoxyeicosatrienoic Acids
(EETs). Arch. Biochem. Biophys. 1985, 242, 225−230.
(20) Fang, X.; Weintraub, N. L.; Oltman, C. L.; Stoll, L. L.; Kaduce,
T. L.; Harmon, S.; Dellsperger, K. C.; Morisseau, C.; Hammock, B. D.;
Spector, A. A. Human Coronary Endothelial Cells Convert 14,15-EET
to a Biologically Active Chain-Shortened Epoxide. Am. J. Physiol. 2002,
283, H2306−H2314.
(21) Fang, X.; Kaduce, T. L.; Weintraub, N. L.; Harmon, S.; Teesch,
L. M.; Morisseau, C.; Thompson, D. A.; Hammock, B. D.; Spector, A.
A. Pathways of Epoxyeicosatrienoic Acid Metabolism in Endothelial
Cells. Implications for the Vascular Effects of Soluble Epoxide
Hydrolase Inhibition. J. Biol. Chem. 2001, 276, 14867−14874.

(22) Chacos, N.; Capdevila, J.; Falck, J. R.; Manna, S.; Martin-
Wixtrom, C.; Gill, S. S.; Hammock, B. D.; Estabrook, R. W. The
Reaction of Arachidonic Acid Epoxides (Epoxyeicosatrienoic Acids)
with a Cytosolic Epoxide Hydrolase. Arch. Biochem. Biophys. 1983,
223, 639−648.
(23) Kim, I.-H.; Heirtzler, F. R.; Morisseau, C.; Nishi, K.; Tsai, H.-J.;
Hammock, B. D. Optimization of Amide-Based Inhibitors of Soluble
Epoxide Hydrolase with Improved Water Solubility. J. Med. Chem.
2005, 48, 3621−3629.
(24) Catella, F.; Lawson, J. A.; Fitzgerald, D. J.; FitzGerald, G. A.
Endogenous Biosynthesis of Arachidonic Acid Epoxides in Humans:
Increased Formation in Pregnancy-Induced Hypertension. Proc. Natl.
Acad. Sci. U. S. A. 1990, 87, 5893−5897.
(25) Kim, I.-H.; Nishi, K.; Tsai, H.-J; Bradford, T.; Koda, Y.;
Watanabe, T.; Morisseau, C.; Blanchfield, J.; Toth, I.; Hammock, B. D.
Design of Bioavailable Derivatives of 12-(3-Adamantan-1-yl-ureido)-
dodecanoic acid, a Potent Inhibitor of the Soluble Epoxide Hydrolase.
Bioorg. Med. Chem. 2007, 15, 312−323.
(26) Shen, H. C.; Ding, F.-X.; Deng, Q.; Xu, S.; Chen, H.-s.; Tong,
X.; Tong, V.; Zhang, X.; Chen, Y.; Zhou, G.; Pai, L.-Y.; Alonso-Galicia,
M.; Zhang, B.; Roy, S.; Tata, J. R.; Berger, J. P.; Colletti, S. L.
Discovery of 3,3-Disubstituted Piperidine-Derived Trisubstituted
Ureas as Highly Potent Soluble Epoxide Hydrolase Inhibitors. Bioorg.
Med. Chem. Lett. 2009, 19, 5314−5320.
(27) (a) Yaghi, A.; Bradbury, J. A.; Zeldin, D. C.; Mehta, S.; Bend, J.
R.; McCormack, D. G. Pulmonary Cytochrome P-450 2J4 is Reduced
in a Rat Model of Acute Pseudomonas pneumonia. Am. J. Physiol.
2003, 285, L1099−1105. (b) Sodhi, K.; Inoue, K.; Gotlinger, K. H.;
Canestraro, M.; Vanella, L.; Kim, D. H.; Manthati, V. L.; Koduru, S. R.;
Falck, J. R.; Schwartzman, M. L.; Abraham, N. G. Epoxyeicosatrienoic
Acid Agonist Rescues the Metabolic Syndrome Phenotype of HO-2-
Null Mice. J. Pharmacol. Exp. Ther. 2009, 331, 906−916. (c) Jiang, H.;
McGiff, J. C.; Fava, C.; Amen, G.; Nesta, E.; Zanconato, G.; Quilley, J.;
Minuz, P. Maternal and Fetal Epoxyeicosatrienoic Acids in
Normotensive and Preeclamptic Pregnancies. Am. J. Hypertens. 2013,
26, 271−278. (d) Carroll, M. A. Role of the Adenosine(2A)
Receptor−Epoxyeicosatrienoic Acid Pathway in the Development of
Salt-Sensitive Hypertension. Prostaglandins Other Lipid Mediators
2012, 98, 39−47. (e) Luo, P.; Zhou, Y.; Chang, H. H.; Zhang, J.;
Seki, T.; Wang, C. Y.; Inscho, E. W.; Wang, M. H. Glomerular 20-
HETE, EETs, and TGF-beta1 in diabetic nephropathy. Am. J. Physiol.
2009, 296, F556−563.
(28) 14,15-EET mimics: (a) Falck, J. R.; Krishna, U. M.; Reddy, Y.
K.; Kumar, P. S.; Reddy, K. M.; Hittner, S. B.; Deeter, C.; Sharma,
K.K.; Gauthier, K. M.; Campbell, W. B. Comparison of Vasodilatory
Properties of 14,15-EET Analogs: Structural Requirements for
Dilation. Am. J. Physiol. 2003, 284, H337−H349. (b) Gauthier, K.
M.; Falck, J. R.; Reddy, L. M.; Campbell, W. B. 14,15-EET Analogs:
Characterization of Structural Requirements for Agonist and
Antagonist Activity in Bovine Coronary Arteries. Pharm. Res. 2004,
49, 515−524. (c) Yang, W.; Holmes, B. B.; Gopal, V. R.; Kishore, R. V.
K.; Sangras, B.; Yi, X.-Y.; Falck, J. R.; Campbell, W. B. Characterization
of 14,15-Epoxyeicosatrienoyl-sulfonamides as 14,15-Epoxyeicosatrie-
noic Acid Agonists: Use for Studies of Metabolism and Ligand
Binding. J. Pharm. Exp. Ther. 2007, 321, 1023−1031.
(29) Other EET mimics: (a) Yang, W.; Gauthier, K. M.; Reddy, L.
M.; Sangras, B.; Sharma, K. K.; Nithipatikom, K.; Falck, J. R.;
Campbell, W. B. Stable 5,6-Epoxyeicosatrienoic Acid Analog Relaxes
Coronary Arteries through Potassium Channel Activation. Hyper-
tension 2005, 45, 681−686. (b) Dimitropoulou, C.; West, L.; Field, M.
B.; White, R. E.; Reddy, L. M.; Falck, J. R.; Imig, J. D. Protein
Phosphatase 2A and Ca2+-Activated K+ Channels Contribute to 11,12-
Epoxyeicosatrienoic Acid Analog Mediated Mesenteric Arterial
Relaxation. Prostaglandins Other Lipid Mediators 2007, 83, 50−61.
(c) Imig, J. D.; Dimitropoulou, C.; Reddy, D. S.; White, R. E.; Falck, J.
R. Afferent Arteriolar Dilation to 11,12-EET Analogs Involves PP2A
Activity and Ca2+-Activated K+ Channels. Microcirculation 2008, 15,
137−150. (d) Falck, J. R.; Reddy, L. M.; Reddy, Y. K.; Bondlela, M.;
Krishna, U. M.; Ji, Y.; Sun, J.; Liao, J. K. 11,12-Epoxyeicosatrienoic

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm500262m | J. Med. Chem. 2014, 57, 6965−69726971



Acid (11,12-EET): Structural Determinants for Inhibition of TNF-α-
Induced VCAM-1 Expression. Bioorg. Med. Chem. Lett. 2003, 13,
4011−4014.
(30) Animal studies: (a) Imig, J. D.; Elmarakby, A.; Nithipatikom, K.;
Wei, S.; Capdevila, J. H.; Tuniki, V. R.; Sangras, B.; Anjaiah, S.;
Manthati, V. L.; Reddy, D. S.; Falck, J. R. Development of
Epoxyeicosatrienoic Acid Analogs with in vivo Anti-Hypertensive
Actions. Front. Physiol. 2010, 1, 1−8,Article 157. (b) Khan, Md. A. H.;
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