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A novel series of pyrazole sEH inhibitors is reported. Lead optimization efforts to replace the aniline core
are also described. In particular, 2-pyridine, 3-pyridine and pyridazine analogs are potent sEH inhibitors
with favorable CYP3A4 inhibitory and microsomal stability profiles.
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Epoxyeicosatrienoic acids (EETs) are metabolites generated
from the epoxidation of arachidonic acid by cytochrome P450
epoxygenases.1 Four isoforms of EETs, namely the 5,6-; 8,9-;
11,12- and 14,15-EET, can be produced depending on the site of
epoxidaton.2 They possess vasodilatory3 and anti-inflammatory
properties.4 A number of studies have suggested that EETs are
the potential endothelial derived hyperpolarizing factor (EDHF)5

involved in vascular, renal, and cardiac blood pressure regulation.
Leveraging the beneficial physiological characteristics of EETs rep-
resents a potential new avenue for the treatment of hypertension
and related end-organ damage. Towards this end, several ap-
proaches could be envisioned, including limiting EETs metabolism.

Soluble epoxide hydrolyase (Ephx2; sEH) is a cytosolic enzyme
found in mammalian tissues, including liver, kidney, intestine, and
the vasculature.6 An important enzymatic function of sEH is to
hydrolyze EETs to the corresponding dihydroxyeicosatrienoic acids
(DHETs).7 These diols are less potent vasodilators due to generally
lower intrinsic activity and rapid excretion from the body. sEH
serves as a major clearance mechanism for EETs and therefore is
anticipated to regulate vascular homeostasis.8 Indeed, salt-sensi-
ll rights reserved.
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tive male mice deficient in the sEH-expressing gene display lower
systolic blood pressure than wild type.9 In renal disease states de-
rived from diabetes and hypertension, endothelial dysfunction is
found to be the main cause for the condition. Inhibition of sEH
may improve renal function because of increasing EETs concentra-
tion in the body.10 AUDA, prototypical sEH inhibitor, has been re-
ported to lower mean arterial blood pressure and improve renal
function in a salt-sensitive rat model.11

We12 and others13,14 have been interested in designing sEH
inhibitors with a superior drug profile relative to AUDA and from a
distinct structural class to strengthen the proof-of-concept beyond
lipophilic ureas. We have previously reported benzamides12a,b and
more polar ureas12c,d as potent sEH inhibitors. We now report on a
novel structural series resulting from a focused high-throughput
screening campaign. The lead compound 1, with an IC50 of 41 nM
to human sEH, was readily co-crystallized with human sEH protein
(Fig. 1) to gain precise information on the key binding interactions of
the inhibitor with the enzyme. The X-ray structure reveals that com-
pound 1 resides within the catalytic domain of sEH: TYR383 and
TYR466 form H-bonds with the carbonyl group of the inhibitor
and the catalytic ASP335, responsible for the hydrolysis of epoxide,
engages an H-bond with the amide proton. This ‘triple’ interaction is
crucial for the inhibitor to achieve high affinity, since either replac-
ing the carbonyl or removing the amide proton (e.g., N-methylation)
resulted in a substantial loss of potency (data not shown).
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Table 1
Representative modifications

N
N

R1

N

NH
R2

O

Compound R1 R2 Human sEH (IC50) (nM)a,b

1 CH2CH3
N

* 41

2 CF3
N

* 23

3 CF3 N* 7.3

4 CF3 * 6.2

a Values are means of a minimum of two experiments.
b See Ref. 15 for details of the binding assay.
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Figure 3. Oxidative alkylation of aniline related structural feature.

Figure 1. X-ray co-crystal structure of 1. Coordinates of the co-crystal structure of 1
with sEH are deposited in the RCSB protein data bank (ID: rcsb061561; PDB ID:
30TQ).
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Figure 2 illustrates that both pyridine moieties are facing open
channels pointing towards the solvent. The ethyl group of the
inhibitor resides in a deep hydrophobic pocket of the protein.

Some conservative structural modifications of 1, consistent with
the binding model, have provided additional information to guide
the lead optimization (Table 1). Replacement of the ethyl substitu-
tion in the pyrazole ring with trifluoromethyl moiety (e.g., 2) led
to a small improvement in potency. However, changing the right-
hand-side (RHS) 3-pyridine to a 4-pyridine or phenyl group resulted
in a threefold improvement in potency (3: IC50 = 7.3 nM).15

Although compound 3 showed an attractive potency level, the
potential generation of an aniline moiety in the molecule by met-
abolic hydrolysis was considered a potential liability for drug tox-
icity. It is well documented that aniline and related structures link
to idiosyncratic toxicity,16 mutagenesis,17 splenotoxicity18 and re-
nal toxicity19 in different xenobiotics. The proposed mechanism
for the toxicity involves N-hydroxylation and subsequent reactions
with macromolecular nucleophiles (such as DNA) in vivo to gener-
ate an aniline-MN (macromolecular nucleophile) adduct (Fig. 3)
and leads to adverse drug reactions as mentioned above.

First, we investigated the possibility of replacing the aniline
moiety in the inhibitor while attempting to maintain the key bind-
ing interactions with the catalytic domain of sEH. The reverse
Figure 2. Surface representation of the X-ray co-crystal of sEH and 1.
amide analog 10 and benzyl amide 11 were first considered as
an aniline replacement. The syntheses of 3, 10 and 11 started with
aldol condensation of ethyl trifluoroacetate and 3-acetylpyridine to
generate the 1,4-diketone building block 5 (Scheme 1). Compound
5 was then reacted with 4-cyanophenylhydrazine, 4-hydrazino-
benzoic acid and 4-nitrophenylhydrazine to yield the correspond-
ing pyrazole intermediates 9, 8 and 7, respectively. In the case of
compounds 7 and 8, only the desired regioisomers were obtained.
However for compound 9, a pair of chromatographically separable
regioisomers was obtained in 1:1 ratio (structures assigned by
NOESY experiments). Reverse amide analog 10 and benzyl amide
analog 11 were obtained in moderate yields by simple functional
group transformations.

To our disappointment, when compared with the lead com-
pound 3, the activities of compound 10 and 11 were significantly
weaker (61- and 89-fold loss) (Table 2). From this result, the atom-
ic geometry of the aniline amide structure in compound 3 was be-
lieved to be optimal for interacting with the three key residues in
the catalytic domain. Therefore, instead of modifying the ‘amide
portion’ of the molecule, our attention shifted to the ‘aromatic
portion’ and aimed at replacing the core benzene ring with various
six-membered nitrogen containing heteroaromatics, since there
are reports showing that they are much less mutagenic than the
aniline.20 The reason behind could be the relatively low rate of
enzymatic N-hydroxylation for those heteroaromatics.

The syntheses of 2-pyridine 15, 3-pyridine 18, pyridazine 21
and pyrazine 24 analogs are described in Scheme 2. The formation
of pyrazole units in those analogs follows the procedure applied for
accessing compound 3 from the corresponding hydrazine interme-
diates. The synthesis of pyrimidine analog 28 proved to be more
challenging. As shown in Scheme 3, pyrazole intermediate 25
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Scheme 1. Synthetic route for amide, reverse amide and benzyl amine analogs. Reagents and conditions: (a) NaOMe, MeOH, reflux, 50%; (b) (i) 4-nitrophenylhydrazine, EtOH,
reflux; (ii) acetic acid, 100 �C, 46%; (c) Pd/C, H2, 1 atm., EtOH, rt, 97%; (d) isonicotinoyl chloride, Et3N, CH2Cl2, 50%; (e) (i) 4-hydrazinobenzoic acid, EtOH, reflux; (ii) acetic acid,
100 �C, 25%; (f) 4-aminopyridine, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide, rt, 32%; (g) (i) 4-cyanophenylhydrazine, EtOH, reflux; (ii) acetic acid, 100 �C, 12%; (h)
LiAlH4, Et2O, 0 �C, 70%; (i) isonicotinoyl chloride, Et3N, CH2Cl2, 27%.
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Scheme 2. Synthetic route for 2-pyridine, 3-pyridine, pyridazine and pyrazine analogs. Reagents and conditions: (a) NaNO2, SnCl2, HCl; (b) (i) 5, EtOH, reflux; (ii) acetic acid,
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was obtained as a pair of separable regioisomers by condensation
reaction of 5 with ethyl hydrazinoacetate. The desired regioisomer
25 was then hydrolyzed and reacted with DMF under POCl3 and
NaPF6 condition to generate the corresponding vinamidinium salt
26.21 The pyrimidine core 27 was formed by a condensation
reaction of 26 with guanidine carbonate. The target compound
28 was obtained by an acylation reaction of 27 with benzoyl
chloride.

The biological activities of these heterocycles are summarized
in Table 3. The binding affinities of the 2-pyridine 15, 3-pyridine
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Scheme 3. Synthetic route for pyrimidine analog. Reagents and conditions: (a) 5,
HCl, EtOH, 80 �C, 58%; (b) (i) LiOH, MeOH; (ii) POCl3, NaPF6, DMF, 52%; (c) NaH,
guanidine carbonate, EtOH, 80 �C, 48%; (d) benzoyl chloride, iPr2NEt, 48%.

Table 3
Modification of central aromatic ring

RN
N

CF3

N

NH

O

Compound R Human sEH (IC50) (nM)a,b

4 * * 6.2

15
N

* * 4.7

18
N

* * 9.9

21
N N

* * 8.8

24
N

N
* * 28

28
N

N
* * 21

a Values are means of a minimum of two experiments.
b See Ref. 15 for details of the binding assay.

Table 2
Modification of amide

Compound Human sEH (IC50) (nM)a,b

3 7.3
10 450
11 650

a Values are means of a minimum of two experiments.
b See Ref. 15 for details of the binding assay.

Table 4
Profiles of representative compounds

Compound Human sEH
(IC50) (nM)a,b

Human sEH DPPO
(IC50) (nM)a,c

CYP3A4
(IC50) (lM)a

h-LM
(%Qh)a

4 6.2 1 NTd NTd

15 4.7 5 >30 36
18 9.9 397 NTd NTd

21 8.8 83 >30 31

a Values are means of a minimum of two experiments.
b See Ref. 15 for details of the binding assay.
c See Ref. 22 for details of the cell assay.
d NT: not tested.
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18, and pyridazine 21 to sEH are equivalent to aniline analog 4. The
positive results from this modification indicated that alterations of
the electronic property of the central aromatic core had minimal
impact on the binding activity.

However, there was a slight drop in potencies for pyrazine ana-
log 24 and pyrimidine analog 28. The reason for the loss of binding
activity is not fully understood at this point. It could be speculated
that there might be a subtle alteration of the torsional angle be-
tween the left hand side pyrazole and the core aromatic system
in analog 24 and 28, which leads to less favorable binding and re-
sults in lost of potencies.

The encouraging binding potencies of compounds 15, 18 and 21
prompted us to further profile them in various in vitro assays
(Table 4). In a human sEH DPPO cellular assay,22 2-pyridine analog
15 showed superior activity over 3-pyridine 18 and pyridazine 21.
The deep drop in cell activity of 18 might result from its inferior
cell permeability (consistent with its very poor caco-2 result). Both
15 and 21 have good selectivity over CYP3A4 (>30 lM) and moder-
ate human liver microsomal stabilities (36% and 31%, respectively).
Overall, 2-pyridine analog 15 processes a very attractive profile for
further lead optimization.

In conclusion, we have discovered a novel series of small
molecules sEH inhibitors featuring pyrazole and aniline structural
moieties. Successful replacement of the aniline with 2-pyridine,
3-pyridine or pyridazine rings maintains high inhibitory potency
and favorable CYP3A4 inhibitory and microsomal stability profiles.
The optimization of this pyrazole series toward potential drug
candidates and their pharmacological characterization will be re-
ported in due course.
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