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Inhibition of sEH is hypothesized to lead to an increase in epoxyeicosatrienoic acids resulting in the
potentiation of their anti-inflammatory and vasodilatory effects. In an effort to explore sEH inhibition
as an avenue for the development of vasodilatory and cardio- or renal-protective agents, a lead identified
through high-throughput screening was optimized, guided by the determination of a solid state co-struc-

ture with sEH. Replacement of potential toxicophores was followed by optimization of cell-based potency
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and ADME properties to provide a new class of functionally potent sEH inhibitors with attractive in vitro
metabolic profiles and high and sustained plasma exposures after oral administration in the rat.

© 2009 Elsevier Ltd. All rights reserved.

Soluble epoxide hydrolase (SEH) promotes the metabolism of
biologically active epoxyeicosatrienoic acids (EETs) to dihydroxy
epoxyeicosatrienoic acids (DHETs).! In recent reports EETs have
been described as anti-inflammatory and vasodilatory mediators,
suggesting that the inhibition of sEH might provide an avenue for
the development of therapeutics for indications such as hyperten-
sion and end-organ protection, through increased EETs levels.>™

Inhibitors of sEH typically include a central urea pharmaco-
phore believed to engage in hydrogen bond formation with active
site residues Tyr383, Tyr466 and Asp335.°~8 Large, hydrophobic
domains flank the central urea pharmacophore, resulting in highly
hydrophobic molecules with low polar surface areas (Fig. 1).8712
Consequently, a number of recent reports have focused on the opti-
mization of physiochemical properties for inhibitors such as
AUDA.">!

We recently decided to explore sEH inhibition as an avenue for
the development of vasodilatory and cardio- or renal-protective
agents. In order to achieve the best possible starting point for lead
optimization, we performed a high-throughput screen of our in-
house compound collection using an assay that measures the dis-
placement of a rhodamine-labeled probe from human sEH.'* In
this screen, several potent leads were identified, including 1-4-
(1H-pyrrol-1-y1)-N-[4-(trifluoromethoxy)phenyl]-piperidinecarb-
oxamide (1, ICso 11 nM) (Fig. 2).!® Based on its potent inhibition of
sEH activity, 1 was selected as the starting point for a lead optimi-
zation process.

Our evaluation of the structure-activity relationship (SAR) for 1
initially focused on the replacement of the two potential toxico-
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phores, the pyrrole and the 4-trifluoromethoxyaniline moieties.
Compounds for SAR evaluation were prepared by standard syn-
thetic methods, from commercially available starting materials,
or from starting materials synthesized by reported methods
(Scheme 1). The ability of our SAR compounds to bind sEH by the
displacement of a rhodamine-labeled probe from human sEH was
assessed as a measure of sEH inhibition.'*1°
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Figure 1. Chemical structure of the sEH inhibitors 12-(3-adamantan-1-yl-ure-
ido)dodecanoic acid (AUDA) and 1-cyclohexyl-3-dodecylurea (CDU).

hsEH ICyo = 11nM

Figure 2. Chemical structure of the sEH inhibitor, 1-4-(1H-pyrrol-1-yl)-N-[4-
(trifluoromethoxy)phenyl]-piperidinecarboxamide (1), identified through high-
throughput screening.
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Scheme 1. General synthetic scheme for the preparation of compounds 1 through
47.

In the first set of compounds, the left-hand side pyrrole was
either omitted or replaced with a small, polar moiety such as
hydroxymethyl, or with methyl (Table 1, compounds 2, 3 and 6).
Omission of the pyrrole moiety to give 2 resulted in a small, 2-fold,
decrease in the binding affinity for sEH (ICsq 24 nM), indicating
that the pyrrole moiety is not required for recognition by sEH.
Replacement of the pyrrole with hydroxymethyl (ICso 46 nM) or
methyl (ICsg 18 nM) was tolerated, although not preferred (Table
1, compounds 3 and 6). The effect of a change in the regiochemistry
of the hydroymethyl or methyl substituents was also examined but
did not markedly improve the inhibitory potency of these com-
pounds (Table 1, compounds 4, 5, 7 and 8). The effect of the intro-
duction of an acidic or basic moiety was assessed with compounds
9 and 10, respectively (Table 1). These compounds suffered a sub-
stantial loss of inhibitory potency (ICsos >3000 nM).

In another set of compounds, featuring the 3-hydroxymethylpi-
peridine left-hand side, the 4-trifluoromethoxyaniline right-hand
side was replaced with a variety of benzyl amines (Table 2). The
replacement of 4-trifluoromethoxyaniline with unsubstituted ben-
zyl amine (Table 2, compound 11) led to a substantial loss of inhib-
itory potency (ICso >3000 nM). A beneficial effect of substitution
was measurable when a methyl group was placed in the 2- or
the 4-position (ICses 1500 and 2900 nM, for 12 and 14, respec-
tively), whereas methyl substitution of the benzylic position, or
the 3-position, resulted in compounds with no measurable inhibi-
tory potency. In a further effort to identify a preferred, non-aniline,
right-hand side, the effect of concomitant substitution of the 2-
and 4-positions was investigated by the synthesis of the 2,4-di-
chloro-substituted analog 16 (Table 2). Profiling of 16 revealed
inhibitory potency in range with the original lead compound 1
(IC50 41 nM). The importance of the regiochemistry of the benzyl
substitution was confirmed by the evaluation of the corresponding
3,4-dichloro-substituted analog 17. The potency of this analog (ICsq
200 nM) was reduced 5-fold compared to 16 (Table 2). The effect of
an extension of the tether to the 2,4-dichlorophenyl moiety was

Table 1
Inhibitory potencies (ICsos) of analogs of the lead compound 1

2

N” N
H

R! R®

R2

Compd R! R? R3 SEH ICs (nM)

1 2-Pyrrolyl H H 11

2 H H H 24

3 HOCH, H H 46

4 H HOCH, H 19

5 H H HOCH, 110

6 CH; H H 18

7 H CH3 H 12

8 H H CH;5 29

9 HOOC H H >3000
10 N-Piperidinyl H H >3000

In these compounds, the left-hand side pyrrole was either omitted or replaced with
hydroxymethyl, with methyl, or with an acidic or basic moiety. The effect of a
change in the regiochemistry of the piperidine substituent was also examined.

Table 2
Inhibitory potencies (ICsos) of analogs of compound 4
LI
RZ
N N
H
RS
CH,OH
Compd R! R? R3 R* SEH ICso (nM)
11 H H H H >3000
12 CH5 H H H 1500
13 H CH5 H H >3000
14 H H CH; H 2900
15a,15b* H H H CH5 >3000
16 Cl H Cl H 41
17 H Cl Cl H 200
18° cl H cl H 230

In these compounds, the right-hand side 4-trifluoromethoxyaniline was replaced
with methyl- or chloro-substituted benzylamines.

2 Enantiopure benzylamines were utilized in the synthesis of 15a and 15b
resulting in diastereoisomeric mixtures of R,S-3-hydroxymethylpiperidinyl derived
ureas. The diastereoisomeric mixtures containing either R- or S-a-methylbenzyl-
amine were profiled separately.

b Compound 18 incorporates an ethylene linker to the 2,4-dichlorophenyl
moiety.

examined by the synthesis of its phenethyl analog 18, for which
inhibitory potency was found to be 5-6-fold reduced compared
to 16. Taken together, these results suggested to us that 2,4-dichlo-
robenzyl is likely a privileged motif for sEH inhibition, and further
SAR exploration was performed in the context of the 2,4-dichlorob-
enzyl right-hand side. In parallel with further SAR exploration, an
effort to identify possible alternatives to the 2,4-dichlorobenzyl
moiety was undertaken by our high throughput chemistry group.
This work will be published elsewhere.

Having identified replacements for both the pyrrole and 4-tri-
fluoromethoxyaniline moieties, we returned our attention to the
SAR of the left-hand side piperidine with the goal to improve the
inhibitory potency against SEH compared to the original lead com-
pound 1.

The effect of substitution of the left-hand side piperidine was
now explored by the synthesis of a set of compounds derived from
the isonipecotic acid derivative 19 (Table 3). In the context of the
2,4-dichlorobenzyl based right-hand side, the introduction of the
negatively charged carboxy substituent in the piperidine 4-posi-
tion piperidyl resulted in a 40-fold loss in inhibitory potency (Table
3, compound 19, ICso 1000 nM), whereas for compound 9, a sub-
stantial loss of inhibitory potency had been observed. Structural
modification to the corresponding amide resulted in a 4-fold
improvement in inhibitory potency for sEH (Table 3, compound
20, IC5o 220 nM). Nonetheless, further elaboration from this start-
ing point to include larger, polar substituents such as tethered pyr-
ans, pyrrolidines, methylsulfonyl, or methoxy did not result in
improvements in inhibitory potency (Table 3, compounds 21
through 25, ICs¢s ranging from 150 to 230 nM), suggestive perhaps
of limited interaction between the left-hand side tethered moieties
and the enzyme.

The SAR of the left-hand side piperidine was further explored by
the synthesis of a number of analogs with directly linked or teth-
ered aromatic left-hand sides (Table 4, compounds 26 through
35). Our profiling of these compounds revealed much improved
inhibitory potencies compared to the compounds with the teth-
ered heteroalkyl left-hand sides (ICsos ranging from 4.3 to
39 nM). Most compounds with directly attached aryl substituents
and certain compounds with oxy-tethered aryl substituents
displayed inhibitory potencies in the low nanomolar range (Table
4, 1C50s of 6.0, 5.6, and 4.3 nM for compounds 26, 28, and 32,
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Table 3 Table 4
Inhibitory potencies (ICsos) of analogs of compound 16 Inhibitory potencies (ICsos).of analogs of compound 16
ji Cl (ﬁ\ Cl
N N -~ °N
H H
R! ¢] Cl
Compd R! SEH ICsq (nM) Compd R SEH ICso (nM)
19 COOH 1000 -
N
20 CONH2 220 N(\
o o 26 | X 6.0
21 NJ\ 150 =N
N
H HO
C\ % 27 27
22 N\/\NJ\ 220
H o
O N
23 CHaO\/\NJ\ 210 28 56
H
F,CO
o
2 NJl o 180 29 ~ | 12
H N
O\\//O 0 N/
25 /S\/\N <o 230 30 15
H OH
In these compounds analogs based on isonipecotic acid were examined the context Z\N| N/
of a 2,4-dichlorobenzyl-based right-hand side. 31 x | 35
N N
H
N
respectively), whereas analogs in which the aryl group was teth- 32 o 43
ered through carbon, nitrogen, or through a sulfonyl or sulfon- P
amide moiety appeared slightly less potent inhibitors of sEH - Z IN /O“ &
(Table 4, ICsos of 12, 15, 35, 39, and 17 nM for compounds 29, 30, SN o
31, 34, and 35, respectively). F .
To better understand if the aryl-oxy class of sEH inhibitors was \©\ /O“
an appropriate starting point for further optimization, compound o2 s BY
32 and its less potent but more soluble analog 33 were evaluated 0
for their inhibitory potencies in a cell-based assay,!® their selectiv- o N
ity against the EETs-generating CYP 2J2, CYP 2C9, and CYP 2C19 35 .

isoforms, as well as their in vitro stability in human and rat liver
microsomes and their exposure in rat plasma after oral dosing
(Fig. 3).

Profiling of 32 and 33 revealed similar cell-based potencies. The
phenoxy derivative 32 was less selective against EETs-generating
CYP isoforms compared to the pyrimidine-oxy derivative 33, and
displayed sub-optimal stability in both human and rat liver micro-
somes (ty 7 and 21 min, respectively). In contrast, the in vitro

PO O

T
0 ol

32

human sgH ICsy = 4.3 nM
ELISA ICs50=5.1 nM
2J2/2C9/2C19 1Cs0=1.4/1.4/ND uM
typ in hLM = 21 min
typ in rLM =7 min
Solubility = 3.4 ug/mL
Exposure (5 mpk PO; 4h) = 0.1 uM

'n
Q o
7]
/
ac=,

In these compounds, the effect of an introduction of a directly linked or one-atom
tethered aromatic left-hand side was evaluated.

metabolic stability of compound 33 was greater (t;, 86 and
37 min, in human and rat liver microsomes, respectively) suggest-

QE/OUTH\/Q/G
o) cl

33

human sgH IC5, = 15 nM
ELISA ICso = 15 nM
2J2/2C9/2C19 1C5=20/20/19 uM
ti/0 in hLM = 86 min
ti2 in rLM = 37 min
Solubility = 174 ug/mL
Exposure (5 mpk PO; 4h) = 1.3 uM

Figure 3. Results from profiling of compounds 32 and 33 for cell-based potency, selectivity against CYP 2J2, CYP 2C9 and CYP 2C19, in vitro stability in liver microsomes and

exposure in rat after per oral dosing.
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Figure 4. The solid state structure of the co-complex of 33 and human sEH shows
the chloro groups of the 2,4-dichlorobenzyl amine moiety pointing towards right
hand side pockets in the enzyme. The pocket occupied by the 2-chloro moiety is
buried in the protein providing only limited opportunities for optimization. In
contrast, the left hand side pyrimidine is exposed to solvent. Coordinates of the co-
structure with compound 33 deposited as 3KOO with the RCSB protein data bank.

ing that functionalization to increase the polar surface area (PSA)
could be a path to prevent the observed rapid in vitro metabolism
of 32. In line with these observations, 32 did not display sustained
plasma exposure after oral administration to rat, while 33 main-
tained micromolar plasma levels at 4 h post dosing, hence imply-
ing the existence of an in vitro/in vivo correlation.

The co-crystal structure of 33 (which displays increased solubil-
ity compared to 32) and sEH was determined to guide the design of
compounds with improved ADME properties. Close examination of
the solid state structure revealed the amide moiety of 33 posi-
tioned with the carbonyl oxygen directed towards the active site
Tyr383 and Tyr466 and the urea proton directed towards the
Asp335 residue (Fig. 4). In this structure, the chloro substituents
of the 2,4-dichlorobenzyl amine are positioned pointing towards
two separate hydrophobic regions of the enzyme, with the pocket
occupied by the 2-chloro substituent buried in the protein. In con-
trast, the left hand side pyrimidine is exposed to solvent.

Based on our examination of the solid state structure of 33, fur-
ther optimization was carried out with the goal to improve ADME
properties. Our examination of the co-crystal structure of 33 had
revealed that the left-hand side aromatic moiety was exposed to
solvent, and we hypothesized that substitution to improve ADME
properties would likely be possible without negatively impacting
potency. Hence, the effect of fluoro, chloro, trifluoromethoxy, cya-
no, methylsulfonyl, methylamido, methylsulfonamido, and car-
boxy substitution of the 4-position on the aryl-oxy left-hand side
phenoxy moiety of 32 was examined (Table 5, compounds 36
through 38, 41, and 44 through 47). The inhibitory potencies of
these compounds were largely unchanged compared to 32 (ICsgs
ranging from 4.2 to 12 nM). A transposition of the cyano or sulfon-
amide substituents to the 2- or 3-position also did not result in
marked changes in inhibitory potency (Table 5, compound, 39,
40, 42 and 43, IC5gs of 3.9, 4.9, 4.9 and 4.6 nM). However, evalua-
tion of compounds 36-47 in our cell-based assay, revealed
relatively large differences in potencies (Table 5, ECsos ranging
from 0.25 to 18 nM), suggesting that the binding assay does not
accurately reflect the potency for compounds with ICsos less than
4-5 nM. This limitation is consistent with the measured Ky of the
probe (43 nM)'" and the enzyme concentration used in the
binding assay (10 nM).®

Table 5
Inhibitory potencies (ICsos) of analogs of compound 32
J PN
N N
N H
"0 Cl
SEH ICso ELISA ECsg t1;2 hLM/rLM
(nM) (nM) (min)
6.1 4.2 34/20
5.9 10 77/24
12 18 86/77
3.9 0.44 8.0/6.0

40 /@ 49 0.63 47/13
N i

©
NC
a1 \© 42 0.78 35/12
42 ; o 49 1.65
(@)

4.0/4.0
=S
V72
O
43 ~ .. 46 025 20/9.0
J/\\
OO0
2P
a4 -~ \@ 56 0.97 27/46
O
45 MeNHJ\Q 42 0.34 17/11
o 0
\ /)
\S/

46 MeNH"~ \@ 52 0.29 12/40
(6]
47 HOJ\Q 6.4 17

In these compounds, the left-hand side piperidine substitution was optimized for
intrinsic and cell-based inhibitory potencies. The in vitro metabolic stabilities of
these compounds in both human and rat liver microsomes were also evaluated.

273/172

Our results from the cell-based assay indicated that compounds
with polar substituents such as cyano, sulfonylmethyl, methylam-
ido, or methylsulfonylamido were more potent inhibitors of sEH
activity in cells, compared to compounds with halogen or trifluoro-
methyl substituents (Table 5, compounds 36 through 47). Evalua-
tion of the in vitro metabolic stability profiles for compounds
36-47 revealed poor metabolic stability profiles for compounds
with 2-substitution (Table 5, compounds 39 and 42) and for
compounds with methylamido and methylsulfonamido substitu-
ents (Table 5, 45 and 46). Most other analogs displayed intermedi-
ate in vitro stabilities (Table 5, compounds 36-38, 40, 41, and 43-
46), with the exception of the carboxylic acid derivative 47, which
demonstrated excellent in vitro metabolic stability in both human
and rat liver microsomes.
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h-sEH ICsy = 12 nM
r-sEH IC5= 11 nM
ELISA ICs0=ND
2J2/2C9/2C19 IC5=ND/11/8 uM
ty2 in hLM = 56 min
tio in rLM = 25 min
Exposure (30 mpk PO; 4h) =2.8 uM

—

47

h-sEH ICs, = 6.4 nM
r-sEH IC5 = 5.3 nM
ELISAICso= 1.7 nM
2J2/2C9/2C19 1Csp=20/20/>30 uM
t1/24,2 in hLM = 273 min
t1/242 in rLM = 172 min
Exposure (5 mpk PO; 4h) = 3.8 uM

Figure 5. Chemical structures and profiles for compound 47 compared to that of the lead compound 1. Potential toxicophores were replaced. Improvements in CYP 450
selectivity, in vitro stability, and in vivo plasma exposure after per oral dosing, were achieved.

Based on its potency in cells and its excellent in vitro stability in
microsomes, the profiling of compound 47 was extended to include
its ability to inhibit CYP 2J2, 2C9, and 2C19, and its pharmacoki-
netic profile in rat was evaluated (Fig. 5). Compound 47 was found
to be highly selective against these EETs-forming CYP 450 isoforms
(ICsps 20 M or greater) and determination of its plasma exposure
following oral dosing in the rat, revealed high and sustained expo-
sures (1.70, 2.66, 3.83 and 5.43 uM at the 1, 2, 4, and 6 h time
points, respectively).

In summary, the lead compound 1, identified through high-
throughput screening, was optimized to provide a class of novel,
potent, and orally bioavailable sEH inhibitors.'® In addition to the
replacement of potential toxicophores and optimization of cell-
based potencies, improvements of in vitro and in vivo ADME prop-
erties were achieved leading to the identification of a class of SEH
inhibitors, exemplified by 47, a potent sEH inhibitor with an attrac-
tive metabolic stability profile in rat and human liver microsomes
and high and sustained plasma exposure in the rat after oral
administration.

During the preparation of this manuscript, publications ap-
peared that describe the properties of a class of sEH inhibitors that
incorporate a regioisomeric piperidine motif.!”-1°
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