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Abstract

Soluble epoxide hydrolase (SEH), a novel therapeutic target for neuropathic pain, is a largely
cytosolic enzyme that degrades epoxy-fatty acids (EpFAs), an important class of lipid signaling
molecules. Many inhibitors of SEH have been reported, and to date, the 1,3-disubstituted urea has
the highest affinity reported for the SEH among the central pharmacophores evaluated. An earlier
somewhat water soluble sEH inhibitor taken to the clinic for blood pressure control had mediocre
potency (both affinity and kinetics) and a short /77 vivo half-life. We undertook a study to overcome
these difficulties, but the sEH inhibitors carrying a 1,3-disubstituted urea often suffer poor physical
properties that hinder their formulation. In this report, we described new strategies to improve the
physical properties of SEH inhibitors with a 1,3-disubstituted urea while maintaining their potency
and drug-target residence time (a complementary /n vitro parameter) against SEH. To our surprise,
we identified two structural modifications that substantially improve the potency and physical
properties of SEH inhibitors carrying a 1,3-disubstituted urea pharmacophore. Such improvements
will greatly facilitate the movement of SEH inhibitors to the clinic.
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Introduction

Most diabetic patients will ultimately develop kidney failure, hypertension, stroke and/or
other comorbidities. In addition, about 65% of diabetic patients will develop peripheral
neuropathy.1~2 People suffering from diabetic neuropathic pain experience spontaneous
pain, hyperalgesia and allodynia which greatly affect the patients’ quality of life. It has been
suggested that hyperglycemia is the initiating cause of peripheral nerve fiber degeneration
which results in pain. However, aggressive glycemic control can only control the progress of
neuron degeneration but not reverse the neuropathy.3 Although semi-effective treatments of
diabetic neuropathy are available which include tricyclic antidepressants and selective
serotonin reuptake inhibitors, they often have side effects that limit their use. Therefore,
alternative therapies with no or greatly reduced side effects are needed. A drug candidate
whose action is restricted to peripheral tissues without interference with the CNS effect may
also be attractive. Recent studies indicated that soluble epoxide hydrolase (SEH) inhibitors
are analgesic in diabetic neuropathic pain models.*-8 Wagner et a/. and Inceoglu et al. have
also indicated that the sEH inhibitors are far more efficacious than the clinically approved
gabapentin or pregabalin.’8

The sEH (EC 3.3.2.10), which is found in the cytosolic and peroxisomal fractions, is a
bifunctional enzyme encoded by the ephx2 gene. The C-terminus domain of sEH,
hydrolyzes specific epoxides including bioactive epoxy-fatty acids (EpFAs), to the
corresponding 1,2-diols while the N-terminal domain has lipid phosphate phosphatase
activity.? EpFAs, metabolites from the cytochrome P450 (CYP450) pathway within the
arachidonic acid cascade, are important lipid mediators.10 Epoxyeicosatrienoic acids
(EETS), epoxyeicosatetraenoic acids, and epoxydocosapentaenoic acids, which are epoxide
metabolites of arachidonic acid, eicosapentaenoic acid, and docosahexaenoic acid
respectively from CYP450 pathway, have been proven to be anti-inflammatory,
vasoregulatory, analgesic, anti-fibrotic and neuroprotective.% 11-14 Therefore, stabilization
of EETs /n vivothrough inhibition of sEH is beneficial in many disease states. Thus, sSEH is
an important pharmaceutical target.10- 15-24

Over the years, several groups reported the syntheses and the evaluation of SEH inhibitors
having different central pharmacophores including but not limited to amides, carbamates,
heterocycles, and ureas with potency varying from micromolar to nanomolar ranges.11: 25-34
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The 1,3-disubstituted urea is one of the most common and potent central pharmacophores
being used to inhibit SEH because the urea makes tight hydrogen bonding with the active
residues Try383, Tyr466 and Asp337 and the chemistry is easily accessible.11: 27, 29, 35-36
However, sEH inhibitors with a 1,3-disubstituted urea often suffer poor solubility and high
melting points which hamper the drug formulation needed for high oral availability.11: 2°
Unfortunately, structural modifications to improve physical properties including water
solubility, logP and melting point have generally resulted in a decrease in potency and less
desirable pharmacokinetic properties.27-28. 37-38 Therefore, it is necessary to further
optimize the structures to improve their physical properties which can ease the drug
formulation processes and improve the oral bioavailability of the SEH inhibitors carrying a
1,3-disubstituted urea as a central pharmacophore. To the best of our knowledge, there is no
report of specific modifications that decreases the melting point or improve the solubility of

the sEH inhibitors without suffering the loss of potency or bioavailability significantly.
27, 35, 38-39

Recent studies suggested that drug-target residence time (£3), which is a reciprocal of Ay, is
one of the most important complementary parameters affecting /7 vivo efficacy.40-41
Inhibitors with long residence times have long durations of action on the enzyme which
translates to better and extended /7 vivo efficacy as was shown for SEH inhibitors. 4243
Recent studies by Lee at al. demonstrated that SEH inhibitors with long drug-target residence
time will likely have better and extended /n vivo activity through a phenomenon called
target-mediated drug disposition.43-44 However, the previous clinical candidate of SEH
inhibitors: AR9281 (UC1153, from Aréte Therapeutics L.L.C.) did not have a good
residence time on the recombinant human enzyme, and this in part explains its marginal
efficacy in man (Figure 1).20: 45 Although it had many beneficial properties including
surprisingly high water solubility for a urea, low melting point and ease of synthesis,
AR9281 (1) also contained an adamantane group used originally to facilitate detection by
LC-MSMS. However, this group leads to rapid cytochrome P450 based metabolism to form
complex metabolites, and thus it has a short /n vivo half-life. Therefore, SEH inhibitors with
high potencies and longer drug-residence times (#R) as well as good pharmacokinetics are
essential to engage this pharmaceutical target.

The low potency on the human recombinant enzyme and the other poor properties of
AR9281 led to the syntheses of numerous superior SEH inhibitors including UC1770
(TPPU, inhibitor 2) which had improved potency on the rodent and different primates sEH,
high oral availability and good pharmacokinetic properties. Although there was no interest
from Aréte Therapeutics in developing this compound clinically, it has emerged as the
primary tool compound in the filed in spite of challenges in formulating it.

These limitations of AR9281 and TPPU led to the current lead (5)-1-(1-(2-
methylbutanoyl)piperidin-4-yl)-3-(4-(trifluoromethoxy)phenyl)urea (2696, inhibitor 3,
Table 1). It is a potent inhibitor (Ki = 0.19 nM) with reasonable drug-target residence time
(& = 33 min) and good efficacy at 0.3 mg/kg single dose on rodent diabetic neuropathic pain
model. However, it suffers poor solubility (21.3 ug/mL) and a relatively high melting point
(168.7 °C). Although it is soluble at levels that totally inhibit the target sEH, the
combination of poor water solubility, high logP, and high melting point make it difficult to
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formulate. These difficulties could be addressed by improving the physical properties and/or
further improvement in potency. Here, we report the design and synthesis of new sEH
inhibitors with dramatically improved physical properties while maintaining or increasing
potency and particularly drug-target residence time on sEH. The structural modifications
that improved the physical properties and potency of the inhibitors unexpectedly led to
compounds with further optimized pharmacokinetic properties and /n vivo activity as
possible clinical candidates.

Design Principles of new sEH inhibitors with improved physical properties.

The lead candidate (S)-1-(1-(2-methylbutanoyl)piperidin-4-yl)-3-(4-(trifluoromethoxy)
phenyl)urea (3) developed by Hammock’s group alleviates nociception responses in a rodent
model of diabetic neuropathic pain at low dose (0.3 mg/kg) with high efficacy; however,
inhibitor 3 suffers low solubility and the published series with a similar scaffold suffers from
high melting points.® Thus, the objective was to identify modifications that could enhance
the solubility and lower the melting point without hampering the potency of the inhibitors.
This is because with highly lipophilic compounds, even a slight improvement in melting
point and solubility will significantly ease the formulation processes. Prior research
demonstrated that the binding pocket of sEH is promiscuous to a variety of different
structures of SEH inhibitors.8 11. 36 |n addition, we also showed that the binding pocket is
flexible and can accommodate 1,3-disubstituted urea-based inhibitors with different sizes of
substituents.46-47 Based on the crystal structure, the right side of the hydrophobic pocket is
relatively large as compared to the left side of the pocket and is more open to the buffer
(Figure 1B, C).5 Therefore, we first modified the R, substituents in order to enhance
solubility. Heterocycles are largely employed in the medicinal chemistry to enhance the
physical properties of the lead candidates, and we incorporated various heterocycles into the
R, position of the inhibitors (Figure 1).

Breaking the symmetry of molecules sometimes disrupts the resulting crystal structure and
decreases the melting point.#8 Based on the previous research and the crystal structure, the
left side of the binding pocket could accommodate additional substituents on the phenyl
group of the inhibitor (Figure 1B). Here, we tested whether the melting point of inhibitors
with the general scaffold as shown in Figure 1 will be decreased by adding a substituent on
the phenyl-group of inhibitor 2 to break the symmetry of this part of the inhibitor.

Finally, all the design and syntheses of new inhibitors were based on our large library of sEH
inhibitors using initially murine and human recombinant enzymes and later recombinant
enzymes from multiple species to screen for inhibition of the catalytic activity of the epoxide
hydrolase. Rapid feedback on inhibitor potency and /n vivo pharmacokinetics based on our
previously developed SAR and computer modeling allowed us to survey multiple series of
compounds. The most promising structures are presented here.

Bioorg Med Chem. Author manuscript; available in PMC 2021 November 15.
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Result and Discussion:

Syntheses of the sEH inhibitors.

The syntheses of majority of SEH inhibitors presented in this report followed our published
protocols (Scheme 1, please refer to supplemental information for details).6: 35 Briefly, the
inhibitors were synthesized by first coupling of the Boc-protected piperidines with the
corresponding isocyanates which were either obtained from the commercial sources or
prepared /n situ by triphosgene method with amine. The resulting Boc-protected 1,3-
disubstituted ureas were then deprotected with hydrochloric acid. The deprotected 1,3-
disubstituted ureas were then coupled with the corresponding acid chloride or carboxylic
acid to yield the final product. The resulting inhibitors were then further purified by
recrystallization to ensure the high purity of the compounds. The overall yield of the 3 steps
synthesis was ranging from ~24% to 86% depending on the inhibitors. We attempted to
disprove the high purity of the molecules by a variety of techniques including LC-MS with
total ion monitoring and UV detection, TLC in multiple systems of Fy54 plates with
detection by UV quenching and by charring sprays, melting point, and a variety of spectral
methods”

Specific heterocyclic substituents significantly enhance the solubility of 1,3-disubstituted
urea-based sEH inhibitors in an acidic buffer.

We synthesized a new series of SEH inhibitors by incorporating various heterocycles (Table
1) into the R, position. Our results indicated that not all the heterocycles incorporated at the
R, position can enhance the solubility of the inhibitors at pH 7.4 as compared to inhibitor 2
with hydrophobic alkyl group at R, (Table 1 and 2). Unlike the other heterocycles, the
incorporation of tetrahydropyran to sEH inhibitors at R, (4, 11, 13 and 19) significantly
enhances the solubility of SEH inhibitors as compared to inhibitors 3 and 13 (Table 1 and 2).
Because these sEH inhibitors are intended for oral administration, we also tested the
solubility at acidic pH to ensure the inhibitor remains soluble in the stomach. In general, the
solubility of SEH inhibitors with heterocyclic substituents increases under these conditions.
Apart from other heterocycles, sEH inhibitors with a tetrahydropyran at R, show an
unexpectedly enhanced solubility by at least 10-fold (except 14) at pH 3 and the magnitude
of solubility enhancement also was not predicted by the polarity of the heterocyclic
substituents in the inhibitors. Kabli ef a/. reported that the saturated heterocycles have higher
proton affinity than their corresponding unsaturated heterocycles.#® In addition, the
protonation of the saturated heterocycles occurs at the heteroatoms while the protonation of
the unsaturated heterocycles occurs at the alpha-carbon adjacent to the heteroatoms.
Therefore, we hypothesize that the proton-heteroatom interaction at the saturated
heterocycles under acidic condition improves the solubility of inhibitors carried a
tetrahydropyran and a follow up study is underway. The lack of solubility of these 1,3-
disubstituted ureas is probably due to the formation of insoluble microcrystals in the
stomach. Dispersion and enhanced solubility of the tetrahydropyran and related compounds
in the stomach could minimize this crystallization.

As we expected, modifications that enhance the solubility of SEH inhibitors usually decrease
the potency (both Ki and Au¢) of the inhibitors. Therefore, the ratio of solubility
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enhancement over the loss of potency was also analyzed (Table S1). Although the potency of
new SEH inhibitors with heterocycles at R, generally decreases, the tetrahydropyrans
provide the best leverage between the solubility, particularly the solubility at acidic pH, and
the potency among the other new inhibitors with heterocycles at R». In fact, the potency of
inhibitor 4 and 11 are still much more potent than the clinical candidate 1 from Aréte
Therapeutics. The significant enhancement of solubility improves the drug likeness of this
series of SEH inhibitors. Because one of the main organs for drug absorption: the stomach,
has a pH around 2 to 3, the exceptionally enhanced solubility at pH 3 by the inhibitors with
tetrahydropyran improves their absorption and oral bioavailability fulfilling an important
need in the area.

Incorporation of an o-fluorine substituent decreases the melting point of 1,3-disubstituted
urea-based inhibitors.

Modifications of the structures of these ureas often have unexpected effects on the melting
points of the SEH inhibitors. Previous studies showed that a modification that breaks the
symmetry of the molecules generally leads to a decrease in melting point.% 48 Based on the
crystal structure of SEH bound with TPPU, the left-side of the binding pocket can
accommodate small substituents on the phenyl- ring (Figure 1B). It has been reported that a
substituent at the 2-position of the phenyl ring (next to the urea) of the inhibitor hampers
inhibitor’s potency because of the steric hindrance of hydrogen bond formation of a urea
proton and the enzyme.3° Therefore, we synthesized and tested 6 new inhibitors with
modification at the 3-position of the phenyl ring of the inhibitor. Our results (Table 3)
indicated that the majority of the substituents tested lead to an increase in melting point and
loss of potency by at least 10-fold as compared to inhibitor 3 which indicated that the R
groups tested are too large for the binding pocket. However, to our surprise, an addition of
fluorine at 3 position of the phenyl group of inhibitor 3 (Table 3, inhibitor 23), decreases the
melting point by 22 °C with improved potency. We then further tested whether addition of
fluorine at the 3-position of the phenyl ring of this scaffold in general decreases the melting
point of sEH inhibitors. Our results (Table 4) indicated that fluorine substitution at the 3-
position of the phenyl-group of the inhibitor in general lowers the melting point of the
inhibitors. We found that 11 out of 13 inhibitors have melting point at least 9.5 °C (ranging
from 9.5 to 35.7 °C) lower than their corresponding inhibitors without the fluorine
substitution. While the detailed mechanism on how the fluorine substitution at the 3 position
of the phenyl group of the inhibitor lowers the melting point of the inhibitors remains
unknown, we hypothesize that such fluorine substitution can break the overall symmetry of
the inhibitors, destabilizing the packing of the molecular crystal.5 48 In addition, fluorine is
much smaller than other substituents tested in Table 4. As a result, the fluorine substitution
does not significantly increase the intermolecular Van der Waal’s interaction in the packing
of the crystal. Thus, it is likely the overall changes of the crystal packing resulting from the
fluorine substitution at the 3-position of the phenyl-group of the inhibitor decreases the
melting point of the 3-fluorine substituted inhibitor. Besides, our data also indicated that the
fluorine substitution at the 3-position of the phenyl group either increases or maintains the
potency of the inhibitors. However, an addition of the fluorine sometimes decreases the
solubility of the inhibitor. Overall, inhibitors 34 and 35 provide us with better melting points

Bioorg Med Chem. Author manuscript; available in PMC 2021 November 15.
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and solubilities. They also yielded good oral availability and pharmacokinetic profiles in
murine studies (Figure 2).

Further modifications of inhibitor structure failed to yield an inhibitor with better potency
and optimized physical properties.

With the encouraging results from the fluorine substitution at the 3-position of the phenyl
ring of the inhibitor, we further explored if other modifications in combination with the
fluorine at the 3-position would further improve the drug-likeness of the inhibitors. Although
the substitution of amide at R, position with a carbamate maintain the potency of the
inhibitor, this substitution negatively impact the physical properties (logP, solubility and
melting point) of the inhibitors. Because the incorporation of a tetrahydropyran significantly
increases the solubility of the inhibitors, particularly at acidic pH 3.0, we installed
morpholine at Ry. Replacement of the tetrahydropyran with a morpholine at R results in an
inhibitor 49 with similar physical properties and potency as inhibitor 35. Our previous
studies indicated that an incorporation of a fluorine at R, increases the potency and stability
of the inhibitor. Also, an addition of a fluorine may increase the CNS penetration and be
beneficial with CNS diseases involving inflammation and endoplasmic reticulum stress.50-51
Therefore, we incorporated a CF3 group into inhibitor 32 and 37 to create inhibitors 45 and
46. Incorporation of the CF3 group significantly increased the potency of the inhibitor, it
also increased the melting point and logP of the inhibitors. Therefore, it was not an ideal
modification.

It has also been well-documented that the replacement of a 1,3-disubstituted urea with an
amide results sEH inhibitors with significantly improved solubility.5: 35 However, the
replacement of the nitrogen at the 1-position of the urea with a carbon leads to a loss of
potency by 100-fold, while the replacement of the nitrogen at the 3-position of the urea with
a carbon only decreases the potency by 10-fold.® Therefore, we synthesized a short series of
amide-based inhibitors which the nitrogen at the 3-position of the urea is replaced with a
carbon. Our results indicated that the enhancement of the solubility by the amide
replacement decreases with an increasing size of the substituent at R, (Table 5, inhibitor 42
to 44). Inhibitor 44 resulted in a similar solubility as 23. In addition, as expected, this
replacement decreases the potency of the inhibitors significantly. Therefore, we concluded
that amide is not a good pharmacophore replacement for the 1,3-disubstituted urea-based
SEH inhibitor in our case.

Pharmacokinetic and in vivo activity evaluation of the selected candidates with improved
physical properties.

Based on the /n vitro data, we selected inhibitors 4, 11, 23, 29, 31, 34 and 35 for PK studies.
In general, except for 11 and 34, the selected inhibitors provided good pharmacokinetic
profiles at 0.3 mg/kg with good exposure (AUC = 2,500 nM*h and Cmax = 174 nM) and
reasonable PK half-life (= 2h) in mouse (Table 6, Table S3). Interestingly, although the
physical properties and potencies between sEH inhibitor 4 Vs 11 and inhibitor 34 Vs 35 are
similar, the 3-substituted tetrahydropyran substituent seems to show a decreased oral
bioavailability as compared to the 4-substituted tetrahydropyran substituent. However, since
inhibitors 11 and 35 exist as racemic mixtures, it is possible that one of the enantiomers is
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 8

less bioavailable. Because the synthesis and characterization of the chiral inhibitors are
much more expensive than achiral inhibitors or racemic inhibitors, inhibitor 11 and 35 were
not pursued. In addition, the placement of fluorine at the 3-position of the phenyl ring of
SEH inhibitors shortened the pharmacokinetic half-life of the inhibitors tested except for
compound 35. Such observation may be due to an increase in logP of the compounds which
could enhance their metabolism by CYP450s. Our results indicated that both the fluorine
substituent at the 3-position of the phenyl ring and 4-substituted tetrahydropyran at R, are
acceptable replacements to generate new sEH inhibitors with good pharmacokinetic profiles.
We have so far not seen undesirable effects of SEH inhibitors attributed to their action in the
central nervous system. However, since BBB penetration is not essential for the sEH
inhibitors to control peripheral pain in our assays, we concluded to develop inhibitors
initially that have low blood brain barrier (BBB) permeability. We used SwissADME to
predict BBB penetration based on the BOIL-Egg method.52 SwissADME predicts that
inhibitor 4, 11, 23, 34 and 35 penetrate BBB poorly. Together with the above improvements
in physical properties and PK parameters of inhibitors 23 and 35, we felt them suitable to
move to pre-clinical toxicological testing. We then tested inhibitor 23 in diabetic animals
with a conditioned place preference test, and our results demonstrated that inhibitor 23
relieves pain in diabetic animals similarly to TPPU. The earlier inhibitor 1 (AR9281,
UC1153) is a better inhibitor of rodent than human enzymes, resulting in a concern that
rodent bioassays will predict greater potency than will be found in the clinic while inhibitor
1 (TPPU, UC1770) has a lower K;j on the human enzyme predicting greater efficacy in man
than seen in rodent bioassays. Inhibitor 23 has far greater potency on the human
recombinant enzyme than compound 1, and similar potency to compound 2. Thus its
biological effects are expected to be similar to compound 2 in rodents as indicated in Figure
3. Unexpectedly its potency on the human enzyme is exceptionally high leading one to
predict the possibility of higher efficacy in the clinic that predicted based on rodent models.

In conclusion, we identified two modifications that improved the drug-likeness of the 1,3-
disubstituted urea-based sEH inhibitors while maintaining the potency and PK properties of
the inhibitors. In this study we identified several compounds with exceptionally slow off
rates as indicated by long #&; values of over 30 minutes (10, 13, 23, 29, 45). These long &
values do not correspond to logP values and ICsq values (not shown here). The incorporation
of a tetrahydropyran at R, increases the solubility of the inhibitor, particularly at acidic pH
which is important for formulation and PK. The addition of a fluorine at the 3-position of the
phenyl ring of the inhibitors decreases the melting point of the inhibitors which is a critical
parameter when formulating lipophilic materials. The decrease of melting point not only
eases the formulation process of drugs but also enhances the oral bioavailability of the drugs
in general, and reduces problems with stable polymorphs. Therefore, the improvements
made to decrease the melting point to moderate levels are commonly sought after in drug
development. Moreover, in this case, an addition of a fluorine at the 3-position of the phenyl
ring of the inhibitors maintains or enhances the potency of SEH inhibitors. This is attractive
since the PK profiles are similar to the unsubstituted compounds. A combination of both
approaches improves several of the inhibitors with several having sub-nanomolar potency on
the recombinant human enzyme, adequate water solubility (>200 pg/mL) and lower melting
points. These madifications significantly enhance the drug likeness of the new sEH
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inhibitors compared to earlier SEH inhibitors with similar activity in relieving pain in
diabetic animals and they could be good clinical candidates to treat diabetic neuropathic
pain.

Supplementary Material
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A) The general scaffold of the sEH inhibitor being used in this manuscript is shown.
AR9281 (APAU or UC1153 labeled 1) was the clinical candidate from Aréte Therapeutics.
UC1770 is an improved sEH inhibitor widely used by sEH research community. UC2696 (2)
is the lead sEH inhibitor for treating diabetic neuropathic pain. B) The left binding pocket of
SEH bound to TPPU (blue) with the structure and direction of the TPPU shown at the bottom
of the figure. C) The right binding pocket of sEH bound to TPPU (blue) with the structure
and direction of the TPPU shown at the bottom of the figure.
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Figure 2).

Tr?e PK)profiIe in mice showed that substituent of 4-tetrahydropyran at R, (inhibitor 35) or
substituent of fluorine at Ry (inhibitor 23) does not dramatically alter the PK profiles of the
SEH inhibitors. The PK profile of 23 is very similar to the PK profile of 2696. Mice (n=4)
were treated by oral dosing with a cassette of 3 to 4 compounds (0.3 mg/kg of each
compounds dissolved in 20% PEG400 in oleic acid rich triglycerides). The graphic was
prepared by SigmaPlot (SysTat Software, San Jose, CA). The PK profile of 1770 and 2696
was redrawn from b Lee et al.®

Bioorg Med Chem. Author manuscript; available in PMC 2021 November 15.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 15

800

600 -

400 -

Change (seconds)

200 -

Vehicle 10 mg/kg 10 mg/kg
23 TPPU

Figure 3).

Tr?e coanitioned place preference test measures the negative reinforcement of pain relief in a
neuropathic animal. The score is the change in time (seconds) spent in the compound paired
chamber (preference) after conditioning with the compound to environmental cues. C57B6
male mice induced with streptozocin (n=7 vehicle, n=4 5026, n=6 TPPU).

Bioorg Med Chem. Author manuscript; available in PMC 2021 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal. Page 16

Synthetic Pathway 1
.B
R, /[:::T,BOC \I:::l\ 0 /[:::J 0C
: * A
NCO H2N CH2C|2 12h rt

2M HCI, MeOH,
reflux, 2h

o

N

0
LR O s Ty g O
N/U\N DMAP, CH,Cly, 12h N” N
H H H H

Synthetic Pathway 2 Boc
o,
FhD\ triphosgene, EtgN R1I>\ H2N j@\ 0] /Q -Boc
F NH, CH20I2, 30 min, F NCO CHQCIZ, rt, 2h

78°C100°C
oM HCI, MeOH,
reflux, 2h
o) )oL
F NJ\N or O F NJ\N
H N H H

HO™ 'R, EDCI, DMAP

Scheme 1.
The syntheses of sEH inhibitors follow two general synthetic pathways depending on the

availability of the starting materials.
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Physical properties and potency of sEH inhibitors with modification of R, against human sEH.

Physical Properties Human seH
[+]
CRO. N Ry ) SOIa (pH b . )
No. Sy Mol. Weight 7.4 S‘(’L /(r';'zf) Melting Point (°C) | 1ogp® | ki (nm)? | ta(min)®
: (ug/mL) 9
T
3 R,= ° 168.0-169.3
(2606) | 2 X ; 387.40 213 N.D. (168.7) 397 | 0.19:004 | 159
:LLL 177.4-178.7
4 415.11 91 1295 (177.9) 326 | 1.43:0.01 | 202
5 > = 396.14 43 58 131.4-136.1 334 | 0642017 | 216
NH (133.0)
—
181.4-184.5
6 :LLL — 0 397.12 76 26 (182.8) 363 | 0.33:0.34 | 245
——
'15_ 180.5-181.7
7 - 0 401.16 23 65 (180.8) 338 | 1.41+011 | 245
‘EL 190.2-194.7
8 - - 0 399.14 11 73 (192.7) 349 | 0.7720.02 18.8
:71 182.5-187.1
9 \ \ 411.14 8.6 7.7 (134.8) 430 | 055006 | 216
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Physical Properties Human seH
[+]
Oy o (NR Sol? (pH b
No. A A A Mol. Weight 74()p Sol" (pH3) | Melting Point (°C) | 1ogp® | ki (nM)d ta(min)?
HH ; (ug/mL)
(ug/mL)
20O ]
10 \ 411.14 0.92 34 20?221022)2'9 448 | 026:011 | 303
/‘771 _
1 41517 94 868 17?i277117)7'7 342 | 1.99:023 | 1838
12 }L 0 401.16 29 01 16?i‘§1f)6'3 322 | 1702001 | 173

aSqubiIity was measured with sodium phosphate buffer (0.1 M, pH 7.4) according to the protocol described by Lee etal® and in detail in
supporting information.

bSqubiIity was measured with sodium phosphate buffer (0.1 M, pH 3.0) according to the protocol described by Lee etal® and in detail in
supporting information.

clogP was measured by HPLC method according to Lee etal®

dKi and R, which is a reciprocal of Aoff was determined by FRET-displacement assay developed by Lee et al® The results are the average of
duplicates with £ SEM.
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Physical properties and potency of sEH inhibitors with modification of R, against human sEH.

Physical Properties Human sHE
0
g~ 0 N R, a b
No. L L Mol. Weight | _ Sol” (pH Sol” (PH 3) | Melting Point (°C ¢ ki imd
SN 9 7.0 (ugimL) (UgimL) g O | 10gP® | Ki(M)“ | tr (min)

T
201 |Ry=  ° 221.3-225.6
oy | P2 X a 371.40 9.2 N.D. oLt 384 | 0206004 [ 322
14 "?77- 399.18 176 61 24%é1‘222)3'0 316 | 1732001 | 15.
15 /'1& = 0 381.13 22 6 2252525222)3'8 350 | 121202 | 159

——
16 ;%- 0 385.16 14 58 21fé6152§;3'1 327 | 110008 | 188
17 :L%. = 0 383.15 23 8.2 24?23522‘)3'6 337 | 103t020 [ 115
18 /‘1'7— \ N 305.15 0.28 2.1 23&%;23;3'9 419 | 0512003 | 15.
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Physical Properties Human sHE
o
g~ 0 N R, a b
No. PP Mol. Weight Sol™ (pH Sol” (pH3) | Melting Point (°C c i d imd
MY M 78y womL) | (ugimL) gPoINt(C) 1 1ogP™ | Ki(M)” | tr (min)
/'%L, O 224.9-228.3
19 \ / 395.15 0.8 18 (227.2) 4.29 0.22+0.01 15
/‘1& 253.9-255.2
20 399.18 11 25 (254.2) 3.41 2.40%0.08 21.6
a | - = 380.15 18 13 246.1-248.3 326 | 050:001 | 144
NH (246.7)
—
Physical Properties Human sHE
o
Ch s~ o TNTR, a b
No. L L) Mol. Weight | _ Sol” (pH Sol” (PH 3) [ Melting Point (°C ¢ | kimmd® imd
S g 7.4 (ugimL) (ugimL) g O | 10gP® | Ki(nM)” | tr (min)
‘7_LL 238.2-239.3
22 -~ O 385.16 9.6 50 (238.6) 3.16 1.74+0.11 14.4

aSqubiIity was measured with sodium phosphate buffer (0.1 M, pH 7.4) according to the protocol described by Lee eral® and in detail in

supporting information.

bSqubiIity was measured with sodium phosphate buffer (0.1 M, pH 3.0) according to the protocol described by Lee et al® and in detail in

supporting information.

clogP was measured by HPLC method according to Lee etal®

d L . . .
Kij and R, which is a reciprocal of Aoff was determined by FRET-displacement assay developed by Lee et al® The results are the average of

duplicates with + SEM.
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Physical properties and potency of sEH inhibitors with modification of R3 against human sEH.

Table 3:

Physical Properties Human seH
o~
o N
No. Rs»-NJ'I‘«N/“(\) : Mol. Weight | so/2 (pH 7.4) (ug/mL) | Melting Point (°C) | 1ogp? | ki (nM)° | te (min)°
H H
CFs0
R,= ]@ 147.0-147.8
23 | A3 . s | 40539 1 (1769 508 | <005 317
CF; N
24 | P 372.39 274 18%58;313)0-0 322 | 450:23 5.3
N
CF,0
25 cfé 421.85 0.79 18%%:11%4-5 770 | 3352042 | 144
Cl ~
CF,0
26 ;‘; 465.29 0.58 198%;313)8'5 807 | 340:138 | 134
Br ~
CF,0
27 ¥ 455.40 0.05 20%2%)‘122)2'1 9002 | 99014337 | 85
CF3 -
CF50
28 ;‘s 471.40 55 17‘(’5‘11;)2'4 1062 | 9.07+036 | 159
CF40 S '

aSqubiIity was measured with sodium phosphate buffer (0.1 M, pH 7.4) according to the protocol described by Lee etal® and in detail in
supporting information.

blogP was measured by HPLC method according to Lee etal®

Page 21

cKi and /R, which is a reciprocal of koff was determined by FRET-displacement assay developed by Lee et al The results are the average of
duplicates with + SEM.
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Table

4.

Physical properties and potency of sEH inhibitors with modification that improves melting point.

Page 22

Physical Properties Human seH
a Melting
No Sol™ (pH Melting Point Point c ) d Potency . . d
7.4) ¢C) Decre%se logP” | Ki(nM) Enhancement® R (Min)
(ug/mL) ¢C)
156.9157.6
29 53 s -224 473 | 0.3120.01 1.0 317
o
FOA, o NN
o | JULL L 5.9 19&5&%‘;'9 -35.7 440 | 0.49:04 1.35 17.3
o
FLO. o~ 0 N~
a | JALL 1 17(21521;‘;’1 -26.7 400 | 087013 1.05 15.9
[+]
L T T
2| JALL VI s Mty -153 419 | 0.15:0.04 367 274
(4]
N e VY. 168.2169.7
| AL T 61 a85) -11.9 359 | 0.7z0.01 2.1 188
o
FROLA, o At
u | JLLLG 174 1?185§£9 -18.7 409 | 078:0.19 255 17.3
[+]
FRO_ g ™
3| JIAL Lo 7 17(21$§71§° -4.8 373 | 0.75:005 2.31 15.9
o
Fem o A~
216.2-216.8
I 3.9 165 -95 376 | 2.942001 1.0 48
[+]
FCon o0 a7
181.8182.8
7 | ALLLD 0.46 823 -11.4 3.94 | 0.38:0.08 13 118
o
Foe 0 NN
B | AL T 19 R s +15 341 | 2.00£0.24 057 76
o
G- 0 NN
s | ALK 0.46 20(72'6‘72_%*)3'3 -12.9 548 | 0.37:003 0.59 188
[+]
N o
N R N R -168 384 | 266:0.19 0.90 9.8
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Physical Properties Human seH
a Melting
Sol™ (pH Melting Point Point c ) d Potency . d
No 7.4) ¢C) Decrease logP” | Ki(nMm) Enhancement® |t (Min)
(ug/mL) (°C)b
o
FiC -
4 . o| 4 21(%%%%8 -21.6 352 | 3.83:0.41 0.45 10.0

aSqubiIity was measured with sodium phosphate buffer (0.1 M, pH 7.4) according to the protocol described by Lee etal® and in detail in

supporting information.

Melting point decrease refer to the melting point changes as compared to the inhibitor without the 3-fluoro substituent on the phenyl ring. Melting
point of inhibitor with 3-fluoro substituent on pheny! ring - melting point of the same inhibitor without the 3-fluoro substituent on the phenyl ring.

clogP was measured by HPLC method according to Lee etal®

dKi and R, which is a reciprocal of Aoff was determined by FRET-displacement assay developed by Lee et al® The results are the average of

duplicates with + SEM.

ePotency enhancement is the ratio of potency of the inhibitor without 3-fluoro substituent on the phenyl ring over the same inhibitor without 3-
fluoro substituent on the phenyl ring.
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Table 5:

Page 24

Physical properties and potency of sEH inhibitors with modification on R, R, and N3 against human sEH.

Physical Properties Human seH
i a
CFJCF 0. A,
FCF0. 0 N R Mol. Sol™ (pH b i 3 . ) d o d
No. s & A Weight 7.4) S?Lg/(ﬁq"lif) Melting Point (°C) | 1ogp® | ki (nM)? | ts (min)
(ug/mL)
42 390.38 33 ND 34('55‘%?'8 5.81 472+0.7 49
43 388.36 715 ND 15%i3§_2185)3'2 511 | 6.60£0.01 48
LN N
a | IR 404.41 21 ND Gel 768 | 314¢070 | 65
45 441.35 0.08 ND 24?5‘12;)1'7 552 | 008001 | 303
46 457.35 92 ND 18&52‘5)87 5.04 <0.05 26.0
[+]
N 182.6-183.0
a | AL 393.34 0.35 ND o 5.94 <0.05 26.0
[+]
SN N )
ag | LS 377.34 ND ND 18%%118)1'4 5.46+002 | 038003 | 110
H H .
o
MOy e 160.5-162.6
2 | AR L 434.39 % 204 torer 393 | 070:006 | 216

aSqubiIity was measured with sodium phosphate buffer (0.1 M, pH 7.4) according to the protocol described by Lee etal® and in detail in

supporting information.

bSqubiIity was measured with sodium phosphate buffer (0.1 M, pH 3.0) according to the protocol described by Lee et a5 and in detail in

supporting information.

DIogP was measured by HPLC method according to Lee etal®

dKi and /R, which is a reciprocal of koff was determined by FRET-displacement assay developed by Lee et al® The results are the average of

duplicates with + SEM.
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Murine pharmacokinetic parameters, human plasma protein binding (PPB) and BBB penetration prediction of

selected sEH inhibitors.

Table 6:

No. | Dose (mg/kgle | AUC? ("M*h) | Crmac (M) | T2 () | Tmac (0) | PPB (%)b BBB Penetration Prediction®
1d 0.5 183 30 3 1 50+2 Yes
o 03 10650 495 12 8 79+1 Yes
3d 0.3 2530 195 7.7 4 92.4+0.1 Yes
4 0.3 6371 381 6.3 4.2 94.1+0.4 No
11 0.3 483 38 31 6.5 94.1+0.5 No
23 0.3 2169 166 33 52 99.8+0.1 No
29 0.3 10893 423 6.6 10 98.7+0.1 Yes
31 0.3 12982 479 13 6.7 99.2+0.1 Yes
34 0.3 785 112 3.2 2.1 99.4+0.1 No
35 0.3 5557 332 4.3 6.5 98.5+0.1 No

aThe mice (n=4) were dosed by oral gavage with a cassette dose of 4 at 0.3 mg/kg (inhibitors were dissolved in 20% PEG400 in oleic acid rich

triglycerides). PK parameters of inhibitors were calculated by WinNonlin based on the model of 1 compartment model.

The human plasma protein binding was measured at 1 uM inhibitor’s concentration using RED Device according to manufacturer’s protocol.

CBBB penetration were predicted by SwissADME based on BOILED-Egg method.

dThese were published by Lee etald3
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