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38 ABSTRACT

Oxetane-containing ring systems are increasingly used in medicinal chemistry programs to

44 modulate drug-like properties. We have shown previously that oxetanes are hydrolyzed to diols
46 by human microsomal epoxide hydrolase (mEH). Mapping the enzymes which contribute to drug
metabolism is important, since an exaggerated dependence on one specific isoenzyme increases
51 the risk of drug-drug interactions with co-administered drugs. Herein we illustrate that mEH-

53 catalyzed hydrolysis is an important metabolic pathway for a set of more structurally diverse

oxetanes and the degree of hydrolysis is modulated by minor structural modification. A

60 ACS Paragon Plhs Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

homology model based on the Bombyx mori EH crystal structure was used to rationalize
substrate binding. This study shows that oxetanes can be used as drug design elements for
directing metabolic clearance via mEH, thus potentially decreasing the dependence on
cytochromes P450. Metabolism by mEH should be assessed early in the design process to
understand the complete metabolic fate of oxetane-containing compounds and further study is

required to allow accurate PK prediction of its substrates.

INTRODUCTION

Early work in drug discovery programs aims at optimizing a host of compound properties like
pharmacological potency, off-target profile and pharmacokinetic properties, including metabolic
stability. All these properties are important for the prediction of dose and dosing frequency, to
reach the desired target engagement and efficacy in clinical trials. However, not only is it
essential to achieve sufficient metabolic stability of a clinical candidate, but also to understand
the metabolic pathways and the enzymes involved in the metabolism of the molecule.

The majority of marketed drugs depend on cytochrome P450 (CYP) isoenzymes for their
metabolic clearance.!? This is a potential concern in drug discovery programs, as there is a risk
of interaction between drugs that are metabolized to a large extent by the same CYP isoenzyme.
Such interactions can lead to elevated drug plasma levels and unwanted side effects for patients
taking several medications. This phenomenon is known as drug-drug interactions (DDI) and any
drug entering clinical trials must be carefully evaluated and monitored from a DDI perspective. It
is therefore desirable to optimize a lead series to minimize the risk of DDI. Designing away from
dependence on CYP-mediated metabolism is however not trivial and may result in switching of

the metabolism to non-CYP metabolizing enzymes e.g. aldehyde oxidase.** A downside of
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directing metabolism to less-studied enzymes is that our understanding of their biology is not as
mature as that for CYPs and can lead to problems in human PK prediction.>®

A functional group increasingly used for improving drug-like properties in medicinal
chemistry is the oxetane ring.”!° It has been used as a mimic for carbonyl groups e.g. in
enzymatically-stable peptides'! or as a more hydrophilic replacement of a gem dimethyl
group.'?>!? Oxetane-containing spirocyclic ring systems have proven to be versatile building
blocks, by improving the physicochemical properties and providing more favorable
pharmacokinetic profiles of a lead series.'#2°

Recently, the introduction of the spirocyclic oxetanylazetidinyl moiety led to discovery of the
clinical candidate AZD1979 (1), a melanin-concentrating hormone receptor 1 antagonist
designed for the treatment of obesity-related disorders.?! Careful characterization of the
enzymology of its metabolism revealed that the oxetane moiety undergoes ring-opening in liver
fractions via an unusual non-oxidative metabolic route, i.e. hydrolysis by human microsomal
epoxide hydrolase (mEH; EC 3.2.2.9).2* This was the first example of a non-epoxide substrate
for this important drug-metabolizing enzyme, which was previously known to only catalyze
hydrolytic opening of epoxide-containing drug metabolites formed via Phase I oxidation.?>* A
subsequent study on simple oxetanes from the same chemical series along with truncated
analogues revealed that oxetane hydrolysis by human mEH was not limited to 1.% Thus, there is
evidence that these strained rings constitute a new class of substrates for mEH. This observation
has recently been recognized by the International Union of Biochemistry and Molecular Biology
with a change in the definition of mEH, now known as microsomal oxirane/oxetane hydrolase.*®

The rate of hydrolysis can be fine-tuned by structural elements in the vicinity of the oxetane.?

This implies that oxetane-containing building blocks could be used as design tools to open up an
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alternative metabolic clearance pathway and, potentially, to decrease the dependence on CYP-
mediated metabolic clearance.

The primary aim of the current study was to investigate hydrolytic ring-opening by mEH on a
more diverse set of oxetane-containing spirocycles related to 1, broadening our understanding of
the structure-activity relationship (SAR) of spirocyclic and bicyclic motifs. Secondly, an
additional set of simple oxetanes from an entirely different chemical series were investigated, to
understand the generality of oxetane hydrolysis by human mEH. Finally, due to the lack of a
crystal structure of human mEH, a homology model was built to better understand the SAR of
oxetane hydrolysis and to rationalize substrate binding. The findings presented here further
emphasize how the hydrolysis of simple and spirocyclic oxetanes by mEH is affected by subtle
structural modifications. Our results also indicate that metabolism can be directed towards mEH,
thus decreasing dependence on oxidative metabolism by CYP enzymes though caution should be
exercised if non-CYP enzymes are considered as major routes of clearance since PK predictions

may be challenging.’

RESULTS AND DISCUSSION

The compounds studied consisted of different ring-size combinations of bicyclic O- and N-
containing heterocycles with an emphasis on spirocyclic oxetanes (compounds 1-11, Table 1),
(compounds 16-23, Table 2), (compounds 24-27, Table 3) and a set of oxetane-substituted
pyrimidines (compounds 29-34, Table 4). The bicyclic oxetanes compounds were prepared
according to three different synthetic strategies (Figure 1). The majority of the compounds were

synthesized in a linear manner starting with the preparation of the eastern region esters.
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17 Figure 1. Synthetic routes to oxetane heterocycles.

22 The final step following this strategy was a reductive amination between a benzylic aldehyde

24 precursor and an oxetane-containing amine. This strategy allowed for preparation of several
bicyclic oxetane amines from a common building block. A second strategy was amide formation
29 between an azetidine precursor and an eastern region ester, which, of course, is complementary
31 to the reductive amination strategy and allows for variation of the eastern region on a common
western region building block. The third and most convergent synthetic strategy was to form the
36 central ether bond as the last step. Both amide and ether formation were less commonly used for
38 preparation of target compounds, but they were useful for preparing larger batches when atom
40 economy is more important. It should be mentioned that ether formation appears to be more
substrate dependent and in some cases quite poor yields were observed. Synthetic routes for the
45 preparation of building blocks and target compounds are shown in Schemes 1 and 2. Several of
47 the building blocks have been reported previously?! and in the synthetic schemes only novel

compounds are numbered.
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Scheme 1¢ Preparation of aldehyde building blocks for reductive amination as the last step

37:R,=CHF,
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38: R;=CHF,, R,=Me OH 39:
43:
44
48:
49:
50:
51:

R,=MeO, R,;=Me, R,=H
R,=MeO, R,;=H, R,=Me
R,=H, R,=MeO, R,=H
R,=H, R,=H, R,=MeO
R,=CHF,, R,;=MeO, R,=H
R,=CHF,, R;=H, R,=MeO

#Reagents and conditions: (i) NaCN, 3-hydroxyazetidinium chloride, TEA, MeOH, rt (55%); (ii)
TEA, MsCl or TsCl, DCM, 0°C — rt (quant.); (iii) Cs2COs, DMA, 110°C (48-81%).

Scheme 2? Synthesis of analogues 6, 7, 10 and 11 using ether formation as the last step

R
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45: R,=MeO, R,=H
47:R,=H, R,=MeO

40: R,=Cl, R,=H
41: R,=H, R,=Cl

e N O

42: Ry=H
46: R,;=CHF,

6: R,=Cl, R,=R,=H

7:R,=H, R,=Cl, R,=H

10: R,=MeO, R,=H, R,;=CHF,
11: R,=H, R,=MeO, R,=CHF,

2Reagents and conditions: (i) Na(CH3CO2)3:BH, TEA, DCM, rt (43%-quant); (ii) Cs2COs, DMF or
DMA, 90°C (6-51%).
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Synthesis and medicinal chemistry of all compounds from the pyrimidine series (Table 4) have
been described earlier.?”%

To properly assess the extent of mEH-mediated metabolism, it was crucial to discriminate
between oxido-reductive and mEH-mediated hydrolytic ring-opening of the spiro-oxetane. Both
these metabolic steps can lead to the formation of hydrated (+18.0106 Da, i.e. +H>O) metabolites
(a mechanism for CYP-mediated oxetane hydration is proposed below). Experiments were
carried out in human liver microsomes (HLM) in the presence or absence of NADPH, a cofactor
for CYP enzymes but not for EH.?

First, a set of analogues containing the spiro-oxetanylazetidinyl building block with different
substitution patterns were investigated (entries 1-11, Table 1). These compounds formed two
distinct hydrated (+18 Da) metabolites from either oxido-reductive ring-opening of the azetidine
or via hydrolytic and/or oxido-reductive ring opening of the oxetane. Structures of both +18 Da
metabolites were confirmed by UPLC-MS analysis of HLM incubations of the analogue 1
alongside synthetic standards of both hydrolyzed oxetane (12) and ring-opened azetidine (13)
metabolites (See Supporting Information, Figure S1). For all compounds in this set (1-11),
formation of diol could be detected in the presence of NADPH and could account for as much as
15% of the total parent-related material (c¢/ 1 and 6; Table 1). In the absence of NADPH, diol
formation could be also detected for compounds 1-11, suggesting mEH-mediated diol formation
(Table 1). For the majority of compounds in the spiro-oxetanylazetidinyl series (Table 1), an
increase in diol formation was observed in the absence of NADPH, likely reflecting the higher
substrate availability to mEH-mediated hydrolysis in absence of a functional CYP system.
However, it is clear that subtle structural changes have a large impact on the metabolic fate of

compounds from this chemical series. For instance, meta-chloro substitution of the western
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phenyl ring (entry 7) followed the pattern observed for most compounds in the series, with an
increase of diol formation in the absence of NADPH. In contrast, ortho-chloro substitution of the
western phenyl ring (entry 6) led to a higher proportion of diol formation in the presence of
NADPH. Diol formation could also be detected in the absence of NADPH for 6 but CYP-
mediated oxetane ring-opening to diol is the major pathway for this compound, similar to what
has previously been reported for other oxetane-containing compounds.!*** A possible reaction
mechanism for oxetane ring-opening to diol by CYP-mediated oxidation, proceeds via a-
hydroxylation, spontaneous ring-opening to the aldehyde and finally reduction to diol by
aldehyde reductase.!*3° The eastern phenyl chloro-substituted pair 6 and 7 exhibit similar
physicochemical properties, with slightly higher logD (3.0 and 2.7, respectively) and lower pKa
(7.5 and 7.7, respectively), as compared to the non-chlorinated analogue 2 (logD 1.8, pKa 8.0).
The western phenyl methyl-substituted matched pair 8 and 9 both show an increase of diol
formation in the absence of NADPH. For 8, the diol metabolite increased fourfold in the absence
of NADPH (22% vs 5.2%, Table 1) and for 9, a two-fold increase was observed. This pair can be
compared to 1, which in addition, is also 4-methoxy-substituted in the eastern phenyl ring and
for which a decrease in diol formation was observed without NADPH. The introduction of a
methyl group in the western phenyl ring of 1 to yield 8 and 9 gave an increase in lipophilicity of
around 0.5 log units, an increase in overall hepatic metabolism and a higher proportion of non-

NADPH mediated diol formation.
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1
2
z Table 1. Physicochemical parameters, metabolic clearance and fraction of diol metabolites
5 formed in HLM from 2-oxa-6-azaspiro[3.3]heptanes (1-11).
6
7
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48
gg “Solubility, logD, pKa and CLin were measured as described previously®!; “LogD7.4 HPLC;
51 “Hhep, human hepatocytes; “HLM, human liver microsomes; average diol levels + range were
52 determined from duplicate incubations (60 min) of 10 uM substrate either with HLM or without
;31 NADPH. Diol metabolite levels are expressed as a percentage of the sum of the total parent-
55 related peak areas. All data are from reactions in absence of inhibitors.
56
57
58
59
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For the 1, 8 and 9 trio, the correlation to logD can be made, but comparing 1-5, all unsubstituted
in the western phenyl region and with different 4-substituents of the eastern phenyl region, there
is no clear correlation to lipophilicity and hepatic stability. For example, the most lipophilic
compound of these (4, logD 2.5), which as expected shows the highest hepatic turnover, is
metabolized to diol to a higher extent without NADPH. This is the case for all the examined
unsubstituted western phenyl analogues, with the exception of 1. This compound and the ortho-
chloro substituted western phenyl 6 are the only analogues of those examined to show a higher

degree of diol formation in the presence of NADPH.

In conclusion, for the spiro-oxetanylazetidinyl series there is no clear correlation between the
measured physicochemical properties, logD and pK., and mEH-mediated diol formation. Neither
does a higher metabolic turnover in complementary studies using human hepatocytes (Table 1)
correlate with a higher fraction of diol formed. However, it should be pointed out that the logD
range in the series is not very wide. The difference in the degree of mEH-mediated metabolism is
on the other hand quite significant, suggesting that introduction of an oxetane moiety can greatly
affect metabolic clearance pathways even within a rather narrow physicochemical property

space.

In an effort to better understand the observed SAR, we constructed a protein structure model of
human mEH and performed docking studies of the substrates to the model structure. The human
mEH model was constructed by comparative homology modelling using the crystal structure of
juvenile hormone epoxide hydrolase from the silkworm Bombyx mori (PDB ID: 4QLA)*? as
template and using the aligned inhibitor valpromide from the crystal complex with the
Aspergillus niger EH (PDB ID: 3GOI) in the model construction.** Compared to earlier published

models,** the structure model presented here is based on templates with a significantly higher
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degree of sequence identity overall and particularly so in the active site (see Figures S2 and S3
for more details of the homology model).

Initially, the N-methylated 3-methyloxetane analogue 14°° was used to guide docking and energy
minimizations in the active site (Figure 2a). Analysis of the low-energy binding mode of 14
suggested that ring closure to a 3-oxetane piperidine spirocycle should constitute an excellent fit
in the active site, presenting the oxetane oxygen in an optimal orientation for catalysis (Figure
2b). A methyl-substituted analogue of the spiro-piperidine was available in the AstraZeneca
compound collection, 15. When docking 15, the western methyl substituent could adopt two
rotamers that both fitted into the enzyme binding site. The rotamer where the methyl is pointing
inwards has a slightly more optimal orientation of the oxetane moiety in the catalytic site. This
rotamer is shown in Figure 2b. The spiro-piperidine 15 indeed showed almost complete

conversion to diol in the absence of NADPH (Figure 2b).

(0]
e, oo
| o) N-N
Ring closure U 14

pKa 8.0 Diol w NADPH 58%12% pKa 7.6 Diol w NADPH 47%12%
logD 3.0 Diol w/o NADPH 89%0.5% logD 3.6  Diol w/o NADPH 98%£2%
HLM 110 HLM >300

ACS Paragon P‘L]S Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 12 of 59

Figure 2. Docking poses in the active site of the mEH protein structure model. The accessible
surface of the protein, represented by how close an oxygen atom in a water molecule could be
without any steric repulsion, is shown for the parts of the protein that are in close proximity to
the ligand. Green color: hydrophobic areas, and purple: hydrophilic areas. The two tyrosines in
the active site coordinating with the ring oxygen in the ligand (Y299 & Y374, O---H distances in
A) and the catalytic aspartic acid (D226) are shown. a) A docked pose and the 2D representation
of 14; b) A docked pose and the 2D representation of 15. Data for the observed mEH-catalyzed

oxetane hydrolysis of 14 and 15 is shown beneath each structure.

In contrast, the spiro compound 2 (Table 1), which shows lower degree of diol formation,
cannot bind in a pose optimal for catalysis without minor steric clashes in the vicinity to the
oxetane (Figure S4). The docking pose for 2 suggests a steric clash, with the oxygen atom of the
oxetane penetrating through the interaction surface, shortened hydrogen bond distances and a
slightly bent oxetane ring. This steric hindrance for compound 2 compared to the corresponding
spiro-oxetane piperidine 15 suggests a marked difference in substrate turnover.

Attempts to crystallize the mEH protein have been unsuccessful to date.*® In the absence of X-
ray data, we applied the homology model and guided dockings to the bicyclic oxetane series. For
this series, the structural insights have been useful for understanding where the ligand vs active
site shape and electrostatic complementarity set limits for the ligand to bind in a pose that is
optimal for hydrolysis. The model was used to increase our qualitative understanding of mEH-
mediated oxetane hydrolysis for the bicyclic oxetane series.

We then wanted to expand the investigation of mEH-catalyzed hydrolysis to other ring
systems. The metabolism of a set of 2-spiro-oxetane pyrrolidines were investigated under the

same conditions as before (Table 2, compounds 16-20). NADPH-independent ring-opening of
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the oxetane was again observed, but for these compounds diol formation was generally higher in
the presence of NADPH, suggesting CYP-mediated oxidative diol formation is a more
pronounced competing pathway for these substrates. It should be noted that these pyrrolidines
are more lipophilic than the azetidines. However, this does not account for the increase in CYP-
mediated oxetane ring openings observed per se. As shown, more lipophilic substrates, e.g. spiro
piperidine 15, are completely turned over by mEH (Figure 2). For the spiro pyrrolidines, western
ortho-methoxy phenyl substitution attenuates CYP-independent diol formation. For 17, no diol
was formed in the absence of NADPH, suggesting that this compound is not a substrate of mEH.
The analogue 19 was turned over by mEH, which is somewhat surprising as the eastern phenyl
group according to our homology model would be partly outside the enzyme and substitutions of

this region should have a minor impact on the turnover.

Table 2. Physicochemical parameters, metabolic clearance and fraction of diol metabolites

formed in HLM from spiro oxetanes and tetrahydrofurans (16-22) and an embedded oxetane

(23).
C . -
grﬂ?ﬁt % Diol in % Diol in % Amino
Solubilit . HLM HLM
Compound  Structure M) y LogD* pKa®  (ul/min Wio alcohol w
/108 NADPH!  NADPH
cellsy  NADPHd

(o}
[0}
16 %N NPNO /
“@O Lkﬁ\f@o 3 39 60 487 1241 45102 0
[e] ~o o
ARG oWy
) LNJKNTN/V@ 60 38 80 275 2242 <1 0

(o]
| (o)
18 %\1 o o
/\C[o LN)K&N»/@ 221 35 60 250 232  15+3 0
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<1

21+1

<1
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2.7x0.2

“Solubility, logD, pKa and CLin were measured as described previously®!; LogD7.4 HPLC;
“Hhep, human hepatocytes; “HLM, human liver microsomes; average diol levels + range were
determined from duplicate incubations (60 min) of 10 uM substrate either with HLM or without
NADPH. Diol metabolite levels are expressed as a percentage of the sum of the total parent-

related peak areas. All data are from reactions in absence of inhibitors.

The meta-methoxy substituted western phenyl spiro-pyrrolidines 18 and 20 were hydrolyzed

by mEH to a much greater extent and for 20 even an increase in diol could be observed. Again,

this finding was unexpected and warrants further study of the SAR of CYP- vs mEH-mediated

oxetane ring-cleavage.

For spiro-tetrahydrofuran azetidines (Table 2, 21 and 22), no diol formation of the less strained

THF ring was detected in the absence of NADPH. The tetrahydrofuran ring of these compounds

was also stable to oxidative ring opening. Nor did an extended set of compounds containing only

tetrahydrofurans or tetrahydropyrans form any metabolites corresponding to the addition of

water (data not shown). However, the bridged and rather strained oxetanyl piperidine ring (Table

2, 23) was hydrolyzed to diol in the absence of NADPH. The observed increase in diol formation
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was quite pronounced, demonstrating that mEH-catalyzed ring opening of oxetanes is not only
confined to spirocyclic ring systems or simple oxetanes.

These data suggested that bicyclic oxetane rings were opened via hydrolysis and that this
metabolic route may be enhanced in the absence of NADPH, i.e. in the absence of a functional
CYP system. We further investigated whether spiro-oxetane metabolism by mEH would increase
also in the presence of a potent CYP inhibitor. A subset of compounds was selected to
investigate this hypothesis: the 3-oxetane azetidines 3, 4 and 5, the 3-oxetane piperidine 15, the
2-oxetane pyrrolidine 20, the 3-tetrahydrofuran azetidine 21 and the bridged oxetane 23. With
the exception of 21, which was included as a negative control, the selected compounds all had
shown an increase in diol formation in the absence of NADPH (Tables 1 and 2). The compounds
were incubated with HLM in the presence of a high concentration of the potent CYP inhibitor
ketoconazole and NADPH. The observed diol formation pattern matched our previous
observations in the +/- NADPH experiments. Compounds 3, 4, 5, 15, 20 and 23 showed an
increase in diol formation in the presence of ketoconazole (see Figure 3 for a representative plot
for 23), whereas this, as expected, was not the case for the 3-tetrahydrofuranyl-azetidine 21 (data
not shown). As seen in incubations devoid of NADPH (Figure 3 and Tables 1-2), an increase in
diol formation likely results from higher availability of the substrate to enzymes other than
CYPs, when these are inhibited by ketoconazole. To confirm the involvement of mEH, the same
set of compounds was also incubated with a high concentration of the selective mEH inhibitor

valpromide, this time abolishing diol formation (see Figure 3, for a representative plot for 23).
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Figure 3. Hydration of 23 in selective conditions. No HLM, incubations without human liver
microsomes; CTRL, incubations without inhibitors ((NADPH], I mM); No NADPH, incubations
in absence of NADPH; KTZ, incubations in presence of the CYP inhibitor ketoconazole (200
uM; [NADPH], 1 mM); VPD, incubations in presence of the mEH inhibitor valpromide (1 mM;
[NADPH], 1 mM). Results are expressed as a % of CTRL reactions; bars are averages of

duplicate measurements + range.

These results suggest that introduction of an oxetane can direct metabolism away from CYP
enzymes, which can have an impact on the risk of DDI in a chemical series. Of course, this will
vary considerably between different chemical lead series and, as we have shown, between
similar compounds from the same series. Nonetheless, introduction of an oxetane in a lead series
can be a way to avoid a high degree of metabolism by CYP enzymes.

In an effort to understand the minimum structural requirements for mEH-catalyzed hydrolysis,
we prepared a representative set of truncated spirocyclic analogues and analyzed their

biotransformation as described earlier (compounds 24-27, Table 3).
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1
2
z Table 3. Physicochemical parameters, metabolic clearance and fraction of diol metabolites
5 . .
6 formed in HLM from truncated spiro-oxetanes
7
o Solubili HLME CLint % Diol in HLM % Diol in HLM
olubility ¢ int o Diol In o DiIol In
?o Compound Structure @My LogD®  pKa o piimg)  WNADPHY  wio NADPHE
1 N/\©\
12 24 o/j[/ o 364 0.40 8.25 <3 0 0
13 o
14 QQN
25 744 150 8.08 28.3 8.3+0.4 10.9+0.2

15 /\©\0/
16 ‘
17 26 UQ 750 080 856 206 1 140
18 0 /\QO/ <
19 0
20 27 %u 610 1.80 ND 8.10 9.2+0.6 0
21 mo/
22 o : .

3Solubility, logD, pKa and CLiy were measured as described earlier’!; ®LogD7.4 HPLC; “HLM,
23 Yy, logh), p g
24 human liver microsomes; ‘Average diol levels + range were determined from duplicate incubations
25 (60 min) of 10 uM substrate with HLM. Diol metabolite levels are expressed as a percentage of
26 the sum of the total parent-related peak areas. All data are from reactions in absence of inhibitors.
27
28
29
2(1) The shortened 3-oxetanyl-azetidine 24 was metabolically stable to human liver microsomes,
32 . e . . .1
33 presumably due to low lipophilicity. Both oxetane piperidines 25 and 26 were hydrolyzed to a
34
35 greater extent by mEH in the absence of NADPH, but the turnover increase of 25 is much less
36
2573 pronounced than for the “full-length” analogue 15. For 27, formation of the diol metabolite was
39 NADPH-dependent and completely inhibited by ketoconazole, rather than valpromide (Figure
40 P pletely y p g
41
42 4a). This is consistent with a CYP-mediated oxidative biotransformation and matches the
43
44 findings for the spiro-oxetanyl-pyrrolidines of the long-chain series, particularly 17. To confirm
45
j? that addition of water occurred on the oxetane and not on the pyrrolidine, an authentic oxetane
48
49 ring-opened diol standard of 27 was synthesized (compound 28). When the reaction mixture
50
51 from incubations of 27 with HLM and NADPH was co-chromatographed with 28 they were
52
gi found to co-elute by UPLC-MS, thus confirming the spiro-oxetane of this truncated compound
55 . . c . .
56 was ring-opened via an oxidation/reduction sequence catalyzed by CYPs and a reductase (e.g.
57
58
59
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aldehyde reductase) as mentioned previously’, forming the diol metabolite 28 (Figures 4b and
4c).

We were then interested to understand whether mEH-catalyzed oxetane hydrolysis was
significant in a structurally-unrelated chemical series. A search in the AstraZeneca compound
collection was made and a series of oxetane-substituted pyrimidines were selected.?’>°

For the set of compounds selected (Table 4), matched pairs were available where the oxetane
moiety was attached to the pyrimidine core via either amine or ether linkers. Again, the overall
metabolism in HLM and diol formation in the presence and absence of NAPDH was investigated
as described earlier. For the amine-linked pyrimidines 29, 31 and 33, oxetane ring-opening
increased in the absence of NADPH (Table 4). Additional experiments showed that oxetane
cleavage was completely inhibited by valpromide, was unaffected by ketoconazole and was
NADPH-independent in HLM (see Figure 4d for a representative plot for 29). Similar results
were obtained in human hepatocytes (data not shown). Hydrolysis was also unaffected by the
soluble EH (sEH) inhibitor z~AUCB and was absent in human liver cytosol (HLC), ruling out the

contribution of sEH (data not shown). Interestingly, the oxetane ether-linked pyrimidine matched

pairs 30, 32 and 34 were completely stable to oxetane hydrolysis (Table 4).
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1
2
z Table 4. Physicochemical parameters, metabolic clearance and fraction of diol metabolites
5 . . . T
6 formed in HLM from N- and O-linked oxetane substituted pyrimidines (29-34) and N and O-
7
8 linked methyl oxetanes 35 and 36.
9
10
1 - R % Diolin % Diol in
12 Compound Structure So(lu,\t;:)l;ty LogD®  pKa F II‘/'\n/qlinC/:nlg'”; HLMw  HLM w/o
13 ! H 9 NADPH!  NADPH
14 o /@,\OH
15
29 NZ NN 580 11 28 <2 210 2740
16 OQ\\NA@*
17 :
18 o OH
19 30 NP ON 867 20 ND <2 0 0
20 ? [ H '
LA,
21
22 OH
i e
24 31 o N7 >2520 1.6 2.4 <3.5 8.50.2 12+0
- &Nxﬁfé
26 "
27 OH
o ;
28 32 N7 N/@ 818 16 ND 6.1 0 0
29 ? | H : .
&Oxﬁikg
30
31 OH
; 1,
33 33 . YUK >1820 21 26 <2 9.4+0.6 14+0
34 N SN
35
36 o g LOH
i 34 NZNTN 476 19 26 2.8 0 0
(0] | . . .
38 BN
39
40

o
41 /
s 35 Q@“@O L“k@f@" 61 2 82 103 3240 310
o
/
44 36 F0, /C/NJ\,\}(\?@O 3 ND  ND >300 79:21 98+3

46 3Solubility, logD, pKa and CLin were measured as described earlier®'; ®LogD7.4 HPLC; “HLM,
human liver microsomes; ‘Average diol levels + range were determined from duplicate incubations
(60 min) of 10 uM substrate with HLM. Diol metabolite levels are expressed as a percentage of
50 the sum of the total parent-related peak areas. All data are from reactions in absence of inhibitors.
51 ND, not determined.
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Figure 4. A) Hydrolysis of 27; B) and C) UPLC-MS extracted ion chromatograms for:
compound 27 and its hydrated metabolite formed in an incubation with HLMs and NADPH (B);
synthetic diol 28 (C). Peak labels are m/z values and correspond to parent (m/z 234.1484) and
hydrated metabolite (m/z 252.1596). D) Hydrolysis of 29. Abbreviations in panels A and D are as
defined in the legend for Figure 3. Results are expressed as a % of CTRL reactions; bars are

averages of duplicate measurements + range.

The matched pair 29 and 30 could both be docked into the active site of the homology model
in a pose suitable for catalysis, as shown in Figure 5. Hence, the lack of diol formation of 30 in
the absence of NADPH could not be explained by how it fits into the active site of the model.
The proximity of the amine/ether link to the site of hydrolysis suggests that this may be due to a

reactivity difference between the anilinic and phenolic oxetane substituent in 29 and 30,
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respectively. Furthermore, dockings with the amine-linked pyrimidines 29, 31 and 33 (Figure
S5) revealed a trend towards more steric hindrance with increasing size of cyclic alkyls resulting
in a docking pose for the cyclopentyl-substituted pyrimidine 33 clearly less optimal for catalysis.
However, the difference in diol formation in absence of NADPH between the cyclopropyl-
substituted pyrimidine 29 and the cyclobutyl-substituted pyrimidine 31 could not be resolved by
the model.

This prompted us to incorporate an ether linker between the proximal phenyl ring and the
terminal methyl oxetane. For this purpose, compound 36 was synthesized to form a matched pair
with the simple oxetane 35 and subjected to the same battery of assays (Table 4).

To our surprise, the opposite relationship was observed, with oxetane hydrolysis in the absence
of NADPH increasing from 31% with the amine-linked compound 35 to 98% with the ether
linked 36 (Table 4). In an attempt to rationalize this finding, the homology model was revisited.
A closer look at the binding site suggested that the substrates with spirocyclic amines or their
corresponding ring-opened analogues would bind more strongly in their neutral states.

This can be deduced from the lipophilic nature of the binding site region. Introduction of a
positive charge in this lipophilic cavity would decrease affinity for the ligand and reduce diol
formation. This may be an explanation as to why the ether analogue 36 shows such a high degree
of diol formation, as it is neutral. However, it should be pointed out that there is no general trend
towards higher degree of diol formation for amine substrates with a lower pKa within the pKa
range examined. Again, this is an example of how structural changes in other regions of the
molecule aside from the oxetane ring system can have a marked effect on the metabolic fate and

these effects appear to vary between chemical series.
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Figure 5. Docking poses of 29 (left) and 30 (right) in the active site of the mEH protein
structure model. The accessible surface of the protein, represented by how close an oxygen atom
in a water molecule could be without any steric repulsion, is shown for the parts of the protein
that are in close proximity to the ligand. Green color: hydrophobic areas and purple: hydrophilic
areas. The two tyrosines in the active site coordinating with the ring oxygen in the ligand (Y299

& Y374, O---H distances in A) and the catalytic aspartic acid (D226) are shown.

A set of electronic properties were also calculated using both semi-empirical QM (am1 and pm3)
and density functional theory B3LYP/6-31G* calculations.’” Both LUMO energies and partial
charges for the oxygen and surrounding carbon atoms in the oxetane/tetrahydrofuran rings were
calculated using the methods described above. Calculations were performed for the oxetane/
tetrahydrofuran containing fragments which included substitutions that affect reactivity (11

fragments in total were identified in the dataset). LUMO energy calculations using semi-
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empirical methods were also performed on intact molecules. No correlations between these
electronic properties and the degree of diol formation w/o NADPH were found in the dataset
(data not shown). The most likely explanation for this lack of correlation is that the degree of
hydrolytic ring-opening is related to both the fit of the substrate to the active site and the
reactivity of the substrate. These factors would not necessarily be individually correlated with the

calculated physicochemical properties and the combination most certainly not.

CONCLUSIONS

Building on our previous work?>?° we have considerably expanded our knowledge on the
chemical space of non-epoxide substrates of mEH. Our findings demonstrate that short- and
long-chain bicyclic oxetanes as well as a second structurally distinct compound series containing
simple oxetanes are turned over by mEH, confirming that hydrolysis by mEH is not confined to
oxiranyl substrates only.

A homology model of human mEH was developed, that is improved with respect to sequence
similarity as compared to earlier models described in the literature.*** The structural insights
from the homology model and guided dockings were useful for understanding the limits for the
ligand to bind in a pose which was optimal for hydrolysis by mEH. With this model we can
partially understand and explain the SAR in terms of degree of diol formation.

There were no clear correlations between the degree of oxetane hydrolysis and
physicochemical properties such as pKa and logD or from calculated electronic properties i.e.
LUMO energies or partial charges.>” This study shows that hydrolytic ring-opening is an
important metabolic pathway for oxetanes over different ring systems and that substitution and

small structural changes within a chemical series can greatly affect non-oxidative pathways. This
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study also demonstrates that it is possible to direct a compound’s metabolic clearance via mEH
by careful selection of substituted bicyclic or simple oxetanes. Thus, by decreasing the
dependence on CYP-mediated oxidations, metabolic stability may be optimized and drug-drug
interaction risk decreased.

Attempts at modulating the clearance of small molecules to non-CYP mediated pathways is
however not without risk. Human PK may be poorly predicted, since knowledge around mEH
biology is relatively limited compared to the CYP system. Problems have been observed with
AO-driven clearance recently and have led to clinical failure,’® though improvements to AO
scaling using e.g. multispecies allometry have recently been reported.*®* mEH is known to be
widely expressed in human tissues, where it may also take part in physiological function, and

polymorphic variants have been reported?3: 2+ 3% 40

indicating possible risks for exposure
underprediction and inter-individual variability for the metabolism of its substrates.
Further fundamental research into this important non-CYP drug-metabolizing enzyme is thus

warranted and we strongly recommend that screening for mEH-mediated metabolism is included

in drug discovery projects with oxetane-containing lead series.

EXPERIMENTAL SECTION

General Chemistry. Purchased chemicals were reagent-grade and used without purification.
'"H NMR spectra were recorded at 400, 500 or 600 MHz Chemical shifts (ppm) and were
determined relative to internal solvent (& 7.26 ppm; CDClI3, 6 2.50 ppm; DMSO-ds, 6 3.31 ppm;
MeOD). Microwave-assisted synthesis was carried out in an Initiator synthesizer single mode
cavity instrument producing controlled irradiation with a power range 0—400 W at 2450 MHz

(Biotage AB, Uppsala, Sweden). Analytical HPLC/MS was conducted on a QTOF mass
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spectrometer using a UV detector monitoring either at (a) 210 nm with a BEH C18 column (2.1
mm X 100 mm, 1.7 pm, 0.7 mL/min flow rate), using a gradient of 2% v/v ACN in H>O
(ammonium carbonate buffer, pH 10) to 98% v/v ACN in H>O, or at (b) 230 nm with an HSS
C18 column (2.1 mm x 100 mm, 1.8 um, 0.7 mL/ min flow rate), using a gradient of 2% v/v
ACN in H20O (ammonium formate buffer, pH 3) to 98% v/v ACN in H>O. Preparative HPLC was
performed by Waters Fraction Lynx with ZQ MS detector on either a Waters Xbridge C18 OBD
5 um column (19%150 mm, flow rate 30 mL/min or 30x150 mm, flow rate 60 mL/min) using a
gradient of 5-95% ACN with 0.2% NHj3 at pH 10 or a Waters SunFire C18 OBD 5 pm column
(19x150 mm, flow rate 30 mL/min or 30%150 mm, flow rate 60 mL/min) using a gradient of 5—
95% ACN with 0.1 M formic acid. Automated flash chromatography was performed on a
Biotage system using a SiO2 column and UV detection. High-resolution mass spectrometry
(HRMS) was carried out using high-resolution electrospray ionization mass spectrometry where
the spectrometer was linked together with an Acquity UPLC system. All tested compounds were
determined to be >95% pure using the analytical method a or b described above based on the

peak area percentage.

Compounds 1, 2, 16, 21 and 22 as well as intermediates 6-(4-(azetidin-3-yloxy)benzyl)-2-oxa-6-
azaspiro[3.3]heptane, 4-(1-(5-(4-methoxyphenyl)-1,3,4-oxadiazole-2-carbonyl)azetidin-3-
yloxy)benzaldehyde, 4-((1-(5-phenyl-1,3,4-oxadiazole-2-carbonyl)azetidin-3-
yl)oxy)benzaldehyde, 1-(5-(4-methoxyphenyl)-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl
methanesulfonate, 1-(5-phenyl-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl methanesulfonate and
(3-hydroxyazetidin-1-yl)(5-phenyl-1,3,4-oxadiazol-2-yl)methanone were all synthesized as

previously described.?! All 5-phenyl-1,3,4-oxazole intermediates were synthesized from the
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corresponding benzohydrazines.** Compounds 29, 30, 31, 32, 33 and 34 have previously been
described.?” Compounds 14 and 35 were synthesized according to a previously described

procedure.?®

(3-(4-(2-oxa-6-azaspiro[3.3]heptan-6-ylmethyl)phenoxy)azetidin-1-yl)(5-(4-
(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)methanone (3).
(5-(4-(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)-(3-hydroxyazetidin- 1-yl)methanone (37).
Ethyl 5-(4-(difluoromethyl)phenyl)-1,3,4-oxadiazole-2-carboxylate (1.0 g, 3.73 mmol) and
azetidin-3-ol hydrochloride (490 mg, 4.47 mmol) were mixed in MeOH (20 mL). TEA (0.62 mL,
4.47 mmol) was added followed by NaCN (0.18 g, 3.73 mmol) and the reaction was stirred at rt
for 2 days. Most of the MeOH was evaporated off and water (20 mL) was added into the residue.
The mixture was stirred for 5 min and the formed precipitate was filtered off, washed with water
(10 mL) and dried under vacuum to afford 37 (603 mg, 55%). 'H NMR (400 MHz, CDCl3) &
8.26 (d, J=17.3 Hz, 2H), 7.69 (d, J= 7.3 Hz, 2H), 6.72 (t, /=56 Hz, 1H), 4.75 — 5.11 (m, 2H),
4.43 —4.69 (m, 2H), 4.16 (d, /= 10.6 Hz, 1H), 2.39 (s, 1H).
(1-(5-(4-(difluoromethyl)phenyl)-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl) methanesulfonate
(38). 37 (603 mg, 2.04 mmol) was dissolved in DCM (10 mL) and cooled in an ice-bath. TEA
(0.311 mL, 2.25 mmol) was added and then MsCl (0.167 mL, 2.14 mmol) was added dropwise
over 5 min. The ice-bath was removed and the reaction stirred to rt for 3h. More DCM and aq.
NaHCOs3 were added, the mixture filtered through a phase separator and evaporated to give 38
(807 mg, 106%). '"H NMR (400 MHz, CDCls) & 8.26 (d, J = 8.2 Hz, 2H), 7.70 (d, J= 8.2 Hz,
2H), 6.72 (t, /=56 Hz, 1H), 5.34 — 5.48 (m, 1H), 5.06 — 5.20 (m, 1H), 4.83 —4.95 (m, 1H), 4.59

—4.72 (m, 1H), 4.37 — 4.50 (m, 1H), 3.13 (s, 3H).
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4-(1-(5-(4-(difluoromethyl)phenyl)- 1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl)oxybenzaldehyde
(39). 38 (800 mg, 2.14 mmol), 4-hydroxybenzaldehyde (275 mg, 2.25 mmol) and cesium
carbonate (733 mg, 2.25 mmol) were mixed in DMA (10 mL) and stirred at 100°C over night.
After cooling to rt, EtOAc was added to the reaction mixture which was washed with water (4x),
dried (MgSOs) and evaporated. The residue was purified by automated flash chromatography on
a 50g column. A gradient from 30% to 100% of EtOAc in heptane over 15CV was used as
mobile phase. The product was collected using the wavelength 272 nm. Relevant fractions were
pooled and evaporated to afford 39 (333 mg, 39%). 'H NMR (400 MHz, CDCl3) 6 9.93 (s, 1H),
8.27 (d, J=8.4 Hz, 2H), 7.85 - 7.93 (m, 2H), 7.70 (d, J = 8.2 Hz, 2H), 6.91 (d, J= 8.7 Hz, 2H),
6.79 (t,J=56 Hz, 1H), 5.14 — 5.25 (m, 2H), 4.77 — 4.86 (m, 1H), 4.72 (dd, J = 6.2, 12 Hz, 1H),
438 (dd,J=2.1,11.7 Hz, 1H).

(3-(4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)phenoxy)azetidin-1-yl) (5-(4-
(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)methanone (3). 39 (55 mg, 0.14 mml), 2-oxa-6-
azaspiro[3.3]heptane oxalate (32 mg, 0.17 mmol) and TEA (0.057 mL, 0.41 mmol) were mixed
in DCM (2 mL) and stirred at rt for 30 min. Sodium triacetoxyhydroborate (58 mg, 0.28 mmol)
was added and the reaction was stirred at rt over weekend. NaHCOj3 (sat. 2 mL) and DCM (2
mL) were added, the mixture stirred, filtered through a phase separator and evaporated. The
product was purified by preparative HPLC eluting with a gradient of ACN (5-95%) in 0.2%
ammonia buffer to afford 3 (40 mg, 60%). 'H NMR (400 MHz, CDCl3) & 8.26 (d, J= 8.3 Hz,
2H), 7.69 (d, J = 8.2 Hz, 2H), 7.19 (d, J = 8.6 Hz, 2H), 6.88 — 6.55 (m, 3H), 5.18 — 5.03 (m, 2H),
4.79 —4.75 (m, 1H), 4.74 (s, 4H), 4.69 — 4.61 (m, 1H), 4.37 — 4.30 (m, 1H), 3.50 (s, 2H), 3.38 (s,

4H). HRMS calcd for Ca2sHasFaNsO4", [M+H], 483.1844; found 483.1884.
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(3-(4-(2-oxa-6-azaspiro[3.3]heptan-6-ylmethyl)phenoxy)azetidin-1-yl)(5-(4-
(difluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)methanone (4). Ethyl 5-(4-
(difluoromethoxy)phenyl)-1,3,4-oxadiazole-2-carboxylate (60 mg, 0.21 mmol) and 6-(4-
(azetidin-3-yloxy)benzyl)-2-oxa-6-azaspiro[ 3.3 Jheptane (50 mg, 0.19 mmol) were mixed in
MeOH (6 mL). NaCN (3.8 mg, 0.08 mmol) was added and the reaction was stirred at rt for 3 h.
The mixture was diluted with DCM (50 mL), the organic layer washed with Na>CO3 (aq), dried
by filtering through a phase separator and evaporated. The crude product was purified by Si flash
column chromatography (first eluting with EtOAc (250 mL) and then eluting the product with
DCM : MeOH (2M NH3) 20:1) to afford 4 (65 mg, 68%). 'H NMR (500 MHz, CDCls) & 8.18 (d,
J=28.7Hz, 2H), 7.35 - 7.18 (m, 4H), 6.84 — 6.44 (m, 3H), 5.17 — 5.04 (m, 2H), 4.76 (bs, 4H),
4.70 — 4.60 (m, 2H), 4.43 —4.29 (m, 2H), 4.13 — 3.94 (m, 1H), 3.61 (bs, 4H). HRMS calcd for

CasHasFaN4Os™, [M + H], 499.1793; found 499.1767.

(3-(4-(2-oxa-6-azaspiro|3.3]heptan-6-ylmethyl)phenoxy)azetidin-1-yl)(5-(4-fluorophenyl)-
1,3,4-oxadiazol-2-yl)methanone (5). Ethyl 5-(4-fluorophenyl)-1,3,4-oxadiazole-2-carboxylate
(55 mg, 0.23 mmol) and 6-(4-(azetidin-3-yloxy)benzyl)-2-oxa-6-azaspiro[ 3.3 Jheptane (55 mg,
0.21 mmol) were mixed in MeOH (6 mL). NaCN (4.1 mg, 0.08 mmol) was added and the
reaction was stirred at rt for 3 h. The mixture was diluted with DCM (50 mL), washed with
Na>COs (aq), dried by filtering through a phase separator and evaporated. The crude product was
purified by Si flash column chromatography (first eluting with EtOAc and then eluting the
product with DCM:MeOH (2M NH3) 20:1) to afford 5 (75 mg, 79%). '"H NMR (500 MHz,
CDCl) 6 8.23 —8.12 (m, 2H), 7.31 — 7.11 (m, 4H), 6.73 (d, /= 8.5 Hz, 2H), 5.17 — 5.00 (m,
2H), 4.79 — 4.69 (m, 5H), 4.69 — 4.59 (m, 1H), 4.32 (dd, J=11.5, 2.5 Hz, 1H), 3.49 (s, 2H), 3.37

(s, 4H). HRMS calcd for C24H24FN4O4*, [M+H]", 451.1781; found 451.1773.
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(3-(4-(2-oxa-6-azaspiro[3.3]heptan-6-ylmethyl)-3-chlorophenoxy)azetidin-1-yl)(5-phenyl-
1,3,4-oxadiazol-2-yl)methanone (6).

3-chloro-4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)phenol (40). 2-Chloro-4-hydroxy-
benzaldehyde (0.5 g, 3.19 mmol) and 2-oxa-6-azaspiro[3.3]heptane (0.55 g, 3.83 mmol) were
mixed in DCM (35 mL). After stirring for 20 min, sodium triacetoxyborohydride (1.02 g, 4.79
mmol) was added and the reaction mixture stirred at rt overnight. The mixture was diluted with
DCM and transferred to a separatory funnel. Water was added and the organic phase was rinsed
out (the product is in the water layer). The water phase was saturated with KoCO3; and DCM was
added (organic phase is placed above the saturated water layer). The organic layers were
separated and the saturated water phase was extracted two more times with DCM. The organic
layers were combined, dried (phase separator) and concentrated to give 40 (0.653 g, 85%). 'H
NMR (500 MHz, CDCl3) 6 7.09 (d, J= 8.4 Hz, 1H), 6.71 (d, J=2.5 Hz, 1H), 6.55 (dd, /= 2.5,
8.4 Hz, 1H), 4.74 (s, 4H), 3.62 (s, 2H), 3.50 (s, 4H). LCMS (ES-) m/z [M - H]: 238.1.
(3-(4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)-3-chlorophenoxy)azetidin- 1-yl) (5-phenyl-1,3,4-
oxadiazol-2-yl)methanone (6). 40 (0.33 g, 1.38 mmol) was dissolved in dry DMF (10 mL) and
Cs2C03 (0.90 g, 2.75 mmol) was added. The reaction mixture was stirred for 10 min before 1-(5-
phenyl-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl methanesulfonate (0.67 g, 2.07 mol) was
added. The reaction mixture was stirred at 90°C for 24 h, then filtered and evaporated. The
residue was purified by preparative HPLC eluting with a gradient of ACN (15-55%) in 0.2%
ammonia buffer to afford the product. 'TH-NMR revealed a minor impurity, so the product was
re-purified by silica gel chromatography eluting the product with DCM/MeOH(2M NH3) 20:1
followed by trituration with diethyl ether to afford 6 (213 mg, 33%). 'H NMR (500 MHz,

CDCl3) 5 8.21 — 8.10 (m, 2H), 7.65 — 7.49 (m, 3H), 7.28 (d, J = 8.5 Hz, 1H), 6.79 (d, J = 2.5 Hz,
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1H), 6.68 (dd, J = 8.5, 2.5 Hz, 1H), 5.17 — 5.10 (m, 1H), 5.08 — 5.01 (m, 1H), 4.79 — 4.71 (m,
5H), 4.68 — 4.61 (m, 1H), 4.36 — 4.28 (m, 1H), 3.60 (s, 2H), 3.44 (s, 4H). HRMS calcd for

C24H24CIN4O4" [M+H]", 467.1486; found 467.1495.

(3-(4-(2-oxa-6-azaspiro[3.3]heptan-6-ylmethyl)-2-chlorophenoxy)azetidin-1-yl)(5-phenyl-

1,3,4-oxadiazol-2-yl)methanone (7).

2-chloro-4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)phenol (41). 2-Oxa-6-azaspiro[3.3 heptane
oxalate (150 mg, 0.79 mmol), 3-chloro-4-hydroxybenzaldehyde (160 mg, 1.02 mmol), TEA (310
mg, 3.06 mmol) and HOAc¢ (60 mg, 1.00 mmol) were dissolved in DCM (50 mL). Sodium
triacetoxyborohydride (320 mg, 1.51 mmol) was added and the mixture stirred at rt for 2 h, then
concentrated at reduced pressure. The residue was taken up in HCI (1M, 20mL) and EtOAc (20
mL). The aqeous phase was basified with KoCOj3 to pH=8, then extracted with EtOAc (2x50 ml).
The combined extracts were washed with brine, dried over Na;SOs, filtered and concentrated to
give 41 (160 mg, 84 %). 'H NMR (500 MHz, CD;0D) § 7.22 (s, 1H), 7.03 (d, J= 7.7 Hz, 1H),
6.85 (d, J=8.2 Hz, 1H), 4.72 (s, 4H), 3.48 (s, 2H), 3.43 (s, 4H). LCMS (ES+) m/z [M + H]":
239.9.

1-(5-phenyl-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl 4-methylbenzenesulfonate (42). (3-
hydroxyazetidin-1-yl)(5-phenyl-1,3,4-oxadiazol-2-yl)methanone (250 mg, 1.02 mmol) and TsCl
(250 mg, 1.31 mmol) were dissolved in DCM (20 mL) and TEA (0.27 ml, 1.98 mmol) was
added. The mixture was stirred at rt for 20 h, then evaporated. The residue was taken up in
EtOAc (50 mL) and water (20 mL), the organic phase washed with brine, dried over Na;SOs,
filtered and concentrated to dryness. The solid residue was treated with diethyl ether (10 mL),
filtered and washed with cold diethyl ether (5 mL) and air dried to give 42 (365 mg, 90 %). 'H

NMR (500 MHz, CDCls) & 8.14 (d, J=7.5 Hz, 2H), 7.83 (d, J = 8.1 Hz, 2H), 7.48 — 7.65 (m,
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3H), 7.40 (d, J= 8.1 Hz, 2H), 5.23 (s, 1H), 4.97 (s, 1H), 4.72 (d, /= 12 Hz, 1H), 4.47 (s, 1H),
423 (d, J=9.5 Hz, 1H), 2.49 (s, 3H). LCMS (ES+) m/z [M + H]": 400.0.
(3-(4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)-2-chlorophenoxy)azetidin- 1-yl)(5-phenyl-1, 3,4-
oxadiazol-2-yl)methanone (7). 41 (130 mg, 0.54 mmol), 42 (220 mg, 0.55 mmol) and cesium
carbonate (200 mg, 0.61 mmol) were mixed in a 5 mL microwave vial. DMF (5 mL) was added,
the vial capped and the mixture was irradiated (130 °C for 30 min). The mixture was poured into
EtOAc (30 mL) and water (15 mL). After separation the organic phase was washed with brine,
dried over Na;SOs, filtered and concentrated at reduced pressure. The residue was suspended in
toluene (20 mL) and concentrated again. This residue was flash chromatographed on a silica
column (10 % TEA in EtOAc) to give the desired product 7 (130.0 mg, 51.3 %). 'H NMR (400
MHz, CDCI3) 06 8.21 — 8.12 (m, 2H), 7.67 — 7.47 (m, 4H), 7.37 — 7.11 (m, 1H), 6.80 — 6.58 (m,
1H), 5.23 — 5.09 (m, 2H), 5.00 — 4.62 (m, 5H), 4.53 —4.30 (m, 3H), 4.28 — 4.01 (m, 2H), 3.99 (s,
1H), 3.93 — 3.58 (m, 2H). HRMS calcd for C24H24CIN4O4", [M + H]", 467.1486; found

467.1444.

3-(4-(2-oxa-6-azaspiro[3.3|heptan-6-ylmethyl)-3-methylphenoxy)azetidin-1-yl)(5-(4-

methoxyphenyl)-1,3,4-oxadiazol-2-yl)methanone (8).

4-(1-(5-(4-methoxyphenyl)-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl)oxy-2-methyl-
benzaldehyde (43). 4-Hydroxy-2-methylbenzaldehyde (17.9 g, 131 mmol) and 1-(5-(4-
methoxyphenyl)-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl methanesulfonate (52.7 g, 149 mmol)
were mixed in DMA (250 mL). The mixture was heated to 95°C over 2 h, cesium carbonate (57
g, 175 mmol) was added at 70°C and the reaction was stirred at 95°C for 18 h. HOAc (11.3 mL,
197 mmol) was added to quench the reaction (CO> formed) and the mixture was stirred at 30°C

for 30 min, then most of the DMA was evaporated off at 60°C on a rotary evaporator. To the
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residue, EtOAc (400 mL) was added and the organic phase washed with water (3x150 mL), then
EtOAc was evaporated off. To the residue, MeOH (500 mL) was added and the slurry was stirred
at 5°C overnight. The cold slurry was filtered, the filter cake washed with cold MeOH (2x100
mL) and the solid was dried under vacuum and heat (50°C) overnight to give 43 (34.6 g, 67%).
"H NMR (400 MHz, CDCls) § 10.14 (s, 1H), 8.09 (d, J = 8.9 Hz, 2H), 7.78 (d, J = 8.5 Hz, 1H),
7.02 (d, J=28.9 Hz, 2H), 6.72 (dd, J=2.4, 8.5 Hz, 1H), 6.64 (d,J=2.1 Hz, 1H), 5.10 — 5.21 (i,
2H), 4.63 — 4.81 (m, 2H), 4.34 (dd, /=2.2, 11.6 Hz, 1H), 3.89 (s, 3H), 2.66 (s, 3H).
3-(4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)-3-methylphenoxy)azetidin- 1-yl)(5-(4-
methoxyphenyl)-1,3,4-oxadiazol-2-yl)methanone (8). 43 (1.3 g, 3.30 mmol) was dissolved in
DCM (40 mL). 2-oxa-6-azaspiro[3.3]heptane hemioxalate (0.953 g, 3.30 mmol), TEA (1.84 mL,
13.22 mmol) and sodium triacetoxyborohydride (2.10 g, 9.91 mmol) were added. THF (20 mL)
was added to improve solubility of the amine and the reaction was stirred at rt for 18 h. DCM (50
mL) and NaHCO;3 (sat., 50 mL) were added, the mixture shaken and the phases separated. The
aqueous phase was extracted with DCM (50 mL). The combined organic phases were dried with
a phase separator and evaporated in vacuo. The residue was purified by automated flash
chromatography on a Biotage® KP-SIL 100g column. A gradient of NH; in MeOH (2 M)/DCM
2:98 - 4:96 over 8 CV was used as mobile phase. The product was collected using the
wavelength 294 nm. The product fractions were pooled and evaporated in vacuo. The residue
was repurified by preparative HPLC on a XBridge C18 column (10 pm 250x50 ID mm) using a
gradient of 35-75% ACN in HO/ACN/NH3 95/5/0.2 buffer over 20 min with a flow of 100
mL/min. The compounds were detected by UV at 290nm. The product fractions were freeze
dried to yield the product 8 (1.01 g, 63.8 %). 'H NMR (400 MHz, CDCls) § 8.09 (d, J = 8.9 Hz,

2H), 7.13 (d, J = 8.3 Hz, 1H), 7.01 (d, J = 8.9 Hz, 2H), 6.61 — 6.5 (m, 2H), 5.16 — 4.99 (m, 2H),
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4.79 - 4.67 (m, 5H), 4.67 — 4.58 (m, 1H), 4.36 — 4.23 (m, 1H), 3.88 (s, 3H), 3.46 (s, 2H), 3.37 (s,

4H), 2.28 (s, 3H). HRMS calcd for C26H20N4O5", [M + H]", 477.2138; found 477.2137.

(3-(4-(2-oxa-6-azaspiro[3.3]heptan-6-ylmethyl)-2-methylphenoxy)azetidin-1-yl)(5-(4-

methoxyphenyl)-1,3,4-oxadiazol-2-yl)methanone (9).

4-(1-(5-(4-methoxyphenyl)-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl)oxy-3-methyl-
benzaldehyde (44). 4-Hydroxy-3-methylbenzaldehyde (1.7 g, 12.5 mmol) and 1-(5-(4-
methoxyphenyl)-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl methanesulfonate (4 g, 11.3 mmol)
were mixed in DMA (15 mL). Cesium carbonate (4.43 g, 13.6 mmol) was added and the mixture
was stirred at 97°C for 20 h, then cooled to rt. DCM (100 mL) and water (30 mL) were added,
the phases separated and the organic phase was washed with sat. K-CO3 (30 mL) and water (30
mL), filtered through a phase separator and evaporated. Diethyl ether (20 mL) was added to give
a slurry. The solid was filtered off and washed with MeOH (10 mL) and diethyl ether (10 mL)
then dried under vacuum to give 44 (2.12 g, 48%). '"H NMR (400 MHz, CDCls) § 9.89 (s, 1H),
8.10 (d, J=8.8 Hz, 2H), 7.67 — 7.78 (m, 2H), 7.03 (d, J = 8.9 Hz, 2H), 6.61 (d, J= 8.3 Hz, 1H),
5.12 - 5.24 (m, 2H), 4.67 — 4.85 (m, 2H), 4.32 — 4.41 (m, 1H), 3.89 (s, 3H), 2.32 (s, 3H). LCMS
(ES+) m/z [M +H]": 394.

(3-(4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)-2-methylphenoxy)azetidin-1-yl)(5-(4-
methoxyphenyl)-1,3,4-oxadiazol-2-yl)methanone (9). 44 (2.11g, 5.36 mmol) was suspended in
DCM (30 mL). 2-oxa-6-azaspiro[3.3]heptane hemioxalate (0.812 g, 5.63 mmol), TEA (0.82 ml,
5.9 mmol) and then sodium triacetoxyhydroborate (2.27 g, 10.7 mmol) were added. The mixture
was stirred at rt overnight. DCM (100 mL) and NaHCO3 (sat. 20 mL) were added and the two
phases separated by using a phase separator. The organic phase was evaporated to dryness and

the residue was purified by Si column chromatography, eluting with ammonia in MeOH
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(2M)/DCM (1:99, 2:98). The obtained product (1.91 g) was re-crystallized in EtOAc to give 9
(1.67 g, 65%). 'H NMR (400 MHz, CDCl3) & 8.09 (d, J= 8.9 Hz, 2H), 7.09 — 6.95 (m, 4H), 6.42
(d, /J=8.2 Hz, 1H), 5.17 —4.99 (m, 2H), 4.78 — 4.68 (m, SH), 4.68 — 4.58 (m, 1H), 4.36 —4.27
(m, 1H), 3.88 (s, 3H), 3.43 (s, 2H), 3.34 (s, 4H), 2.22 (s, 3H). HRMS calcd for C26H20N4O0s", [M

+H]", 477.2138; found 477.2149.

(3-(4-(2-oxa-6-azaspiro[3.3]heptan-6-ylmethyl)-3-methoxyphenoxy)azetidin-1-yl)(5-(4-

(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)methanone (10).

3-methoxy-4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)phenol (45). 4-Hydroxy-2-
methoxybenzaldehyde (0.31 g, 2.05 mmol), 2-oxa-6-azaspiro[ 3.3 heptane hemioxalate (0.44 g,
1.54 mmol) and TEA (1.14 mL, 8.20 mmol) were mixed in DCM (8 mL) and stirred for 30 min.
Sodium triacetoxyhydroborate (0.87 g, 4.10 mmol) was added and the reaction stirred for 24 h.
The reaction mixture was diluted with DCM (50 mL) and 8% NaHCO3 (85 mL) was added. The
organic phase was separated and the aqueous layer extracted with DCM (2x50 mL). The organic
phases were pooled, filtered through a phase separator and evaporated to provide 45 (207 mg,
43%). LCMS (ES+) m/z [M + H]": 236.2.

1-(5-(4-(difluoromethyl)phenyl)- 1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl 4-
methylbenzenesulfonate (46). To 37 (4.82 g, 16.1 mmol) in DCM (100 mL) were added TsCl
(4.35 g, 22.8 mmol) and N,N-dimethylpyridin-4-amine (2.89 g, 23.7 mmol) and the reaction was
stirred at rt for 20 h. 0.5 M KHSO4 (aq, 100 mL) was added and the organic phase was washed
with 8% NaHCOs3 (aq, 100 mL), dried over a phase separator and evaporated to give 46 (7.24 g,
99%). 'H NMR (400 MHz, CDCl3) § 8.22 (d, J= 8.1 Hz, 2H), 7.81 (d, J = 8.3 Hz, 2H), 7.67 (d,

J=8.3Hz, 2H), 7.39 (d, J = 8.2 Hz, 2H), 6.70 (t, J= 56 Hz, 1H), 5.17 — 5.26 (m, 1H), 4.94 —
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5.02 (m, 1H), 4.67 —4.76 (m, 1H), 4.42 —4.51 (m, 1H), 4.18 — 4.26 (m, 1H), 2.48 (s, 3H). LCMS
(ES+) m/z [M + H]": 450.1.

(3-(4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)-3-methoxyphenoxy)azetidin-1-yl)(5-(4-
(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)methanone (10). 46 (0.345 g, 0.65 mmol), 45
(0.211 g, 0.72 mmol) and cesium carbonate (0.213 g, 0.65 mmol) were mixed in DMA (3 mL)
and the mixture heated in a microwave (160°C for 15 min). DCM (10 ml) and then NaHCO3
(sat. 5 ml) were added. The two phases were separated by using a phase separator and the
organic phase was evaporated to dryness. The product was purified by preparative HPLC eluting
with a gradient of ACN (5-95%) in 0.2% ammonia buffer to afford 10 (35 mg, 11%). '"H NMR
(400 MHz, CDClI3) 6 8.27 (d, J= 8.3 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 6.88 — 6.57 (m, 4H), 5.15
—5.04 (m, 2H), 4.88 — 4.81 (m, 1H), 4.76 (s, 4H), 4.68 — 4.60 (m, 1H), 4.47 — 4.39 (m, 1H), 3.89
(s, 3H), 3.50 (s, 2H), 3.38 (s, 4H). HRMS calcd for C26H26F2N4Os", (M)*, 513.1949; found

513.1945.

(3-(4-(2-oxa-6-azaspiro[3.3]heptan-6-ylmethyl)-2-methoxyphenoxy)azetidin-1-yl)(5-(4-

(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)methanone (11).

2-methoxy-4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)phenol (47). 4-Hydroxy-3-
methoxybenzaldehyde (0.28 mL, 1.97 mmol), 2-oxa-6-azaspiro[3.3]Theptane hemioxalate (0.43 g,
1.48 mmol) and TEA (1.09 mL, 7.89 mmol) were mixed in DCM (8 mL) and stirred for 30 min.
Sodium triacetoxyhydroborate (0.836 g, 3.94 mmol) was added and the reaction stirred for 2
days. The reaction mixture was diluted with DCM (50 mL) and 8% NaHCOs3 (850 mL) was
added. The phases were separated and the aqueous layer extracted with DCM (2 x 50 mL). The

organic phases were pooled, passed over a phase separator and the solvent removed in vacuo to
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provide 47 (0.51 g, 111%). 'H NMR (400 MHz, CDCl3) 6 6.77 — 6.84 (m, 2H), 6.70 (dd, J = 1.6,
8.0 Hz, 1H), 4.73 (s, 4H), 3.86 (s, 3H), 3.47 (s, 2H), 3.37 (s, 4H).

(3-(4-(2-oxa-6-azaspiro[3.3] heptan-6-ylmethyl)-2-methoxyphenoxy)azetidin-1-yl) (5-(4-
(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)methanone (11). 46 (0.345 g, 0.65 mmol), 47
(0.207 g, 0.70 mmol) and cesium carbonate (0.229 g, 0.70 mmol) were mixed in DMA (3 mL)
and the mixture heated in a microwave (160°C for 15 min). DCM (10 mL) and then NaHCO3
(sat. 5 mL) were added. The two phases were separated by using a phase separator and the
organic phase was evaporated to dryness. The product was purified by preparative HPLC eluting
with a gradient of ACN (5-95%) in 0.2% ammonia buffer to afford 11 (20 mg, 6%). 'H NMR
(400 MHz, CDCl3) 6 8.26 (d, /= 8.4 Hz, 2H), 7.69 (d, /= 8.2 Hz, 2H), 7.12 (d, /= 8.2 Hz, 1H),
6.72 (t,J=56 Hz, 1H), 6.40 (d, /= 2.3 Hz, 1H), 6.22 (dd, J= 8.2, 2.3 Hz, 1H), 5.17 — 5.03 (m,
2H), 4.79 — 4.70 (m, 5H), 4.69 — 4.61 (m, 1H), 4.37 — 4.30 (m, 1H), 3.80 (s, 3H), 3.51 (s, 2H),

3.42 (s, 4H). HRMS calcd for C26Ha6F2N4Os ™, (M), 513.1949; found 513.1947.

(3-(4-((3,3-bis(hydroxymethyl)azetidin-1-yl)methyl)phenoxy)azetidin-1-yl)(5-(4-

methoxyphenyl)-1,3,4-oxadiazol-2-yl)methanone (12).

(3-(4-(2-oxa-6-azaspiro[ 3.3 Jheptan-6-ylmethyl)phenoxy)azetidin-1-yl)(5-(4-methoxyphenyl)-
1,3,4-oxadiazol-2-yl)methanone 1 (200 mg, 0.43 mmol) was dissolved in 1,4-dioxane (8 mL)
and H>SO4 (0.41 mL, 0.13 mmol) was added at rt. Another portion of dioxane (4 mL) was added
and the reaction mixture was stirred at rt for 1h, then at 75°C for 1h. The mixture was diluted
with EtOAc (5 mL) and NaHCO3 (aq, 5%, 2mL), the organic phase was dried and solvents were
evaporated. The residue was purified by preparative HPLC eluting with a gradient of ACN (20-
60%) in 0.2% ammonia buffer to afford 12 (30 mg, 14%). 'H NMR (400 MHz, CDCl;) § 8.03 —

8.17 (m, 2H), 7.23 (d, 2H), 7 — 7.06 (m, 2H), 6.73 (d, 2H), 5.02 — 5.17 (m, 2H), 4.71 — 4.78 (m,
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1H), 4.6 — 4.68 (m, 1H), 4.25 — 4.38 (m, 1H), 3.90 (s, 3H), 3.83 (s, 4H), 3.60 (s, 2H), 3.13 (s,

4H). HRMS calcd for C2sH20N4Os ", [M + H]", 481.2087; found 481.2076.

(3-(4-((((3-(hydroxymethyl)oxetan-3-yl)methyl)amino)methyl)phenoxy)azetidin-1-yl)(5-(4-

methoxyphenyl)-1,3,4-oxadiazol-2-yl)methanone (13).

(3-(aminomethyl)oxetan-3-yl)methanol (93 mg, 0.79 mmol) and 4-((1-(5-(4-methoxyphenyl)-
1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl)oxy)benzaldehyde (200 mg, 0.53 mmol) were mixed
in DCM (2 mL) and MeOH (1 mL) and stirred at rt for 1 h. HOAc (0.060 mL, 1.05 mmol) and
sodium triacetoxyborohydride (223 mg, 1.05 mmol) were added and the reaction stirred at rt
overnight. DCM (5 mL) and NaHCO3 (sat. 5 mL) were added, the mixture stirred, filtered
through a phase separator and evaporated. The residue was purified by preparative HPLC eluting
with a gradient of ACN (5-95%) in 0.2% ammonia buffer to afford 13 (164 mg, 65%). '"H NMR
(400 MHz, CDCl3) 6 8.06 — 8.13 (m, 2H), 7.24 (d, J = 8.6 Hz, 2H), 6.98 — 7.05 (m, 2H), 6.72 —
6.78 (m, 2H), 5.01 — 5.15 (m, 2H), 4.69 — 4.77 (m, 1H), 4.59 — 4.68 (m, 1H), 4.39 — 4.48 (m,
4H), 4.27 — 4.35 (m, 1H), 4.01 (s, 2H), 3.89 (s, 3H), 3.77 (s, 2H), 3.15 (s, 2H), 2.61 (s, 1H).

HRMS caled for C25sH20N406", [M + H]", 481.2087; found 481.2076.

(3-(4-(2-oxa-6-azaspiro[3.5]nonan-6-ylmethyl)-3-methylphenoxy)azetidin-1-yl)(5-phenyl-

1,3,4-oxadiazol-2-yl)methanone (15).

43 (0.1 g, 0.28 mmol) and 2-oxa-6-azaspiro[3.5]nonane (0.042 g, 0.33 mmol) were mixed in
DCM (3 mL). TEA (0.057 mL, 0.41 mmol) was added, and then sodium triacetoxyhydroborate
(0.087 g, 0.41 mmol) was added. The mixture was stirred at rt overnight. DCM (10 mL) and
NaHCOzs(sat. 2 ml) were added, the phases separated by using a phase separator and the organic

phase evaporated to dryness. The product was purified by preparative HPLC eluting with a
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gradient of ACN (5-95%) in 0.2% ammonia buffer to afford 15 (86 mg, 66%). 'H NMR (600
MHz, DMSO-dps) 6 8.07 — 8.01 (m, 2H), 7.69 — 7.64 (m, 1H), 7.64 — 7.58 (m, 2H), 7.11 (d, J =
8.3 Hz, 1H), 6.70 (d, J = 2.6 Hz, 1H), 6.63 (dd, /= 8.2, 2.7 Hz, 1H), 5.14 — 5.03 (m, 2H), 4.63 —
4.57 (m, 1H), 4.19 (d, /= 5.7 Hz, 2H), 4.10 (d, J = 5.7 Hz, 2H), 4.06 (dd, ] = 11.3, 2.3 Hz, 1H),
3.34 (s, 2H), 3.28 (s, 2H), 2.28 (s, 3H), 2.19 (br, 2H), 1.59 (br, 2H), 1.41 — 1.29 (m, 2H). HRMS

caled for C27H31N4O4™ [M + H]", 475.2345; found 475.2375.

(3-(4-(2-oxa-5-azaspiro[3.4]octan-5-ylmethyl)-3-methoxyphenoxy)azetidin-1-yl)(5-phenyl-

1,3,4-oxadiazol-2-yl)methanone (17).

2-methoxy-4-(1-(5-phenyl-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yloxy)benzaldehyde (48). 4-
Hydroxy-2-methoxybenzaldehyde (0.49 g, 3.25 mmol) and 1-(5-phenyl-1,3,4-oxadiazole-2-
carbonyl)azetidin-3-yl methanesulfonate (1 g, 3.09 mmol) were mixed in DMA (10 mL). Cesium
carbonate (1.21 g, 3.71mmol) was added. The mixture was stirred at 94°C overnight, then cooled
to rt. EtOAc (50 mL) was added and the mixture was washed with water (20 mL), sat. K2COs3
(10 mL), water (10 mL) and brine (10 mL), dried with MgSO4 and evaporated. MeOH (15 mL)
was added to the residue, the slurry was stirred and then filtered and the solid product was
washed with MeOH (10mL) then dried under vacuum to give 48 (0.72 g, 61%). 'H NMR (400
MHz, CDCI3) 6 10.32 (s, 1H), 8.12 - 8.21 (m, 2H), 7.84 (d, /= 8.6 Hz, 1H), 7.49 — 7.65 (m, 3H),
6.43 (d, J=2.1 Hz, 1H), 6.35 (dd, J=2.0, 8.6 Hz, 1H), 5.11 — 5.22 (m, 2H), 4.61 — 4.84 (m, 2H),

431 —4.41 (m, 1H), 3.92 (s, 3H). LCMS (ES+) m/z [M + H]": 380.2.

(3-(4-(2-oxa-5-azaspiro[3.4] octan-5-ylmethyl)-3-methoxyphenoxy)azetidin-1-yl) (5-phenyl-1,3,4-
oxadiazol-2-yl)methanone (17). 48 (0.111 g, 0.34 mmol) and 2-oxa-5-azaspiro[3.4]octane

hydrochloride (0.13 g, 0.34 mmol) were mixed in DCM (2 mL). TEA (0.1 mL, 0.72 mmol) and

ACS Paragon P}§s Environment



Page 39 of 59

oNOYTULT D WN =

Journal of Medicinal Chemistry

sodium triacetoxyhydroborate (0.145 g, 0.69 mmol) were added and the reaction was stirred at rt
overnight. DCM (10 mL) and NaHCO3 (sat. 3 mL) were added, the mixture shaken, filtered
through a phase separator and evaporated. The residue was purified by preparative HPLC eluting
with a gradient of ACN (5-95%) in 0.2% ammonia buffer to afford 17 (113 mg, 69%). 'H NMR
(600 MHz, DMSO-dp) 6 8.12 — 8.05 (m, 2H), 7.74 — 7.62 (m, 3H), 7.20 (d, /= 8.3 Hz, 1H), 6.54
(d,/J=2.4 Hz, 1H), 6.42 (dd, J=8.2, 2.4 Hz, 1H), 5.22 — 5.15(m, 1H), 5.13-5.07 (m, 1H), 4.79
(d, J=6.6 Hz, 2H), 4.67 —4.61 (m, 1H), 4.58 — 4.53 (m, 1H), 4.44 (d, J = 6.6 Hz, 2H), 4.13 —
4.07 (m, 1H), 3.88 (s, 2H), 3.81 (s, 3H), 2.59 — 2.54 (m, 2H), 2.14 — 2.06 (m, 2H), 1.67 — 1.58

(m, 2H). HRMS calcd for C26H20N4Os", [M + H]", 477.2138; found 477.2165.

(3-(4-(2-oxa-5-azaspiro[3.4]octan-5-ylmethyl)-2-methoxyphenoxy)azetidin-1-yl)(5-phenyl-

1,3,4-oxadiazol-2-yl)methanone (18).

3-methoxy-4-(1-(5-phenyl-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yloxy)benzaldehyde (49).
Synthesized in an analogous way to 48 from 4-Hydroxy-3-methoxybenzaldehyde (0.49 g, 3.25
mmol) and 1-(5-phenyl-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl methanesulfonate (1.0 g, 3.09
mmol), to give 49 (0.95 g, 81%). 'H NMR (400 MHz, CDCl3) 6 9.89 (s, 1H), 8.12 — 8.20 (m,
2H), 7.50 — 7.64 (m, 3H), 7.38 — 7.50 (m, 2H), 6.73 (d, /= 8.0 Hz, 1H), 5.12 — 5.24 (m, 2H),
4.87 (q,J=6.6 Hz, 1H), 4.71 (dd, J= 5.7, 12.4 Hz, 1H), 4.45 (dd, J= 2.5, 11.5 Hz, 1H), 3.96 (s,

3H). LCMS (ES+) m/z [M + H]": 380.2.

(3-(4-(2-oxa-5-azaspiro[3.4] octan-5-ylmethyl)-2-methoxyphenoxy)azetidin-1-yl) (5-phenyl-1,3,4-
oxadiazol-2-yl)methanone (18). 2-Oxa-5-azaspiro[3.4]octane hydrochloride (0.111 g, 0.34
mmol) and 49 (0.13 g, 0.34 mmol) were mixed in DCM (2 mL). TEA (0.1 mL, 0.72 mmol) and

sodium triacetoxyhydroborate (0.145 g, 0.69 mmol) were added and the mixture was stirred at rt
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overnight. DCM (10 mL) and NaHCOs (sat. 3 mL) were added, the mixture filtered through a
phase separator and evaporated. The residue was purified by preparative HPLC eluting with a
gradient of ACN (5-95%) in 0.2% ammonia buffer. The product was further purified by
automated flash chromatography on a 10 g Si column. 3% of NH3 (2M) in MeOH/EtOAc over
20 CV was used as mobile phase. The product was collected using the wavelength 274 nm to
afford 18 (90 mg, 55%). "H NMR (400 MHz, CDCl3) § 8.17 (d, J= 7.1 Hz, 2H), 7.63 — 7.45 (m,
3H), 6.95 (s, 1H), 6.87 (d, /= 8.1 Hz, 1H), 6.63 (d, J = 8.1 Hz, 1H), 5.15 — 5.03 (m, 2H), 4.90 (d,
J=6.7Hz, 2H), 4.87 —4.81 (m, 1H), 4.67 — 4.60 (m, 1H), 4.57 (d, /= 6.7 Hz, 2H), 4.46 — 4.39
(m, 1H), 3.97 (s, 2H), 3.89 (s, 3H), 2.60 (t, /= 7.0 Hz, 2H), 2.25 - 2.17 (m, 2H), 1.71 (p, J=7.1,

7.0 Hz, 2H). HRMS calcd for C26H290N4Os", [M + H]", 477.2138; found 477.2128.

(3-(4-(2-oxa-5-azaspiro|3.4]octan-5-ylmethyl)-3-methoxyphenoxy)azetidin-1-yl)(5-(4-

(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)methanone (19).

4-(1-(5-(4-(difluoromethyl)phenyl)- 1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl)oxy-2-methoxy-
benzaldehyde (50). Synthesized in an analogous way to 48 from 4-Hydroxy-2-
methoxybenzaldehyde (0.14 g, 0.93 mmol) and 46 (0.4 g, 0.89 mmol), to give 50 (0.23 g, 59%).
'H NMR (400 MHz, CDCl3) § 10.32 (s, 1H), 8.27 (d, J = 8.4 Hz, 2H), 7.84 (d, J= 8.6 Hz, 1H),
7.70 (d, J= 8.2 Hz, 2H), 6.72 (t, J = 56 Hz, 1H), 6.44 (d, /= 2.2 Hz, 1H), 6.35 (dd, /= 1.9, 8.5
Hz, 1H), 5.12 — 5.23 (m, 2H), 4.65 — 4.86 (m, 2H), 4.32 — 4.40 (m, 1H), 3.92 (s, 3H). LCMS
(ES+) m/z [M + H]"™: 430.2.

(3-(4-(2-oxa-5-azaspiro[3.4] octan-5-ylmethyl)-3-methoxyphenoxy)azetidin-1-yl) (5-(4-
(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)methanone (19). 2-Oxa-5-azaspiro[3.4]octane
hydrochloride (0.11 g, 0.34 mmol) and 50 (0.146 g, 0.34 mmol) were mixed in DCM (2 mL).

TEA (0.1 mL, 0.72 mmol) and sodium triacetoxyhydroborate (0.145 g, 0.68 mmol) were added.

ACS Paragon Fﬁlg)s Environment



Page 41 of 59

oNOYTULT D WN =

Journal of Medicinal Chemistry

The mixture was stirred at rt overnight. DCM (10 mL) and NaHCOs (sat. 3 mL) were added, the
mixture shaken, filtered through a phase separator and evaporated. The residue was purified by
preparative HPLC eluting with a gradient of ACN (5-95%) in 0.2% ammonia buffer to afford 19
(119 mg, 67%). '"H NMR (600 MHz, DMSO-ds) § 8.23 (d, J = 8.3 Hz, 2H), 7.85 (d, J = 8.2 Hz,
2H), 7.32 —7.05 (m, 2H), 6.54 (d, J=2.2 Hz, 1H), 6.42 (dd, J = 8.2, 2.2 Hz, 1H), 5.23 — 5.15 (m,
1H), 5.14 — 5.07 (m, 1H), 4.79 (d, /= 6.5 Hz, 2H), 4.72 — 4.60 (m, 1H), 4.60 — 4.53 (m, 1H),
444 (d,J=6.5Hz,2H), 4.11 (dd,J=11.3, 2.3 Hz, 1H), 3.88 (s, 2H), 3.81 (s, 3H), 2.58 — 2.55
(m, 2H), 2.13 — 2.04 (m, 2H), 1.69 — 1.57 (m, 2H). HRMS calcd for C27H2F2N4Os", [M + H]",

527.2106; found 527.2113.

(3-(4-(2-oxa-5-azaspiro|3.4]octan-5-ylmethyl)-2-methoxyphenoxy)azetidin-1-yl)(5-(4-

(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)methanone (20).

4-(1-(5-(4-(difluoromethyl)phenyl)- 1,3,4-oxadiazole-2-carbonyl)azetidin-3-yloxy)-3-
methoxybenzaldehyde (51). Synthesized in an analogous way to 48 from 4-Hydroxy-3-
methoxybenzaldehyde (0.14 g, 0.93 mmol) and 46 (0.4 g, 0.89 mmol), to give 51 (0.23 g, 59%).
'H NMR (400 MHz, CDCls) § 9.89 (s, 1H), 8.27 (d, J= 8.5 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H),
7.41 —7.51 (m, 2H), 6.52 — 6.89 (m, 2H), 5.15 — 5.24 (m, 2H), 4.83 —4.93 (m, 1H), 4.71 (dd, J =
6.2, 13.3 Hz, 1H), 4.46 (dd, J= 2.8, 11.4 Hz, 1H), 3.96 (s, 3H). LCMS (ES+) m/z [M + H]":

430.2.

(3-(4-(2-oxa-5-azaspiro[3.4] octan-5-ylmethyl)-2-methoxyphenoxy)azetidin-1-yl) (5-(4-
(difluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)methanone (20). 2-Oxa-5-azaspiro[3.4]octane
hydrochloride (0.11g, 0.34 mmol) and 51 (0.146 g, 0.34 mmol) were mixed in DCM (2 mL).

TEA (0.1 mL, 0.72 mmol) was added and then sodium triacetoxyhydroborate (0.144 g, 0.68
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mmol) was added. The reaction was stirred at rt overnight. DCM (10 mL) and NaHCO3 (sat. 3
mL) were added, the mixture stirred, filtered through a phase separator and evaporated. The
residue was purified by preparative HPLC eluting with a gradient of ACN (5-95%) in 0.2%
ammonia buffer to afford 20 (112 mg, 63%). 'H NMR (400 MHz, CDCl5) § 8.27 (d, /= 8.3 Hz
2H), 7.70 (d, J = 8.3 Hz, 2H), 6.96 (s, 1H), 6.91 — 6.56 (m, 3H), 5.16 — 5.05 (m, 2H), 4.91 (d, J =
6.7 Hz, 2H), 4.89 — 4.82 (m, 1H), 4.68 — 4.61 (m, 1H), 4.58 (d, /= 6.7 Hz, 2H), 4.48 — 4.40 (m,
1H), 3.99 (s, 2H), 3.90 (s, 3H), 2.64 — 2.57 (m, 2H), 2.26 — 2.19 (m, 2H), 1.77 — 1.68 (m, 2H).

HRMS calcd for C27H20F2N4Os ', [M + H]", 527.2106; found 527.2128.

(3-(4-(6-0xa-3-azabicyclo[3.1.1]heptan-3-ylmethyl)phenoxy)azetidin-1-yl)(5-(4-

methoxyphenyl)-1,3,4-oxadiazol-2-yl)methanone (23).

6-Oxa-3-azabicyclo[3.1.1]heptane (107 mg, 0.40 mmol) and TEA (44 mg, 0.43 mmol) were
mixed in DCM (3 mL) and THF(1 ml) and 4-(1-(5-(4-methoxyphenyl)-1,3,4-oxadiazole-2-
carbonyl)azetidin-3-yloxy)benzaldehyde (150 mg, 0.40 mmol) was added. Molecular sieves 3A
were added and the mixture was stirred at rt for 40 min. HOAc (48 mg, 0.79 mmol) and sodium
triacetoxyborohydride (101 mg, 0.47 mmol) were added and the reaction was stirred over night
at rt. DCM (15 mL) and NaOH (2M, 10 mL) were added, the mixture stirred, filtered through a
phase separator and evaporated. Upon trying to dissolve in DMSO, a precipitate was formed.
This was filtered off to afford 23 (55 mg, 30%). 'H NMR (500 MHz, CDCl3) § 8.13 — 8.07 (m,
2H), 7.30 (d, J = 8.6 Hz, 2H), 7.05 — 7.00 (m, 2H), 6.74 (d, J = 8.6 Hz, 2H), 5.15 — 5.03 (m, 2H),
4.75 (ddd, J=11.0, 3.6, 1.5 Hz, 1H), 4.64 (ddd, J=11.4, 6.3, 1.6 Hz, 1H), 4.49 (d, /= 6.1 Hz,
2H), 4.36 — 4.30 (m, 1H), 3.89 (s, 3H), 3.71 (s, 2H), 3.07 — 2.96 (m, 3H), 2.79 (d, J=11.0 Hz,
2H), 2.41 (d, J= 7.8 Hz, 1H). HRMS calcd for C2sH27N4Os", [M + H]", 463.1981; found

463.1967.
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6-(4-methoxybenzyl)-2-oxa-6-azaspiro[3.3]heptane (24).

4-Methoxybenzaldehyde (0.061 mL, 0.5 mmol), 2-oxa-6-azaspiro[3.3]heptane oxalate (142 mg,
0.75 mmol), and TEA (0.139 mL, 1.00 mmol) were mixed in DCM (2 mL). The mixture was
stirred at rt for 15 min, then sodium triacetoxyborohydride (212 mg, 1.00 mmol) was added and
the reaction was stirred at rt overnight. More DCM (5 mL) and NaHCO;3 (sat. 5 mL) were added,
the mixture stirred for 15 min, filtered through a phase separator and evaporated. The residue
was purified by preparative HPLC eluting with a gradient of ACN (5-95%) in 0.2% ammonia
buffer to afford 24 (6.2 mg, 5.7%). '"H NMR (400 MHz, CDCI3) § 7.15 (d, J = 8.7 Hz, 2H), 6.84
(d, J=8.7 Hz, 2H), 4.73 (s, 4H), 3.79 (s, 3H), 3.47 (s, 2H), 3.35 (s, 4H). HRMS calcd for

Ci3HisNO2", [M + H]*, 220.1337; found 220.1342.
6-(4-methoxybenzyl)-2-oxa-6-azaspiro[3.5]nonane (25).

4-Methoxybenzaldehyde (0.061 mL, 0.5 mmol), 2-oxa-6-azaspiro[3.5]nonane (95 mg, 0.75
mmol) and HOAc¢ (0.057 mL, 1.00 mmol) were mixed in DCM (2 mL). The mixture was stirred
at rt for 15 min, then sodium triacetoxyborohydride (212 mg, 1.00 mmol) was added and the
reaction was stirred at rt overnight. More DCM (5 mL) and NaHCO3 (sat. 5 mL) were added, the
mixture stirred for 15 min, filtered through a phase separator and evaporated. The residue was
purified by preparative HPLC eluting with a gradient of ACN (5-95%) in 0.2% ammonia buffer
to afford 25 (46 mg, 37%). 'H NMR (400 MHz, CDCl3) § 7.28 (d, J= 8.7 Hz, 2H), 6.95 — 6.89
(m, 2H), 4.45 —4.37 (m, 4H), 3.87 (s, 3H), 3.51 (s, 2H), 2.57 (br, 2H), 2.37 (br, 2H), 1.75 (br,

2H), 1.64 — 1.52 (m, 2H). HRMS calcd for C1sH22NO>", [M + H]", 248.1650; found 248.1646.
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7-(4-methoxybenzyl)-2-oxa-7-azaspiro[3.5|nonane (26).

4-Methoxybenzaldehyde (0.061 mL, 0.5 mmol), 2-oxa-7-azaspiro[3.5]nonane (95 mg, 0.75
mmol) and HOAc (0.057 mL, 1.00 mmol) were mixed in DCM (2 mL). The mixture was stirred
at rt for 15 min, then sodium triacetoxyborohydride (212 mg, 1.00 mmol) was added and the
reaction was stirred at rt overnight. More DCM (5 mL) and NaHCOs (sat. 5 mL) were added, the
mixture stirred for 15 min, filtered through a phase separator and evaporated. The residue was
purified by preparative HPLC eluting with a gradient of ACN (5-95%) in 0.2% ammonia buffer
to afford 26 (47 mg, 38%). "H NMR (400 MHz, CDCls) § 7.32 —-7.24 (m, 2H), 6.98 — 6.88 (m,
2H), 4.47 (s, 4H), 3.88 (s, 3H), 3.46 (s, 2H), 2.37 (s, 4H), 2.01 — 1.87 (m, 4H). HRMS calcd for

C1sH2NO>", [M + H]*, 248.1650; found 248.1664.
5-(4-methoxybenzyl)-2-oxa-5-azaspiro[3.4]octane (27).

4-Methoxybenzaldehyde (0.061 mL, 0.5 mmol), 2-oxa-5-azaspiro[3.4]octane 2,2,2-
trifluoroacetate (170 mg, 0.75 mmol) and HOAc (0.057 mL, 1.00 mmol) were mixed in DCM (2
mL). The mixture was stirred at rt for 15 min, then sodium triacetoxyborohydride (212 mg, 1.00
mmol) was added and the reaction was stirred at rt overnight. More DCM (5 mL) and NaHCO3
(sat. 5 mL) were added, the mixture stirred for 15 min, filtered through a phase separator and
evaporated. The residue was purified by preparative HPLC eluting with a gradient of ACN (5-
95%) in 0.2% ammonia buffer to afford 27 (78 mg, 67%). 'H NMR (400 MHz, CDCl3) § 7.33 —
7.23 (m, 2H), 6.92 — 6.85 (m, 2H), 4.94 (d, J= 6.7 Hz, 2H), 4.57 (d, /= 6.7 Hz, 2H), 3.97 (s,
2H), 3.81 (s, 3H), 2.59 (t, J= 7.2 Hz, 2H), 2.26 — 2.17 (m, 2H), 1.76 — 1.65 (m, 2H). HRMS

calcd for C14H20NO:", [M + H]", 234.1494; found 234.1497.

ACS Paragon Iﬁés Environment



Page 45 of 59

oNOYTULT D WN =

Journal of Medicinal Chemistry

(1-(4-methoxybenzyl)pyrrolidine-2,2-diyl)dimethanol (28).

27 (40 mg, 0.17 mmol) and BF3.OET> (0.065 mL, 0.51 mmol) were mixed in DCM (1 mL) to
give a tan solution. The reaction was stirred at rt over weekend. NaHCO3(sat. 3 ml) and
DCM:MeOH 90:10 (3 ml) were added and the mixture stirred at rt for 15 min, filtered through a
phase separator and evaporated. The compound was purified by preparative HPLC on a XBridge
C18 column (10 um 250x19 ID mm) using a gradient of 15-60% ACN in HoO/ACN/NH3
95/5/0.2 buffer over 20 min with a flow of 19 mL/min. The compounds were detected by UV at
235nm to afford 28 (3 mg, 7%). '"H NMR (400 MHz, MeOD) § 7.20 (d, J = 8.6 Hz, 2H), 6.84 (d,
J=28.6 Hz, 2H), 3.78-3.74 (m, 5H), 3.57 (s, 3H), 2.71 (t, J= 6.7 Hz, 2H), 1.91-1.84 (m, 2H),

1.73-1.63 (m, 2H). HRMS calcd for C14H22NOs", [M + H]", 252.1599; found 252.1617.

(5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)(3-(4-(((3-methyloxetan-3-

yl)methoxy)methyl)phenoxy)azetidin-1-yl)methanone (36).

(3-methyloxetan-3-yl)methyl methanesulfonate (52). (3-Methyloxetan-3-yl)methanol (225 mg,
2.20 mmol) and TEA (0.461 mL, 3.30 mmol) were in mixed DCM (5 mL) to give a colorless
solution. MsCl1 (0.206 mL, 2.64 mmol) was added dropwise and the reaction stirred at rt
overnight. Water (5 mL) was added, the mixture stirred, filtered through a phase separator and
evaporated to give 52 (320 mg, 81%). 'H NMR (400 MHz, CDCls) § 1.39 (s, 3H), 3.07 (s, 3H),

4.32 (s, 2H), 4.43 (d, J = 6.3 Hz, 2H), 4.51 (d, J = 6.3 Hz, 2H).

3-(((4-(benzyloxy)benzyl)oxy)methyl)-3-methyloxetane (53). (4-(Benzyloxy)phenyl)methanol
(357 mg, 1.66 mmol) was dissolved in DMF (5 mL) and the mixture was cooled in an ice-bath.
NaH (73.2 mg, 1.83 mmol) was added and the mixture was stirred from 0°C to rt for 45 min. The

mixture was cooled again in ice-bath and 52 (300 mg, 1.66 mmol) in DMF (4 mL) was added
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dropwise and the reaction stirred at rt overnight. Water (30 mL) and EtOAc (40 mL) were added,
the mixture stirred and the phases separated. The organic phase was washed with water (3x),
filtered through a phase separator and evaporated. The residue was purified by automated flash
chromatography on a 25g Si column using a gradient from 0% to 20% of EtOAc in heptane over
20CV. The product was collected using the wavelength 275nm to give 53 (110mg, 22%). 'H
NMR (400 MHz, CDCl3) 6 7.3 — 7.49 (m, 5H), 7.23 — 7.29 (m, 2H), 6.93 — 7.01 (m, 2H), 5.07 (s,

2H), 4.47 — 4.55 (m, 4H), 4.36 (d, J= 5.7 Hz, 2H), 3.50 (s, 2H), 1.33 (s, 3H).

4-(((3-methyloxetan-3-yl)methoxy)methyl)phenol (54). 53 (110 mg, 0.37 mmol) and Pd-C (78
mg, 0.04 mmol) were mixed in MeOH (2 mL) to give a suspension. The mixture was stirred
under Hy, 2 bars, at rt for 1 h, then filtered through a pad of celite with more MeOH and

evaporated to give 54 (62 mg, 81%). LCMS (ES-) m/z [M - H]: 207.1.

(5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)(3-(4-(((3-methyloxetan-3-
vl)methoxy)methyl)phenoxy)azetidin-1-yl)methanone (36). 54 (40 mg, 0.19 mmol), 1-(5-(4-
methoxyphenyl)-1,3,4-oxadiazole-2-carbonyl)azetidin-3-yl methanesulfonate (67.9 mg, 0.19
mmol) and cesium carbonate (75 mg, 0.23 mmol) were mixed in DMA (1 mL) and the reaction
stirred at 90°C for 2 days. DCM (3 mL) and NaHCOs3 (aq 3 mL) were added, the mixture stirred,
filtered through a phase separator and evaporated. The residue was purified by preparative HPLC
eluting with a gradient of ACN (5-95%) in 0.2% ammonia buffer to afford 36 (5.4 mg, 6%). 'H
NMR (400 MHz, CDCl3) 6 8.17 — 8.04 (m, 2H), 7.33 — 7.28 (m, 2H), 7.06 — 7.00 (m, 2H), 6.80 —
6.75 (m, 2H), 5.18 — 5.05 (m, 2H), 4.80 — 4.73 (m, 1H), 4.70 — 4.62 (m, 1H), 4.56 — 4.49 (m,
4H), 4.41 — 4.30 (m, 3H), 3.90 (s, 3H), 3.52 (s, 2H), 1.34 (s, 3H). HRMS calcd for C25H2sN305",

[M + H]", 466.1978; found 466.1983.
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In vitro enzyme assays and metabolite identification

The contribution of different liver enzymes to the metabolism of all compounds was monitored
in HLM, HLC or human hepatocytes in the presence or absence of selective inhibitors as
described previously,?® except without progabide.

Incubation mixtures were analyzed by ultra-high performance liquid
chromatography/quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-MS) as described
previously?’ utilizing a Xevo® G2-S Q-TOF mass spectrometer (Waters, Milford, USA) for
compounds in Table 1, or a Synapt G2 Q-TOF (Waters) for compounds in Tables 2, 3 and 4.
Data were processed with MetaboLynx V4.1 (Waters). MS and MSE spectra were compared
between the parent compound and metabolites to identify metabolite structures and site(s) of
modification in the substrate molecule. Peak areas were used for the relative quantification of

diol metabolites in HLM incubations without NADPH (reported in Tables 1-4), by calculating:

. . Areagio
Relative diol % = x 100
AreagiotAreapqrent

For incubations with inhibitors (or those lacking NADPH), relative diol levels were expressed
as a percentage of the corresponding peak areas in control incubations with vehicle and NADPH.
Computational Methods

The homology model of human mEH was generated and docking runs were performed, using
the highly flexible and transparent homology modelling engine in the MOE software.*! The
homology modelling is based on the atomic coordinates from the fully resolved residues in the

template structure of the juvenile hormone EH from the silkworm Bombyx mori (PDB ID:

ACS Paragon Ifws Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

4QLA). The structure of the homology model is shown in Figure S2 together with superposed
template structure, a structure model of bacterial EH from Streptomyces carzinostaticus (PDB
ID: 4119), and a complex with fungal EH from Asperillus niger EH and the enzyme inhibitor
valpromide (2-propylpentanamide) (PDB ID: 3GO0I). The superimposed valpromide structure was
used in the homology modelling procedure together with the template structure with the purpose
of building a model which can accommodate a ligand in a binding pose suitable for enzyme
catalysis. The corresponding sequence alignment and sequence similarity analysis are shown in
Figure S2.
The docking of potential substrates from the two series was performed in the MOE software by
gradually building the ligand in the binding site. The ligand was guided towards a pose where the
oxetane oxygen was oriented in an optimal position for catalysis with a two-hydrogen bond
interaction with the two tyrosine residues in the catalytic site (Y299 & Y374 with corresponding
alignment positions 278 & 353 in the sequence alignment in Figure S3a). During this process,
conformational relaxation of the ligand was achieved by restricted energy minimizations
allowing for induced fit of the hydrogen-bonding residues (Y299 & Y374). The Amber v10 force
field with Amber charges for the protein and Extended Hiickel treatment and AM1-BCC charges
of the ligands were used for energy minimization steps in both homology model generation and
docking of potential substrates. The dockings were used to validate the homology model and
interpret the degree of product formation observed from experiments in terms of the possibility
for the potential substrates to bind in a pose suitable for catalysis.

A set of electronic properties were calculated for oxetane/tetrahydrofuran-containing fragments
which included substitutions affecting reactivity (11 fragments in total were identified in the

dataset) using both semiempirical QM calculations (am1 and pm3) and density functional theory
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B3LYP/6-31G* calculations. LUMO energies and partial charges for the oxygen and surrounding
carbons in the oxetane/tetrahydrofuran were calculated with the different methods described
above. LUMO energy calculations using the semiempirical methods were also performed on the

whole molecules.
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ABBREVIATIONS
ACN, acetonitrile; AO, Aldehyde Oxidase; CLin, intrinsic clearance; CYP, cytochrome P450;

DCM, dichloromethane; DDI, drug-drug interaction; DMA, N, N-Dimethylacetamide; DMF,
N,N-Dimethylformamide; DMSO, dimethyl sulfoxide; EtOAc, ethyl acetate; Hhep, human
hepatocytes; HLC, human liver cytosol; HLM, human liver microsomes; HOAc, acetic acid;
HRMS, high-resolution mass spectrometry; KTZ, ketoconazole; LUMO, lowest unoccupied
molecular orbital; MsCl, Methanesulfonyl chloride; mEH, microsomal epoxide hydrolase;
NADPH, Nicotinamide adenine dinucleotide phosphate (reduced form); PDB, protein data bank;
PK, pharmacokinetics; QM, quantum mechanical; RT, room temperature; SAR, structure-
activity relationship; sEH, soluble epoxide hydrolase; TEA, triethylamine; THF, tetrahydrofuran;
TsCl, p-Toluenesulfonyl chloride; UHPLC-MS, ultra-high performance liquid
chromatography/mass spectrometry; t~AUCB, trans-4-[4-(1-

adamantylcarbamoylamino)cyclohexyloxy]benzoic acid; VPD, valpromide.
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