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ABSTRACT

BACEI inhibitors hold potential as agents in disease-modifying treatment for Alzheimer’s
disease. BACE2 cleaves the melanocyte protein PMEL in pigment cells of the skin and eye,
generating melanin pigments. This role of BACE2 implies that non-selective and chronic
inhibition of BACE1 may cause side effects derived from BACE2. Herein, we describe the
discovery of potent and selective BACE1 inhibitors using structure-based drug design. We
targeted the flap region, where the shape and flexibility differ between these enzymes.
Analysis of the cocrystal structures of an initial lead 8 prompted us to incorporate spirocycles
followed by its fine-tuning, culminating in highly selective compounds 22. The structures of
22 bound to BACE1 and BACE2 revealed that a relatively high energetic penalty in the flap of
the 22-bound BACE2 structure may cause a loss in BACE2 potency, thereby leading to its high
selectivity. These findings and insights should contribute to responding to the challenges in

exploring selective BACE1 inhibitors.

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia. In 2016, an estimated 47
million people were living with dementia.! Of them, 60 to 80% were estimated to have AD,
and 10% of people aged 65 and older were suffering from the disease.? The number of
patients with AD will escalate rapidly, as the figure is expected to double every 20 years to

reach 131 million by 2050.! AD ultimately leads to death within 3 to 9 years after diagnosis
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and is the sixth-leading cause of death in the United States.? Additionally, there is a huge
impact on the quality of life for both the AD patients and their family caregivers.!> The
current therapeutic agents, such as the acetylcholinesterase inhibitors and the N-methyl-D-
aspartate receptor antagonist, only possess modest symptomatic effects and do not halt or
slow the disease progression. Also, the treatment gains obtained from the drugs are often lost
within a few years. Therefore, there is a great unmet medical need for a disease-modifying

drug that can benefit patients and caregivers by improving clinical outcomes.?

The accumulation of extracellular deposits of amyloid plaques composed of amyloid -
peptides (AP) with 38 to 43 amino acids is a hallmark of AD. Histopathological and genetic
evidence underlie the amyloid cascade hypothesis that AD may be caused by deposition of
AB.* The B-site amyloid precursor protein cleaving enzyme 1 (BACE1), also known as -
secretase, initiates the production of AP and hence is a prime target for AD.> Since the

discovery of BACEI in 1999.° the pharmaceutical industry and academia have pursued orally
available and brain penetrant BACE1 inhibitors with an acceptable safety profile. The initially
reported BACE] inhibitors, such as peptidomimetics and hydroxyethylamines, struggled to
achieve balanced in vitro potency and favorable pharmacokinetic profiles, due to their large
molecular weight and high polar surface area.” The identification of small molecule amidine-
based inhibitors addressed the issues observed in the peptidomimetic analogs.®® Leveraging
structure-based design and tuning physicochemical properties culminated in the discovery of

several clinical BACE] inhibitors, such as verubecestat (1, MK-8931),10 elenbecestat (2, E-

2609),!! lanabecestat (3, AZ-3293),!2 umibecestat (CNP520),!3 and atabecestat (JNJ-
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54861911).!4 Unfortunetaly, 1 and 3 failed due to lack of efficacy in their phase III clinical

trials,'0412> and the development of atabecestat was stopped due to significant elevation of

liver enzymes.14?
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Chart 1. Representative BACE1 inhibitors in Clinical Development
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BACE2 is a close homolog of BACE1 (52% sequence identity and 68% sequence similarity)
and is primarily expressed in the peripheral tissues but at low levels in the brain.!° The
enzyme cleaves the proproliferative type 1 transmembrane protein TMEM?27 involved in the
regulation of f cell mass.2’ BACE2 was also found to process the pigment cell-specific
melanocyte protein (PMEL), which is specifically expressed in pigment cells of the eye and
skin. Indeed, BACE2”- mice exhibited a silvery depigmented coat.?! Furthermore, chronic
administration of BACE1 inhibitors, such as 1 or NB-360,% resulted in depigmentation of the
coats of rats and rabbits.!%?2 These findings for BACE2 may indicate its potential safety risk

associated with chronic and non-selective inhibition of BACE] inhibitors.

Development of selective BACE1 inhibitors remains a significant challenge, given the
homology between BACE1 and BACE2. Indeed, the clinical compounds 1, 2, and 3 have
suboptimal BACE]I selectivity of 1.0-, 12- and 3.1-fold over BACE2 in our FRET biochemical
assay. Although a number of crystal structures of inhibitor-bound BACE1 have been
reported,’’ only a few high-resolution crystal structures are available for BACE2.23 Bernard
and Gsell et al. paved the way to obtaining high quality inhibitor-bound BACE2 structures
by the use of surface mutagenesis or crystallization helpers such as camelid heavy chain
antibody (also known as VizH or Nanobody or Xaperone) or human Fyn kinase derived SH3
domain (Fynomer).23* Comparative analysis of inhibitor-bound BACE1 and BACE2
structures revealed differences in conformational flexibility in the 10s loop and the flap

region, where BACE2 stabilized these closed conformations,?> whereas BACE1 could
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accommodate the open conformation.?* Thus, these conformational differences could make a

large binding site available in BACEI relative to that in BACE2, thereby offering the design

oNOYTULT D WN =

9 strategy of fine-tuning the size of substituents occupying the two sites. At the outset of this
work, pioneering work from Wyeth had identified a highly selective inhibitor 4 (Chart 2),

14 where one of the ethyl groups engages with the flap (Chart 3).% In parallel with our efforts,
17 several pharmaceutical companies reported selective BACE1 inhibitors, such as compounds 5
19 (PF-6751979), 6, and 7, in patent and scientific literature,?® which appear to utilize the 10s
22 loop or the flap to gain selectivity, given the crystal structures of the analogues bound to
BACEL. Herein, we describe our medicinal chemistry efforts of exploring next generation

27 BACEI] inhibitors with high selectivity over BACE2, starting from Compound ] (8) (Chart

30 3).” Leveraging the cocrystal structures of 4 and 8 led to a successful strategy of targeting the
flap followed by incorporating spirocycles at the 5-position on the thiazine, culminating in
35 the highly selective BACE1 inhibitors 21 and 22. Comparative analysis of the cocrystal

38 structures of 22 bound to BACE1 and BACE2 provided insight into the selectivity.
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Chart 2. Representative Selective BACE1 inhibitors

6 (Eli Lilly) 7 (Amgen)

Chart 3. Lead Compounds

o Cl N
,,,/l N <
N 0
4 (Wyeth) @ 8 (Compound J)

ZT

BACE1 IC5q: 44 nM BACE1 IC5p: 4.6 nM

BACE2 IC5p: >10 uM BACE2 IC5y: 8.7 nM

Selectivity: >227x Selectivity: 1.9x

Cell AB IC5p: 138 nM Cell A IC5y: 0.93 nM
RESULTS AND DISCUSSION

Inhibitor Design. As the first step of our efforts, we established the binding mode of

compound 8 by soaking it with apo-BACE]1 crystals to facilitate medicinal chemistry
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design.?” Figure 1A highlighted non-conserved residues around 8, consisting of key residues
of BACE1, such as Pro70, GIn12, and Argl28 located in the flap, 10s loop, and S2’ pocket,
respectively. At the onset of this study, compound 4% was known as a selective BACE1
inhibitor with a BACEI selectivity of >227-fold in our FRET biochemical assay (BACE1 ICsg
=44 nM, BACE2 ICsy = >10 pM), though it suffered from suboptimal cellular potency (ICsg =
138 nM; Chart 3). The significant selectivity was rationalized by the favorable interaction of
the ethyl group on the pyridine with the flap.?® Indeed, a difference in the conformation of
the flap was observed between BACE1 and BACE2. As mentioned above, the flap in apo
BACEI] tends to adopt an open conformation,?* whereas that in apo BACE2 favors a closed
one.?3 Because one of the non-conserved residues in the flap in BACE1 is Pro70, replaced by
Lys86 in BACE2, this proline residue may affect the flexibility.?? Unlike the apo BACE1
structures, the crystal structure of 8 bound to BACE1 adopts a closed conformation in the
flap (Figure 1B). Further analysis of the cocrystal structure of 8 suggested that introduction of
substituents at the 5-position with the stereochemistry in Figure 1B on the thiazine ring
could provide a favorable interaction with Tyr71 in the flap. Therefore, we reasoned that
targeting the flap using the cellular potent lead 8 could improve selectivity while retaining

cellular potency.

The 10s loop also adopts distinct conformations between BACE1 and BACE2, providing a
smaller S3 pocket in BACE2 than in BACE1.2324 Thus, utilizing this pocket offers another

opportunity to design BACE1 selective inhibitors. Indeed, Hilpert et al. at Roche explored
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amide substituents in their oxazine series positioned in the S3 pocket.? Whereas
incorporation of larger substituents at this position achieved increased selectivity, an
enzyme-to-cell potency shift was observed in these compounds, resulting in suboptimal
cellular activity.?® With this point in mind, we optimized the amide moiety in 8 interacting

with the 10s loop in the S3 pocket, prior to exploring substituents at the 5-positon.

Figure 1. (A) A schematic representation of non-conserved residues between BACE1 and
BACE2 including key interactions. (B) Crystal structure of 8 bound to a flap-closed form of

BACE]L. Substituents projecting from the 5-positon to reach the flap.

Optimization of the Amide Substituent in 8. The optimization began with adjusting the size
of the chloro group in 8 to strike a balance between potency and selectivity. Replacement of

the chloro with a fluorine (9) reduced both BACE1 and BACE2 potency. Compound 10 with

ACS Paragon Plus Environment

10



Page 11 of 68

oNOYTULT D WN =

Journal of Medicinal Chemistry

a cyano group as a larger substituent had a similar potency to 8 and improved selectivity over

BACE2 (6.6-fold). A variety of pyrazine analogs with different R groups (11-14) was then
pursued. The difluoromethyl 11 displayed a higher BACE2 ICs; value of 102 nM, although
BACE]I potency was diminished as well. Compound 12, possessing a methoxy group,
imparted an increase in BACE1 potency, whereas the BACE2 activity was retained relative
the difluoro counterpart 11, resulting in increased BACE1 selectivity. Introduction of a
bulkier trifluoromethoxy group (13) retained BACE1 activity and, as expected, provided
further improvement in selectivity (44-fold). However, as observed in the previous work at
Roche,?® such modification caused an enzyme-to-cell shift, leading to a moderate cellular
ICsp of 13 nM. A balanced profile of BACEL1 selectivity and cellular potency was seen when
introducing a fluromethoxy group at the R position, leading to compound 14. Although the
selectivity of 14 was still moderate (16-fold), this compound served as a starting point to

explore substituents at the 5-positon on the thiazine ring targeting the flap.
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Table 1. Potency and Selectivity of the Amide Analogs

Biochemical IC5q (nM)3?

Selectivity Cellular AB
compd R
BACE1 BACE? (BACE2/BACEN1) ICso (NM)2:€
Cl
Z "N
8 < 4.6 8.7 1.9x 0.93
F
Z "N
9 < 13 14 1.1x 16
NC
Z "N
10 < 3.2 21 6.6x 0.93
F
11 F)\/AlN 20 102 5.1x 7.2
NW
12 ?“i\)y 11 85 7.7x 5.4
FsC Oy
13 W/\ 7.2 316 44x 13

14

F\/O%N
Na !

\)\/ 4.9 78 16x 1.8

2Values represent the mean values of at least two independent experiments. “Biochemical

fluorescence resonance energy transfer (FRET) assay. <ICso determined by measuring the levels

of secreted AP42 in a human neuroblastoma SKNBE2 cell line expressing the wild-type
amyloid precursor protein (hAPP695) via a sandwich alisa assay.
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Initial Exploration of Substituents at the 5-Position of the Thiazine. As discussed above, the
cocrystal structure of 8 in BACE1 prompted the introduction of substituents at the 5-position
with the (&) configuration as shown in Figure 1B. Addition of a methoxy group provided
compound 15, which reduced BACE2 potency resulting in improved selectivity of 30-fold
relative to the non-substituted 14. The cocrystal structure of the initial lead 8 suggested that
larger substituents, such a phenyl group with (&)-configuration (16), could not be
accommodated due to steric hindrance from the flap. To confirm the steric constraint around
this region, both (&)- and (5)-phenyl 16 and 17 were synthesized. Contrary to our
expectation, compound 16 increased potency in both BACE1 and BACE2, leading to the
same level of selectivity as 14. The phenyl thiazine 17 with the opposite configuration had a
comparable BACE1 potency to 14, whereas selectivity was decreased due to slightly
increased BACE?2 activity relative to the (X)-phenyl 16. To gain insight into this unexpected
finding, the cocrystal structures of 16 and the diastereomer counterpart 17 bound to BACE1

were solved.
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Table 2. Initial Exploration of the 5-Substituted Thiazines

. . ab
Biochemical ICso (nM) Selectivity  Cellular AB

compd R
BACE1  BAcEz2  (BACEZBACET) cg) (nm)a®
14 H 4.9 78 16X 1.8
15 (R) Fog 8.3 251 30x 45

16 /o 17 28 16x 23
(R)

17 3.3 13 3.9x 2.0
(S

2Values represent the mean values of at least two independent experiments. “Biochemical

fluorescence resonance energy transfer (FRET) assay. <ICsp determined by measuring the levels
of secreted AP42 in a human neuroblastoma SKNBE2 cell line expressing the wild-type
amyloid precursor protein (hAPP695) via a sandwich alisa assay.

X-ray Analysis of 16 and 17 Leading to the Design of Spiro-Thiazines. The crystal structure
of 16 confirms that the flap adopts an open conformation, unlike that of 8 bound to BACE1
(Figure 2A). The hydrogen bond between the flap residues Tyr71 and Trp76 is disrupted,
thereby moving away the Tyr71 side chain to generate a new binding pocket that
accomodates the phenyl group in 16. In contrast, 17 complexed with BACE1 shows a pseudo

flap-closed conformation where the side chain in Tyr71 has a good alignment with that of 8

ACS Paragon Plus Environment

14



Page 15 of 68 Journal of Medicinal Chemistry

bound to BACE1 (close conformation), though the hydrogenbond between Tyr71 and Trp76

is not present (a weak water-mediated hydrogen bond is observed), and the phenyl in 17

oNOYTULT D WN =

9 points toward the solvent region (Figure 2B), explaining why compound 17 exhibited slightly
reduced potency in BACE1. We postulated that a similar change may have occurred in

14 BACE2. Therefore, using the cocrystal structure of 16, we looked for an alternative design of
17 substituents at this position, where the analysis prompted us to incorporate spirocycles that
19 could provide an optimal vector to the flap. Alternatively, replacement of the phenyl in 16

22 with bulkier substituents, such as saturated rings, was predicted to form favorable

interactions with the flap to gain selectivity.

30 \A \ ‘—/ ‘ ’;«spzza\l‘ \

43 P
44 ( (

\ »
46 Figure 2. (A) Crystal structure of 16

48 bound to BACEL. (B) 17 bound to BACEL.

52 Identification of Selective BACE1 Inhibitors 21 and 22. To test the design hypothesis, a

55 saturated ring of a tetrahydro-2 A-pyran (18) was introduced at the 5-position (Table 3). The

60 ACS Paragon Plus Environment
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compound 18 showed a potency comparable to the phenyl-substituted 16 and improved
selectivity over BACE2. To our delight, the corresponding spirocycle 19 provided a further
gain in selectivity. The use of a smaller ring size, as in 20, resulted in a decreased selectivity
as expected, whereas compound 21 with a difluorocyclohexyl ring displayed significantly
reduced BACE2 potency, achieving a 104-fold selectivity. Further gain in selectivity was
realized when the difluoromethylene in 21 was replaced with a sulfonyl group. The sulfonyl
compound 22 demonstrated a remarkable 550-fold selectivity in the FRET assay, although
this change was associated with reduced cellular potency (Table 3). This result was attributed
to low lipophilicity (LogD = 0.62) resulting in a poor permeability of 1.6 x 10¢ cm/s (Table
4). On the other hand, compounds 19 and 21 with good cellular potency displayed improved

permeability (Table 4).
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Table 3. Optimization of the 5-Substituted Thiazines
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F\/Ow/\N T ﬁ

9 NJ\W @\y
10
11 © F

13 Biochemical IC5q (nM)&P
14 compd L
15 BACE1 BACE2

ZT
P4
[

Selectivity Cellular Ap
(BACE2/BACE1) ICsq (NM)2P

‘r

18 3.2 74 23x 2.0

©® o
»

19 15 631 42x 6.8

24 20 F 5.5 129 23x 1.2

NN NN N

N o N = O
éy"ni Of
-

28 21 £ 16 1660 104x 4.3

22

w w W
N — O

Lo 3.8 2090 550x 13

\

33 o

35 2Values represent the mean values of at least two independent experiments. “Biochemical
fluorescence resonance energy transfer (FRET) assay. <ICsy determined by measuring the levels
38 of secreted AP42 in a human neuroblastoma SKNBE2 cell line expressing the wild-type
39 amyloid precursor protein (hAPP695) via a sandwich alisa assay.

60 ACS Paragon Plus Environment

17



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 18 of 68

Table 4. Binding Affinity, Metabolic Stability, P-gp Efflux, and Physicochemical Profiles of 19,

21, and 22

Ki (nM)?

Binding selectivity
Compd BACE1 BACE2 (BACE2/BACE1) HLM/MLM? P-gp ER® Pappd Log D¢

19 6.5 479 74x 51/5.0 11 21 1.2
21 4.0 2000 500x 27745 24 7.1 2.3
22 1.9 1740 916x 55 /17 20 1.6 0.62

7The binding affinity (X;) was determined in a competitive radioligand binding assay using
the tritiated non-selective BACE1/BACE 2 inhibitor [3H]-JNJ-962 (JNJ-962: BACE1 X; = 0.69
nM, BACE2 X; = 0.29 nM). Values represent the mean values of at least two determinations.
%% Remaining after 30 min incubation with human liver (HLM) and mouse liver microsomes
(MLM). Efflux ratio measured in LLC-PK1 cells transfected with human MDR1. Permeability
coefficient measured in LLC-PK1 cells (x10° cm/s). “LogD determined in 1-octanol/phosphate
buffer at pH 7.4.

To further investigate the BACEI selectivity over BACE2 observed in compounds 19, 21, and
22, the binding affinities (Xj) to the respective enzymes were determined in a competitive
radio ligand binding assay using a tritiated non-selective BACE1/BACE2 inhibitor (JN]J-
962),% which had high affinities for both BACE1 and BACE2 (BACE1 X; = 0.69 nM, BACE2
K = 0.29 nM). As shown in Table 4, compound 19 had a binding selectivity of 74-fold,
similar to the selectivity observed in the FRET assay. The spiro compounds 21 and 22
achieved a pronounced binding selectivity of 500-fold and 916-fold, respectively. On the

basis of the outstanding selectivity observed for 21 and 22, these compounds were profiled in
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a mouse pharmacokinetics (PK) and pharmacodynamics (PD) model to investigate their

effect on AP reduction in the brain.

Prior to the PK/PD study in mouse, metabolic stability and P-gp mediated efflux were
profiled including compound 19 (Table 4). Unfortunately, all the compounds exhibited poor
metabolic stability in mouse (<20% remaining after 30 min incubation in microsomes),
whereas they were more metabolically stable in human. A high P-gp efflux ratio of 20 was
realized with the sulfonyl compound 22, whereas 21, possessing the difluoromethylene
instead of the sulfonyl, showed improved P-gp efflux; the tetrahydropyran 19 also had a high
P-gp efflux. This result indicated that polar substituents, such as sulfone and ether moieties,
could be involved in an interaction with P-gp, resulting in increased P-gp efflux. Although
increasing permeability is often a successful strategy for reducing P-gp efflux, it does not

account for the P-gp efflux ratios observed in these compounds.

Mouse PK/PD Study of 21 and 22. Considering the low metabolic stability observed for 21
and 22, Male ICR (Crlj:CD) mice were orally administered a high dose of 30 mg/kg (2= 4),
and the total AP levels were measured in the brain at 2, 4, and 6 h post dose. Unfortunately,
no significant AP reduction was observed for the sulfonyl-substituted 22. The poor efficacy
was explained by the low brain levels at all the time points derived from its low permeability
and high P-gp efflux, and consequently it exhibited a brain-to-plasma ratio (X}) of 0.010. On
the other hand, compound 21 with improved P-gp efflux and permeability demonstrated

robust AP reduction at the same dose (Figure 3). Maximum total AP reduction of 61% was

ACS Paragon Plus Environment
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observed at 4 h post dose at a brain level of 626 ng/mL with an improved K, of 0.55. The

improved physicochemical properties and reduced P-gp efflux translated into the significantly

improved brain levels, which led to the pronounced central activity.
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—@--total AR
% reduction

Figure 3. Reduction of total AP in the brain of male ICR mice (22 = 4) after oral administration

of 21 as a solution of 20% 2-hydroxypropyl-B-cyclodextrin (HPBCD) at 30 mg/kg.

Crystal Structures of 22 Bound to BACE1 and BACE2. To gain insight into the pronounced
BACE] selectivity over BACE2 observed in 22, the cocrystal structures of this compound
bound to both the enzymes were determined (Figure 4). Soaking of apo BACE1 crystals
generated the 22-bound BACE1 structure with a resolution of 2.6 A. Like the 16-bound
BACE]1 structure, the flap forms an open conformation, where the hydrogen bond

interaction between the phenolic OH in Tyr71 and the indole NH in Trp76 is disrupted

ACS Paragon Plus Environment
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(Figure 4A). A slight movement of the flap over that in apo BACE1 (PDB ID: 1w50)242 is
observed with a distance of 1.5 A based on the a carbon in Tyr71 (Figure 4B), whereas no
significant movement is seen between the 16- and 22-bound BACEI1 structures. Unlike the
16-bound BACE] structure, the spirocyle in 22 interacts well with the side chain in Tyr71,

confirming our design hypothesis.

The binary complex of BACE2 and a crystallization helper of Xaperone XA4813 was
cocrystallized with 22 with a resolution of 1.5 A,3% according to a paper published from
Roche.?% As expected, the 22-bound BACE2 structure displays a flap-open conformation,
consistent with the corresponding BACE1 structure (Figure 4C). Notably, the binding of 22
to BACE2 causes a significant movement of the flap by 3.2 A, relative to its position in an apo
BACE2 (PDB ID: 3zkg) (Figure 4D).23® Thus, a larger movement of the flap over the apo
enzyme is confirmed in the BACE2 (3.2 A vs 1.5 A). More importantly, the difference in
mean B-factors (temperature factor) between all of the complex and the flap of the 22-bound
BACE?2 is up to 18.3 A2 (B-factor of the complex = 32.0 A%; B-factor of the flap = 50.3 A2),
whereas in the 22-bound BACE], it falls to 2.0 A2 (B-factor of the complex = 45.9 A2; B-factor
of the flap = 47.9 A?). This indicates that the 22-bound BACE2 was destabilized relative to
the 22-bound BACE]1, which may result in decreased potency in BACE2 but a retained
BACE] activity, providing an explanation for the increase in selectivity observed in

compound 22. We believe that these structural insights as well as the cocrystal structures of
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22 bound to BACE1 and BACE2 could aid the design of novel selective BACE1 inhibitors

targeting the flap.

Figure 4. Crystal structure of 22 bound to BACE1 and BACE2. (A) A view of the flap region
in the 22-bound BACEI1 structure. (B) Superposition of the flap in the 22-bound BACE1 and
apo BACE] structure (PDB ID: 1w50). The color in the flap indicates B-factors (Bule: low B-
factors; Orange: high B-factors). (C) A view of the flap region in the 22-bound BACE2
structure. (D) Superposition of the flap in the 22-bound BACE2 and apo BACE2 structure

(PDB ID: 3zkg). The color means the same as B).
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CHEMISTRY

The compounds 8-14 bearing various amide moieties were prepared from aniline intermediate

oNOYTULT D WN =

10 23 (Scheme 1). The aniline 23 and the carboxylic acids used for synthesis of 11, 13 and 14 were
prepared according to known procedures.?’2831:32 Amide formation was accomplished without
15 protection of the amidine moiety by adding 1.0 equiv of HCl over 23, furnishing the thiazines

8-14.

21 Scheme 1. Synthesis of Thiazines 8-14¢

8: R = 5-chloro-pyridin-2-yl

31 9: R = 5-fluoro-pyridine-2-yl

32 10: R = 5-cyano-pyridine-2-yl

33 11: R = 5-difluoromethyl-pyrazine-2-yl

34 12: R = 5-methoxy-pyrazine-2-yl

13: R = 5-(2,2,2-trifluoroethoxy)pyrazine-2-yl
14: R = 5-fluoromethoxy-pyrazine-2-yl

39 “Reagents and conditions: (a) RCO,H, EDC-HCI, aq HCI, THF or MeOH, 0 °C or 0 °C to rt,
40 49-100%.

46 The synthesis of the methoxy thiazine 15 started with (R)-zerrbutylsulfinylketimine 25,2753
readily available from the corresponding ketone (Scheme 2). The lithium enolate of methyl 2-
51 methoxyacetate was transformed to the corresponding titanium enolate using CITi(O7Pr)s,

54 which was reacted with the sulfinyl ketimine 25 to give the ester 26.27 The ester group in 26
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was reduced to the corresponding alcohol with LiBH, followed by cleavage of the sulfineamide
group and subsequent thiourea formation using benzoyl isothiocyanate (BzNCS) to yield the
thiourea 27. Thiazine cyclization was accomplished with Ghosez’s reagent®* to give the
thiazine 28. Following deprotection of the benzoyl group in 28 with hydrazine monohydrate,
thiazine 29 was nitrated with fuming nitric acid, and subsequent reduction of the nitro group

and amide formation provided the desired thiazine 15.

Scheme 2. Synthesis of Thiazine 15¢

W s

“Reagents and conditions: (a) n-Buli, diisopropylamine, methyl 2-methoxyacetate, CITi(Or-
Pr)s, THF, -78 °C, 72%; (b) (i) LiBH4, MeOH, THF, 0 °C, (ii) 4 M HCl in 1,4-dioxane, MeOH,
rt, (iii) BzZNCS, DCM, rt, 82% over 3 steps; (c) Ghosez’s reagent, DCM, rt, 90%; (d) hydrazine
monohydrate, MeOH, THF, rt, 93%; (e) (i) HNOs, H,SO4, TFA, -20 °C, (ii) Fe, NH4Cl, EtOH,
toluene, H,O, 80 °C, (iii) 5-(fluoromethoxy)pyrazine-2-carboxylic acid, EDC-HCI, aq HClI,
MeOH, 0 °C to rt, 58% over 3 steps.

ACS Paragon Plus Environment

24



Page 25 of 68

oNOYTULT D WN =

Journal of Medicinal Chemistry

As shown in Scheme 3, synthesis of thiazines 16 and 17 was achieved through a modified
route to Scheme 2. Reaction of (R)-zert-butylsulfinylketimine 30% and the titanium enolate
of ethyl 2-phenylacetate yielded ester 31 as an inseparable 2:1 diastereomeric mixture. The
tert-butylsulfinamide group in 31 was removed with HCl, and protection of the amine with
Boc group provided 32 and 33, which were separable by silicagel column chromatography.
The ester groups in 32 and 33 were reduced to the corresponding alcohols, followed by
deprotection of the Boc groups and thiourea formation to afford 34 and 35, respectively.
Thiazine formation using Ghosez’s reagent3* provided 36 and 37, of which the benzoyl
groups were deprotected, followed by introduction of an azide group with sodium azide and
subsequent reduction of the azide group to provide the corresponding anilines. Finally,
amide coupling of the anilines afforded the target compounds 16 and 17. The absolute and
relative configurations were assigned based on the crystal structures of 16 and 17 bound to

BACEL.
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Scheme 3. Synthesis of Thiazines 16 and 172

0 L

s
C
\©fk COEt  ° BrWCozEt

S
BzHN)J\NH
Br. A
- 1
£ R
34: R'=(R)-Ph 36: R'=(R)-Ph 16: R'=(R)-Ph
35: R'=(S)-Ph 37: R'=(S)-Ph 17: R'=(S)-Ph

“Reagents and conditions: (a) z-Buli, diisopropylamine, ethyl 2-phenylacetate, C1Ti(O-Pr)s,
THF, -78 °C, 91%, dr = 2:1; (b) (i) 4 M HCl in 1,4-dioxane, MeOH, rt, (ii) Boc,O, MeOH, 60 °C,
57% and 28% (over 2 steps); (c) (i) LiBH4, MeOH, THF, 0 °C, (ii) TFA, DCM, rt, (iii) BzZNCS,
DCM, rt, 78 and 87% over 3 steps; (d) Ghosez’s reagent, 0 °C to rt, 90% and 81%; (e) (i) DBU,
MeOH, 60 °C, (ii) NaN;, Cul, (1R,2R)-M,N-dimethylcyclohexane-1,2-diamine, sodium L-
ascorbate, EtOH, H,0, 100 °C, (iii) Fe, NH,Cl, EtOH, H,O , THF, 60 °C or Fe, NH,Cl, EtOH,
H,0, THF, 60 °C, (iv) 5-(fluoromethoxy)pyrazine-2-carboxylic acid, EDC-HCI, aq HC], MeOH,
0 °C, 46% and 55% over 4 steps.

As shown in Scheme 4, tetrahydro-2 A-pyran substituted thiazine 18 was synthesized from
the ketimine 25. Reaction of 25 with ethyl 2-(tetrahydro- 2H-pyran-4-yl)acetate yielded the
ester 38 as an inseparable diasteromeric mixture. Cleavage of the sulfineamide group and
subsequent Boc protection provided 39. The ester group in 39 was reduced to the
corresponding alcohol, of which the hydroxyl intramolecularly reacted with the Boc group

to give carbamate 40. The carbamate 40 was protected with a Boc group to give 41. Ring
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opening of the carbamate 41 with K,CO, in MeOH, deprotection of the Boc group, and
subsequent thioureation provided 42. Thiazine formation of the thiourea 42 was
accomplished with NV, N-diethylaminosulfur trifluoride (DAST) to give 43.27d Boc protection
of 43 allowed isolation of 44 and 45 as single isomers by silicagel column chromatography.
Removal of the benzoyl group was conducted by hydrolysis using K,CO3 in MeOH following
protection of the aminde NH with a Boc group. The resulting Boc group was deprotected
with TFA to afford 46, which was converted into the target compound 18 according to the
established procedure as described in Schemes 1 and 3. The stereochemistry of 18 was
confirmed by NOESY correlations using the intermediates 44 and 45 (Figures S1 and S2, see

Supporting Information).
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Scheme 4. Synthesis of Thiazines 182

L

0
N/S"’ BocHN O

’< a 0" N b c
L__CO,Et |
OO ST 0 G
: ‘()
(0]

25

38 39 40

“Reagents and conditions: (a) n-Buli, diisopropylamine, ethyl 2-(tetrahydro-2/-pyran-4-
ylacetate, CI1Ti(Oz-Pr)s, THF, -78 °C, 43%, dr = 2.9:1; (b) (i) 4 M HCl in 1,4-dioxane, MeOH,
rt, (ii) BocyO, THF, 60°C , 88% over 2 steps; (c) LiBH4, MeOH, THF, 50 °C, 24%; (d) Boc,O,
DCM, THF, 60 °C, 73%; (e) (i) K2COs, MeOH, rt, (ii) TFA, DCM, rt, (iii) BzZNCS, DCM, rt, 49%
over 3 steps; (f) DAST, DCM, 0 °C, 73%; (g) BocyO, THF, rt, 47% and 26%; (h) (i) K,COs,
MeOH, rt, (ii) TFA, DCM, rt, 91% over 2 steps; (i) (i) HNOs, H,SO4, TFA, =20 °C, (ii) Fe, NH4Cl,
toluene, H,O, 80 °C, 74% over 2 steps; (j) 5-(fluoromethoxy)pyrazine-2-carboxylic acid,
EDC-HCI, aq HCI, MeOH, rt, 76%.

The synthesis of thiazine 19 started with sulfinyl ketimine 25 (Scheme 5). Addition of the
titanium enolate of ethyl tetrahydro-2 A-pyran-4-carboxylate to the ketimine 25, cleavage of

the sulfinaminde, and subsequent Boc protection afforded 49. The subsequent steps to the
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target 19 were conducted according to the procedures described in Scheme 4. Similar to the
syntheses of compounds 18 and 19, the spiro thiazines 20 and 21 were synthesized according

to Schemes 4 and 5 as shown in Schemes 6 and 7, respectively.

Scheme 5. Synthesis of Thiazines 192

“Reagents and conditions: (a) n-Buli, diisopropylamine, ethyl tetrahydro-2H-pyran-4-
carboxylate, CITi(O#-Pr);, THF, -78 °C, 75%; (b) (i) 4 M HCl in 1,4-dioxane, MeOH, rt, (ii)
Boc,O, MeOH, 60 °C, quant. over 2 steps; (c¢) LiBH4, MeOH, THF, 50 °C, 70%; (d) Boc,O,
DMAP, THF, 50 °C, 84%; (e) (i) K,CO3, MeOH, rt, (ii) TFA, DCM, rt, (iii) BZNCS, DCM, 0 °C
to rt, 74% over 3 steps; (f) DAST, DCM, 0, 57%:; (g) hydrazine monohydrate, MeOH, THF, rt,
71%; (h) (i) HNO3, H,SO,4, TFA, -20 °C to 0°C, (ii) Fe, NH,CI, toluene, H,O, 80 °C, 78% over
2 steps; (i) 5-(fluoromethoxy)pyrazine-2-carboxylic acid, EDC-HCI, aq HCIL, MeOH, 0 °C to rt,
81%.
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Scheme 6. Synthesis of Thiazine 202

“Reagents and conditions: (a) n-Buli, diisopropylamine, methyl 3,3-difluorocyclobutane-1-
carboxylate, CITi(O-Pr)3, THF, -78 °C, 39%; (b) (i) LiBH4, MeOH, THF, 0 °C, (ii) 4 M HCl in
1,4-dioxane, MeOH, rt, (iii) BzZNCS, DCM,, rt, (iv) Ghosez’s reagent, DCM, rt, 68% over 4 steps;
(c) hydrazine monohydrate, MeOH, THF, rt, 96%; (d) (i) HNOs, H,SO4, TFA, -20 °C to rt, (ii)
Boc,O, DMAP, THF, rt, 97% over 2 steps; (e) Fe, NH,Cl, EtOH, toluene, H,O, 60 °C, 79%; (f)
(1) 5-(fluoromethoxy)pyrazine-2-carboxylic acid, HATU, N,V-diisopropylethylamine, MeOH,
rt, 83%, (ii) TFA, DCM, rt, 93%.
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Scheme 7. Synthesis of Thiazine 214

“Reagents and conditions: (a) 7-Buli, diisopropylamine, benzyl 4,4-difluorocyclohexane-1-
carboxylate, CITi(OPr);, THF, -78 °C, 21%; (b) (i) 4 M HCl in 1,4-dioxane, MeOH, rt, (ii)
Boc,0, MeOH, 60 °C, 88% over 2 steps; (c) (i) LiBH4, MeOH, THF, 0 °C to 40 °C, (ii) 4 M HCI
in 1,4-dioxane, rt, (iii) BzNCS, DCM, 0 °C to rt, 54% over 3 steps; (d) DAST, DCM, 0 °C, 61%;
(e) hydrazine hydrate, MeOH/THF, 50 °C, 73%; (f) (i) HNOs, H,SO4, TFA, -15 °C, (ii) Fe,
NH,C], EtOH, toluene, H,O, 80 °C, (iii) 5-(fluoromethoxy)pyrazine-2-carboxylic acid,
EDC-HCl, aq HCI, MeOH, 0 °C to rt, 55% over 3 steps.

Scheme 8 describes the synthesis of the spiro thiazine 22 starting from the ketimine 25. Like
the other thiazines described above, the titanium enolate prepared from ethyl tetrahydro-2 /4~
thiopyran-4-carboxylate reacted with 25 to afford ester 66. Conversion of the ester 66 to the
thiazine 70 was conducted via a similar reaction sequence as described in Schemes 4-7.The
thiazine 70 was oxidized with m-CPBA to give 71. Sulfone 71 was nitrated with fuming nitric
acid followed by reduction of the nitro group and amide formation to provide the desired spiro

thiazine 22.

ACS Paragon Plus Environment

31



oNOYTULT D WN =

Journal of Medicinal Chemistry

Scheme 8. Synthesis of spiro-Thiazine 222

“Reagents and conditions: (a) n-Buli, diisopropylamine, methyl tetrahydro-2H-thiopyran-4-
carboxylate, CITi(OsPr)3;, THF, -78 °C, 59%; (b) (i) 4 M HCI in 1,4-dioxane, MeOH, rt, (ii)
Boc,0, MeOH, 50 °C, 94% over 2 steps; (c) LiBH4, MeOH/THF, 0 °C to 50 °C, 48%; (d) (i) TFA,
DCM, rt, (ii) BzNCS, DCM, rt, 70% over 2 steps; (e) (i) DAST, DCM, rt, (ii) hydrazine
monohydrate, MeOH, THF, 40 °C, 16% over 2 steps; (f) m-CPBA, DMC, 0 °C, 90%; (g) (1)
HNOs3, H,SO,4, TFA, -10 °C to 0°C, (ii) Fe, NH4Cl, toluene, H,O, 80 °C, 77% over 2 steps; (h)
5-(fluoromethoxy)pyrazine-2-carboxylic acid, EDC-HCI, aq HCl, MeOH, 0 °C to rt, 66%.

CONCLUSIONS

Utilizing structure-based drug design, a unique thiazine-based selective BACE1 inhibitor was

discovered starting with 8. It possessed a biochemical BACE1/2 selectivity of 1.6-fold, leading
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to the discovery of the spirocycle-based inhibitors 21 and 22 with more than 100- and 500-

fold selectivity over BACE2 in the biochemical and the binding assays, respectively. This

oNOYTULT D WN =

9 improved selectivity was rationalized by interaction of the spirocycle with the flap, where
BACE]I was likely to accommodate larger substituents than BACE2 due to the difference in
14 conformational flexibility. The cocrystal structures of 22 bound to both the enzymes

17 confirmed a higher energetic penalty, as indicated by the B-factors, around the flap in the

19 22-bound BACE2 structure than that in BACE], resulting in loss of BACE2 potency and

22 thereby increased selectivity. The structural insights, the high-resolution inhibitor-bound
structures, as well as the selective BACE1 inhibitors, such as 21 and 22, should aid structure-
27 based discovery of novel selective BACE1 inhibitors, which eventually could lead to a next

30 generation of safer BACEI inhibitors.

33 EXPERIMENTAL SECTION

37 General Chemistry. All commercial chemicals were used as received. Column chromatography
40 was carried out on an automated purification system using Fuji Silysia or Yamazen prepacked
silica gel columns. 'H NMR and '3C NMR spectra were recorded on a Bruker Advance 400 and
45 100 MHz, respectively. Spectral data are reported as follows: chemical shift (as ppm referenced
to tetramethylsilane), integration value, multiplicity (s = singlet, d = doublet, dd = double
50 doublet, ddd = double double doublet, dt = double triplet, t = triplet, q = quartet, m = multiplet,
53 br = broad peak), and coupling constant. Analytical LC/MS was performed on a Shimadzu

UFLC system coupled with a LCMS-2020 mass spectrometer, SPD-M20A photodiode array
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detector (detection at 254 nm), LC-20AD binary gradient module, and SIL-20AC sample
manager, which was operated on a Shimadzu Shim-pack XR-ODS column (Cjg, 2.2 pm, 3.0 x
50 mm) with a linear gradient from 10% to 100% B over 3 min and then 100% B for 1 min (A
= H,0 + 0.1% formic acid, B = MeCN + 0.1% formic acid) at a flow rate of 1.6 mL/min. Purities
of all final compounds were determined to be greater than 95%. High resolution mass spectra

were recorded on a Thermo Fisher Scientific LTQ Orbitrap with electrospray ionization.

General Procedure for Condensation with Carboxylic Acids. To a solution of aniline (1.0 eq),
carboxylic acid (1.0-1.05 eq), and HCl (2 M in water, 1.0 eq) in MeOH was added EDC-HC1
(1.1 eq) at 0 °C (or room temperature). The mixture was stirred at room temperature for 1 h and

treated with aqueous NaHCOj; solution. The aqueous layer was separated and extracted with
EtOAc. The combined organic layers were washed with water and brine, dried over Na;SO.,
filtered, and evaporated. The residue was purified by flash column chromatography and/or

crystallization to obtain the target compound.

(8)-NV-(3-(2-Amino-4-methyl-5,6-dihydro-4H-1,3-thiazin-4-yl)-4-fluorophenyl)-5-

chloropicolinamide (8). Compound 8 was prepared from 23 (150 mg, 0.627 mmol) according to
the general procedure (220 mg, 92%). White solid. 'H NMR (400 MHz, CDCl;) & 9.80 (1H, s),
8.56 (1H, d, J=2.4 Hz), 8.24 (1H, d, J = 8.4 Hz), 8.00 (1H, ddd, J = 8.8, 4.0, 2.8 Hz), 7.87 (1H,
dd, J=8.4,2.4 Hz), 7.41 (1H, dd, J= 7.0, 2.8 Hz), 7.06 (1H, dd, J=11.7, 8.8 Hz), 4.46 (2H, br
s), 2.98 (1H, ddd, J=12.2, 6.7, 3.6 Hz), 2.74 (1H, ddd, /= 12.2, 10.4, 3.6 Hz), 2.43 (1H, ddd, J =
14.0,6.7,3.6 Hz), 1.94 (1H, ddd, /= 14.0, 10.4, 3.6 Hz), 1.63 (3H, d, J= 1.0). MS-ESI (m/z): 379

[M +HJ".
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(5)-NV-(3-(2-Amino-4-methyl-5,6-dihydro-4H-1,3-thiazin-4-yl)-4-fluorophenyl)-5-

fluoropicolinamide (9). Compound 9 was prepared from 23 (50.0 mg, 0.209 mmol) according to
the general procedure (37.2 mg, 49%). White solid. 'H NMR (400 MHz, CDCls) 4 9.78 (1H, s),
8.46 (1H, d, J= 2.6 Hz), 8.33 (1H, dd, J = 8.6, 4.6 Hz), 8.01-7.97 (1H, m), 7.59 (1H, td, J = 8.4,
2.6 Hz), 7.40 (1H, dd, J = 6.9, 2.8 Hz), 7.06 (1H, dd, /= 11.6, 8.7 Hz), 2.98 (1H, ddd, J = 11.5,

6.7,3.9 Hz), 2.78-2.71 (1H, m), 2.49-2.43 (1H, m), 1.94 (1H, ddd, J = 14.2, 10.8, 3.8 Hz), 1.64
(3H, $).MS-ESI (m/2): 363 [M + H]".

(8)-NV-(3-(2-Amino-4-methyl-5,6-dihydro-4H-1,3-thiazin-4-yl)-4-fluorophenyl)-5-
cyanopicolinamide (10). Compound 10 was prepared from 23 (130 mg, 0.543 mmol) according
to the general procedure (202 mg, quant.). White solid. '"H NMR (400 MHz, CDCl;) & 9.83 (1H,
s), 8.89 (1H, d, J=2.0 Hz), 8.43 (1H, d, /= 8.2 Hz), 8.20 (1H, dd, /= 8.2, 2.0 Hz), 7.99 (1H,
ddd, /= 8.8, 4.0, 2.8 Hz), 7.45 (1H, dd, J=7.0, 2.8 Hz), 7.08 (1H, dd, J=11.5, 8.8 Hz), 4.47
(2H, brs), 2.99 (1H, ddd, J=12.2, 6.8, 3.6 Hz), 2.74 (1H, ddd, /= 12.2, 10.4, 3.6 Hz), 2.42 (1H,
ddd, J=14.0, 6.8, 3.6 Hz), 1.95 (1H, ddd, J = 14.0, 10.4, 3.6 Hz), 1.63 (3H, d, /= 1.1). MS-ESI

(m/z): 370 [M + H]".

(5)-NV-(3-(2-Amino-4-methyl-5,6-dihydro-4H-1,3-thiazin-4-yl)-4-fluorophenyl)-5-
(difluoromethyl)pyrazine-2-carboxamide (11). Compound 11 was prepared from 23 (51.0 mg,
0.213 mmol) according to the general procedure (63.8 mg, 78%). Pale yellow solid. 'H NMR
(400 MHz, CDCls) 6 9.64 (1H, br s), 9.53 (1H, s), 8.93 (1H, s), 8.00 (1H, ddd, /= 8.8, 3.9, 2.8
Hz), 7.44 (1H, dd, /= 6.8, 2.8 Hz), 7.09 (1H, dd, J=11.5, 8.8 Hz), 6.79 (1H, t, J = 54.5 Hz),
3.00 (1H, ddd, J=12.2, 6.7, 3.5 Hz), 2.75 (1H, ddd, J = 12.2, 10.4, 3.5 Hz), 2.44 (1H, ddd, J =
14.0, 6.7, 3.5 Hz), 1.96 (1H, ddd, J = 14.0, 10.4, 3.5 Hz), 1.66 (3H, s). MS-ESI (m/z): 396 [M +

H]".
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(8)-NV-(3-(2-Amino-4-methyl-5,6-dihydro-4H-1,3-thiazin-4-yl)-4-fluorophenyl)-5-
methoxypyrazine-2-carboxamide (12). Compound 12 was prepared from 23 (130 mg, 0.543
mmol) according to the general procedure (190 mg, 93%). White solid. '"H NMR (400 MHz,
CDCl;) 6 9.48 (1H, s), 9.01 (1H, d,J=1.3 Hz), 8.15 (1H, d, /= 1.3 Hz), 7.99 (1H, ddd, J = 8.9,
3.9,2.8 Hz), 7.37 (1H, dd, J="7.0, 2.8 Hz), 7.05 (1H, dd, J=11.7, 8.9 Hz), 4.44 (2H, br s), 4.07
(3H, ), 2.98 (1H, ddd, J=12.2, 6.6, 3.7 Hz), 2.74 (1H, ddd, J=12.2, 10.4, 3.5 Hz), 2.43 (1H,
ddd, J=13.9,6.6,3.5 Hz), 1.93 (1H, ddd, /= 13.9, 10.4, 3.7 Hz), 1.62 (3H, d, /= 0.9 Hz). MS-

ESI (m/2): 376 [M + H".

(8)-N-(3-(2-Amino-4-methyl-5,6-dihydro-4H-1,3-thiazin-4-yl)-4-fluorophenyl)-5-(2,2,2-
trifluoroethoxy)pyrazine-2-carboxamide (13). Compound 13 was prepared from 23 according
to the general procedure (76.0 mg, 86%). White solid. '"H NMR (400 MHz, CDCl;) 6 9.47 (1H,
s),9.02 (1H, d, J=1.3 Hz), 8.31 (1H, d, J= 1.3 Hz), 7.98 (1H, ddd, /= 8.7, 3.9, 2.9 Hz), 7.40
(1H, dd,J=17.0,2.8 Hz), 7.06 (1H, dd, /= 11.6, 8.7 Hz), 4.86 (2H, q, J= 8.2 Hz), 2.99 (1H, ddd,
J=12.2,6.6,3.7 Hz), 2.75 (1H, ddd, /= 12.2, 10.5, 3.5 Hz), 2.43 (1H, ddd, J = 14.0, 6.6, 3.4
Hz), 1.95 (1H, ddd, J = 14.0, 10.5, 3.7 Hz), 1.63 (3H, d, /= 1.0 Hz). MS-ESI (m/z): 444 [M +
H]™

(5)-NV-(3-(2-Amino-4-methyl-5,6-dihydro-4H-1,3-thiazin-4-yl)-4-fluorophenyl)-5-
(fluoromethoxy)pyrazine-2-carboxamide (14). Compound 14 was prepared from 23 (150 mg,
0.627 mmol) according to the general procedure (219 mg, 89%). White solid. "H NMR (400
MHz, CDCl3) 6 9.47 (1H, s), 9.08 (1H, d, /= 1.2 Hz), 8.28 (1H, d, /= 1.2 Hz), 7.99 (1H, ddd, J
=8.7,3.9,2.9 Hz), 7.39 (1H, dd, /= 7.0, 2.9 Hz), 7.06 (1H, dd, /= 11.7, 8.7 Hz), 6.22-6.08 (2H,

m), 4.46 (2H, s), 2.98 (1H, ddd, J = 12.2, 6.7, 3.7 Hz), 2.74 (1H, ddd, J = 12.2, 10.5, 3.5 Hz),
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2.42 (1H, ddd, J=13.9, 6.7, 3.5 Hz), 1.94 (1H, ddd, /= 13.9, 10.5, 3.7 Hz), 1.63 (3H, d, /= 0.9
Hz). MS-ESI (m/z): 394 [M + HJ*.
MN-(3-((4S5,5R)-2-Amino-4-methyl-5-phenyl-5,6-dihydro-4 /-1,3-thiazin-4-yl)-4-
fluorophenyl)-5-(fluoromethoxy)pyrazine-2-carboxamide (16). A mixture of 36 (267 mg,
0.553 mmol) and DBU (83.0 puL, 0.553 mmol) in MeOH (8.0 mL) was stirred at 60 °C for 6 h.

The mixture was cooled to room temperature and treated with HCI solution (2 M in water). The

mixture was diluted with Et,O, and the organic layers were back extracted with H,O. The
aqueous layer was basified with K;COs and extracted with EtOAc. The organic layers were
washed with water and concentrated to give the crude compound (201 mg) as a colorless oil. A
mixture of this crude compound (108 mg), Cul (10.8 mg, 0.057 mmol), (1R 2R)-M,NP-
dimethylcyclohexane-1,2-diamine (13.5pL, 0.085 mmol), NaNj3 (74.0 mg, 1.14 mmol), and
sodium L-ascorbate (5.64 mg, 0.0280 mmol) in EtOH and H,O (1.5 mL/0.5 mL) was stirred at
100 °C for 1.5 h. The reaction mixture was quenched with water, and the aqueous layer was

extracted with EtOAc. The organic layers were washed with water and evaporated to give the

crude compound (77.4 mg) as an orange amorphous substance. A suspension of this crude
compound, Fe (101 mg, 1.84 mmol), and NH4CI (146 mg, 2.72 mmol) in EtOH/THF/H,0 (1.0
mL/0.5 mL/0.5 mL) was stirred at 60 °C for 1.5 h. The mixture was cooled to room
temperature, diluted with aqueous K,COjs solution, and filtered through Celite. The aqueous
layer was extracted with EtOAc. The organic layers were washed with water and concentrated
to give the crude compound (63.4 mg) as a white amorphous substance. This crude compound

was subjected to the amide coupling reaction conditions according to the general procedure

ACS Paragon Plus Environment

37



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 38 of 68

outlined above to give 16 (35.9 mg, 46% over 4 steps) as a tan solid. '"H NMR (400 MHz,
CDCl5) 6 9.43 (1H, brs), 9.08 (1H, d, /= 1.3 Hz), 8.29 (1H, d, /= 1.3 Hz), 7.92-7.88 (1H, m),
7.32 (1H, dd, J=6.9, 2.6 Hz), 7.25-7.22 (3H, m), 7.18-7.16 (2H, m), 7.02 (1H, dd, J=11.7, 8.7

Hz), 6.15 (2H, d,J= 51.1 Hz), 3.64 (1H, dd, J= 7.1, 4.5 Hz), 3.30 (1H, dd, J = 12.3, 7.1 Hz),

3.11 (1H, dd, J= 12.3, 4.5 Hz), 1.56 (3H, d, J = 1.6 Hz). MS-ESI (m/2): 470 [M + H]*.

MN-(3-((455.9)-2-Amino-4-methyl-5-phenyl-5,6-dihydro-4 4-1,3-thiazin-4-yl)-4-
fluorophenyl)-5-(fluoromethoxy)pyrazine-2-carboxamide (17). A mixture of 37 (179 mg,
0.371 mmol) and DBU (55.9 puL, 0.371 mmol) in MeOH (5.4 mL) was stirred at 60 °C for 11 h.
The mixture was cooled to room temperature and treated with HCl solution (2 M in water).
The mixture was diluted with Et,0, and the organic layers were back extracted with H,O. The
aqueous layer was basified with K,COs, and the aqueous layer was extracted with EtOAc.
The organic layers were washed with water and concentrated to give the crude compound (137
mg) as a white amorphous substance. A mixture of this crude compound, Cul (13.8 mg, 0.072
mmol), (1R 2R)-M,N-dimethylcyclohexane-1,2-diamine (17.1 uL, 0.108 mmol), NaNj; (94.0
mg, 1.45 mmol) and sodium L-ascorbate (7.16 mg, 0.0360 mmol) in EtOH/H,0 (1.9 mL/0.7
mL) was stirred at 100 °C for 2 h. The reaction mixture was quenched with water, and the

aqueous layer was extracted with EtOAc. The organic layers were washed with water and

evaporated to give the crude compound (109 mg) as a tan amorphous substance. A suspension of
this crude compound, Fe (143 mg, 2.56 mmol), and NH4Cl (205 mg, 3.84 mmol) in

EtOH/H,0 (1.5 mL/0.8 mL) was stirred at 60 °C for 5 h. The mixture was cooled to room
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temperature and diluted with aqueous K,COj solution and filtered through Celite. The
aqueous layer was extracted with EtOAc. The organic layers were washed with water and
concentrated to give the crude compound (95.5 mg) as a tan solid. This crude compound was
subjected to the amide coupling reaction conditions according to the general procedure
outlined above to give 17 (52.8 mg, 55% over 4 steps) as a tan solid. 'H NMR (400 MHz,
CDCl5) 6 9.37 (1H, br s), 9.05 (1H, s), 8.27 (1H, s), 7.91-7.88 (1H, m), 7.59-7.56 (1H, m),
7.06-7.04 (5SH, m), 6.92-6.87 (1H, m), 6.14 (3H, d, /= 51.2 Hz), 4.50 (2H, br s), 3.78-3.72 (2H,

m), 3.14-3.11 (1H, m), 1.71 (3H, s). MS-ESI (m/2): 470 [M + HJ".

(R)-N-(3-(3-Amino-5-methyl-9,9-dioxido-2,9-dithia-4-azaspiro[5.5]undec-3-en-5-yl)-4-
fluorophenyl)-5-(fluoromethoxy)pyrazine-2-carboxamide (22). Compound 22 was prepared
from 72 (48.6 mg, 0.136 mmol) according to the general procedure (45.8 mg, 66%). Pale yellow
solid. "H NMR (400 MHz, CDCl3) 6 9.48 (1H, s), 9.09 (1H, d, /= 1.3 Hz), 8.30 (1H, d,J=1.3

Hz), 7.77-7.71 (2H, m), 7.06 (1H, dd, J=12.2, 8.8 Hz), 6.15 (2H, d, J=51.1 Hz), 3.16 (1H, d, J
=13.4 Hz), 3.07-2.89 (5H, m), 2.38-2.30 (1H, m), 2.24-2.15 (2H, m), 1.94-1.90 (1H, m), 1.73
(3H, d, J=4.5 Hz). 3C NMR (100 MHz, CDCl;) 6 160.4, 159.4 (d, J=2.9 Hz), 157.1 (d, /=
245.8 Hz), 148.4, 141.8, 139.7, 133.2, 133.2 (d, /= 2.9 Hz), 130.9 (d, /= 12.5 Hz), 123.7, 121.1
(d,J=8.8Hz), 117.3 (d,J=27.8 Hz), 95.8 (d, J = 223.7 Hz), 63.1, 47.3,47.2,33.3,29.1 (d, J
=3.7 Hz), 27.2, 26.9, 24.0. HRMS-ESI (m/2): [M + H]* calcd for Cy1Hy4O4NsF,S,* 512.1232,

found 512.1231.
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Ethyl (35)-3-(5-bromo-2-fluorophenyl)-3-(((X)- zert-butylsulfinyl)amino)-2-phenylbutanoate
(31). To a solution of diisopropylamine (2.40 mL, 17.1 mmol) in THF (16 mL) was added
dropwise n-Buli (1.54 M in hexane; 10.5 mL, 16.2 mmol) at -78 °C. The mixture was allowed
to warm to 0 °C and stirred at the same temperature for 20 min. The mixture was again
cooled to -78 °C, and a solution of ethyl 2-phenylacetate (2.00 g, 12.2 mmo) in THF (7.8 mL)
was added dropwise to the mixture. After being stirred at the same temperature for 40 min, a
solution of CITi(O7-Pr)3(4.08 mL, 17.1 mmol) in THF (7.8 mL) was added dropwise at -78 °C.
The mixture was stirred at the same temperature for 10 min, and then 30 (1.30 g, 4.06 mmol)
in THF (7.8 mL) was added dropwise. After being stirred for 15 min, the mixture was
quenched with aqueous NH4Cl solution. The resulting mixture was filtered through Celite
and evaporated. The residue was purified by flash column chromatography (silica gel;
EtOAc/hexane, gradient: 10-40% EtOAc) to give 31 (1.78 g, 91%) as a yellow oil. 1.7:1
diastereomeric mixture. '"H NMR (400 MHz, CDCl;) & 7.41-7.34 (2H, m), 7.31-7.20 (4H, m),
7.09-7.06 (1H, m), 6.97-6.90 (1H, m), 5.29 (1H, s), 4.46 (1H, d, J = 1.1 Hz), 4.18-4.02 (2H, m),

1.87 (3H, 5), 1.27 (9H, s), 1.13 (3H, t, J= 7.1 Hz).

Ethyl (2R,35)-3-(5-bromo-2-fluorophenyl)-3-((zert-butoxycarbonyl)amino)-2-
phenylbutanoate (32) and ethyl (25,35)-3-(5-bromo-2-fluorophenyl)-3-((zers-
butoxycarbonyl)amino)-2-phenylbutanoate (33). A mixture of 31 (900 mg, 1.86 mmol) and
HCI (4 M in 1,4-dioxane; 697 puL, 2.79 mmol) in MeOH (18 mL) was stirred at room

temperature for 1 h. The mixture was diluted with Et,0O, and then the organic layers were
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back extracted with H,O. The aqueous layer was basified with K,COs, which was extracted
with EtOAc. The organic layers were washed with water and concentrated to give the crude
compound (689 mg) as a colorless oil with a diastereomeric ratio of 2:1. A mixture of this
crude compound and Boc,O (2.11 mL, 9.08 mmol) was stirred at 60 °C for 6 h. The mixture
was cooled to room temperature, and then 1-methylpiperazine (805 pL, 7.26 mmol) was added

to this mixture. The resulting mixture was evaporated, and the residue was purified by flash
column chromatography (silica gel; 10% EtOAc in hexane) to give 32 (507 mg, 57% over 2
steps) as a white amorphous substance and 33 (252 mg, 28 over 2 steps) as a white amorphous

substance. '"H NMR (400 MHz, CDCls; major isomer) & 7.49-7.46 (2H, m), 7.38-7.34 (5H, m),
6.95 (1H, dd, J=11.3, 8.4 Hz), 6.86 (1H, br s), 4.15 (1H, s), 4.03-3.95 (1H, m), 3.86-3.78 (1H,
m), 1.75 (3H, d, J=2.1 Hz), 1.45 (9H, br s), 0.92 (3H, t, /= 7.1 Hz). '"H NMR (400 MHz,
CDCl;; minor isomer) 6 7.26-7.20 (4H, m), 7.13-7.11 (2H, m), 7.02 (1H, br s), 6.87 (1H, dd, J =
12.0, 8.7 Hz), 6.12 (1H, br s), 4.22-4.15 (1H, m), 4.11 (1H, s), 4.07-4.01 (1H, m), 1.99 (3H, br

s), 1.38 (9H, brs), 1.18 (3H, t, J = 6.8 Hz).

MN-(((25,3 R)-2-(5-Bromo-2-fluorophenyl)-4-hydroxy-3-phenylbutan-2-
yl)carbamothioyl)benzamide (34). To a solution of 32 (455 mg, 0.948 mmol) and MeOH (163
uL, 2.85 mmol) in THF (2.3 mL) was added LiBH,4 (3.0 M in THF; 948 pL, 2.85 mmol) at 0 °C.

After stirring for 19 h at room temperature, the mixture was cooled to 0 °C and then diluted with
H,0 and AcOH. The aqueous layer was separated and extracted with EtOAc. The organic layers
were washed with water and concentrated to give the crude compound (427 mg) as a white

amorphous substance. To a solution of this crude and other batch prepared according to the
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above method (473 mg) in DCM (4.7 mL) was added TFA (832 pL, 10.8 mmol) at room

temperature. After stirring for 1 h at the same temperature, the reaction mixture was quenched
with aqueous K,CO; solution. The aqueous layer was separated and extracted with DCM. The
organic layers were dried over Na,SQOy,, filtered, and evaporated to give the crude compound (367

mg) as a white amorphous substance. To a solution of this crude compound in DCM (3.7 mL)
was added BzNCS (174 pL, 1.30 mmol) at 0 °C. After stirring at room temperature for 1 h, the

reaction mixture was concentrated. The residue was purified by flash column chromatography

(silica gel; EtOAc/hexane, gradient: 10-45% EtOAc) to give 34 (414 mg, 78% over 3 steps) as a

white amorphous substance. 'H NMR (400 MHz, CDCl5) 6 11.91 (1H, s), 8.80 (1H, s),

7.89-7.87 (2H, m), 7.66-7.61 (1H, m), 7.55-7.51 (2H, m), 7.29-7.24 (1H, m), 7.22-7.20 (3H,
m), 7.08-7.05 (2H, m), 7.01-6.99 (1H, m), 6.85 (1H, dd, J= 11.9, 8.7 Hz), 4.36-4.29 (1H, m),

4.27-4.21 (1H, m), 3.60 (1H, t, J= 7.0 Hz), 2.17 (3H, s), 1.71-1.69 (1H, m).

N-(((25,39)-2-(5-Bromo-2-fluorophenyl)-4-hydroxy-3-phenylbutan-2-
yl)carbamothioyl)benzamide (35). To a solution of 33 (252 mg, 0.524 mmol) and MeOH (90.0
uL, 1.57 mmol) in THF (2.5 mL) was added LiBH,4 (3.0 M in THF; 524 pL, 1.57 mmol) at 0 °C.

After stirring for 1 day at room temperature, the mixture was cooled to 0 °C and diluted with
H,0 and AcOH. The aqueous layer was separated and extracted with EtOAc. The organic layers
were washed with water and concentrated to give the crude compound (234 mg) as a white
amorphous substance. To a solution of this crude compound in DCM (2.3 mL) was added TFA

(404 pL, 5.25 mmol) at room temperature. After stirring for 2 h at the same temperature, the

reaction mixture was quenched with aqueous K,COj; solution. The aqueous layer was separated
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and extracted with DCM. The organic layers were dried over Na,SO,, filtered, and evaporated to

give the crude compound (189 mg) as a white amorphous substance. To a solution of this crude
compound in DCM (1.9 mL) was added BzNCS (84 puL, 0.628 mmol) at 0 °C. After stirring at

room temperature for 1 h, the reaction mixture was concentrated. The residue was treated with
IPE and collected on a glass filter to give the target compound as a pale yellow solid. The filtrate

was purified by flash column chromatography (silica gel; EtOAc/hexane, gradient: 10-40%

EtOAc) to afford the target compound as well. The solid collected and the purified compound
were combined to give 35 (229 mg, 87% over 3 steps)as a yellow amorphous substance. 'H

NMR (400 MHz, CDCl3) § 11.43 (1H, s), 8.70 (1H, s), 7.82-7.80 (2H, m), 7.62-7.59 (1H, m),
7.52-7.48 (2H, m), 7.43-7.35 (6H, m), 7.31-7.29 (1H, m), 6.93 (1H, dd, J = 11.9, 8.7 Hz),

4.10-4.04 (1H, m), 3.87-3.81 (1H, m), 3.62 (1H, dd, J=9.2, 4.6 Hz), 2.16 3H, s).

N-((4S,5R)-4-(5-Bromo-2-fluorophenyl)-4-methyl-5-phenyl-5,6-dihydro-4H-1,3-thiazin-2-
yl)benzamide (36). To a solution of compound 34 (310 mg, 0.617 mmol) in DCM (3.1 mL)
was added Ghosez’s reagent (245 pL, 1.85 mmol) at 0 °C. After stirring for 1.5 h at room

temperature, the reaction mixture was treated with aqueous NaHCOj; solution. The aqueous layer
was extracted with EtOAc. The organic layers were washed with water and evaporated. The
residue was purified by flash column chromatography (silica gel; EtOAc/hexane, gradient:

10-30% EtOAc) to give 36 (267mg, 90%) as a colorless oil. 'H NMR (400 MHz, CDCls) 3 8.24
(2H, d, J=7.3 Hz), 7.54-7.50 (1H, m), 7.47-7.43 (3H, m), 7.35 (1H, dd, /= "7.1, 2.3 Hz),
7.31-7.25 (5H, m), 7.02 (1H, dd, J=11.9, 8.8 Hz), 3.95-3.93 (1H, m), 3.26 (1H, dd, J=13.1,

5.6 Hz), 3.15 (1H, dd, J= 13.1, 4.6 Hz), 1.61 (3H, s).
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N-((4555)-4-(5-Bromo-2-fluorophenyl)-4-methyl-5-phenyl-5,6-dihydro-4 4-1,3-thiazin-2-
yl)benzamide (37). To a solution of compound 35 (229 mg, 0.458 mmol) in DCM (2.3 mL)
was added Ghosez’s reagent (182 pL, 1.37 mmol) at 0 °C. After stirring for 3 h at room

temperature, the reaction mixture was treated with aqueous NaHCOj5 solution. The aqueous layer
was extracted with EtOAc. The organic layers were washed with water and evaporated. The
residue was purified by flash column chromatography (silica gel; EtOAc/hexane, gradient:

0-20% EtOAc) to give 37 (179 mg, 81%) as a white amorphous substance. '"H NMR (400 MHz,
CDCl;) 6 8.17-8.15 (2H, m), 7.55-7.51 (1H, m), 7.48-7.44 (2H, m), 7.37-7.33 (2H, m),
7.23-7.16 (3H, m), 6.88 (2H, d, J=7.2 Hz), 6.80 (1H, dd, J=11.9, 8.7 Hz), 3.59-3.56 (1H, m),

3.33-3.27 (2H, m), 1.87 (3H, br s).

Methyl 4-((5)-1-(((R)- tert-butylsulfinyl)amino)-1-(2-fluorophenyl)ethyl)tetrahydro-2 A-
thiopyran-4-carboxylate (66). To a solution of diisopropylamine (12.1 mL, 86.0 mmol) in
THF (80 mL) was added dropwise #-Buli (1.60 M in hexane; 51.4 mL, 82.0 mmol) at -78 °C.
The mixture was allowed to warm to 0 °C and stirred at the same temperature for 20 min.
The mixture was cooled to —-78 °C, and a solution of methyl tetrahydro-2H-thiopyran-4-
carboxylate (9.89 g, 61.7 mmo) in THF (40 mL) was added dropwise to the mixture. After
being stirred at the same temperature for 45 min, a solution of CITi(OzPr); (20.7 mL, 86.0
mmol) in THF (40 mL) was added dropwise at =78 °C. The mixture was stirred at the same
temperature for 10 min, and then 25 (9.93 g, 41.1 mmol) in THF (40 mL) was added
dropwise. After stirring for 10 min, the mixture was quenched with aqueous NH,Cl solution.

The resulting mixture was filtered through Celite and evaporated. The residue was purified by
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flash column chromatography (silica gel; EtOAc/hexane, gradient: 20-70% EtOAc) to give 66
(9.80 g, 59%) as a yellow solid. '"H NMR (400 MHz, CDCl3) 8 7.36-7.27 (2H, m), 7.12-7.08
(1H, m), 7.03 (1H, ddd, J=13.3, 8.2, 1.1 Hz), 4.97 (1H, s), 3.77 (3H, s), 2.81-2.74 (1H, m),
2.66-2.62 (1H, m), 2.55-2.47 (4H, m), 1.91 (3H, d, /=4.1 Hz), 1.71-1.64 (1H, m), 1.39-1.32

(1H, m).

Methyl (5)-4-(1-((tert-butoxycarbonyl)amino)-1-(2-fluorophenyl)ethyl)tetrahydro-2 A-
thiopyran-4-carboxylate (67). A mixture of 66 (9.80 g, 24.4 mmol) and HCI (4 M in 1,4-
dioxane; 9.15 mL, 36.6 mmol) in MeOH (98 mL) was stirred at room temperature for 2 h. The
mixture was diluted with Et;O, and the organic layers were back extracted with H,O. The
aqueous layer was basified with K,COs, and the aqueous layer was extracted with EtOAc.
The organic layers were washed with water and concentrated to give the crude compound
(9.36 g) as a yellow oil. A mixture of this crude compound and Boc,O (22.5 mL, 97.0 mmol)
was stirred at 50 °C for 7 h. The mixture was cooled to room temperature and carefully

treated with 1-methylpiperazine (8.04 mL, 72.5 mmol). The resulting mixture was evaporated,
and the residue was purified by flash column chromatography (silica gel; EtOAc/hexane,

gradient: 0-10% EtOAc) to give 67 (9.03 g, 94% over 2 steps) as a white solid. '"H NMR (400
MHz, CDCly) 6 7.24-7.15 (2H, m), 7.07 (1H, t, J=7.5 Hz), 6.97 (1H, dd, J = 12.9, 8.0 Hz), 6.08
(1H, br s), 3.72 (3H, s), 2.66-2.60 (2H, m), 2.57-2.45 (3H, m), 2.30-2.25 (1H, m), 1.91 (3H, br

s), 1.74-1.66 (2H, m), 1.34 (9H, br s).
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tert-Butyl (5)-(1-(2-fluorophenyl)-1-(4-(hydroxymethyl)tetrahydro-2 A-thiopyran-4-
yl)ethyl)carbamate (68). To a solution of 67 (9.03 g, 22.7 mmol) and MeOH (2.76 mL, 68.2
mmol) in THF (90 mL) was added LiBH4 (3.0 M in THF; 22.7 mL, 68.2 mmol) at 0 °C. After
stirring for 6 h at 50 °C, the mixture was cooled to 0 °C and quenched with aqueous NH4Cl solution.

The aqueous layer was separated and extracted with EtOAc. The organic layers were washed with
water and concentrated. The residue was purified by flash column chromatography (silica gel;

EtOAc/hexane, gradient: 10-100% EtOAc) to give 68 (4.04 g, 48%) as a white amorphous
substance. '"H NMR (400 MHz, CDCls) 6 7.31-7.29 (1H, m), 7.24-7.19 (1H, m), 7.09 (1H, t, J =
7.6 Hz), 6.99 (1H, dd, J = 13.1, 8.1 Hz), 3.94 (1H, d, J = 11.7 Hz), 3.74 (1H, d, J = 11.7 Hz),
2.88-2.81 (1H, m), 2.80-2.72 (1H, m), 2.47-2.43 (1H, m), 2.38-2.28 (2H, m), 1.95 (3H, d, J=3.8

Hz), 1.87-1.80 (2H, m), 1.53-1.47 (1H, m), 1.33 (9H, br s).

(5)-N-((1-(2-Fluorophenyl)-1-(4-(hydroxymethyl)tetrahydro-2 A-thiopyran-4-
yl)ethyl)carbamothioyl)benzamide (69). To a solution of 68 (6.27 g, 17.0 mmol) in DCM
(63mL) was added TFA (13.1 mL, 170 mmol) at room temperature. After stirring for 30 min at

the same temperature, the reaction mixture was cooled to 0 °C and quenched with aqueous
K,COj; solution. The aqueous layer was separated and extracted with CHCl;. The organic layers
were dried over Na,SQ,, filtered, and evaporated to give the crude compound (4.18 g) as a pale

yellow solid. To a solution of this crude compound (3.18 g) in DCM (32 mL) was added
BzNCS (2.06 mL, 15.3 mmol) at 0 °C. After stirring for 20 h at room temperature, the reaction

mixture was concentrated. The residue was purified by flash column chromatography (silica gel;

EtOAc/hexane, gradient: 0-30% EtOAc) to give 69 (3.90 g, 70% over 2 steps) as a yellow
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amorphous substance. "H NMR (400 MHz, CDCl;) 6 11.84 (1H, s), 8.78 (1H, s), 7.86-7.84 (2H,
m), 7.62-7.59 (1H, m), 7.52-7.48 (2H, m), 7.32-7.26 (2H, m), 7.19-7.14 (1H, m), 7.06-6.99
(1H, m), 3.99-3.89 (2H, m), 2.94-2.85 (2H, m), 2.50-2.45 (2H, m), 2.30 (3H, br s), 2.28-2.23

(1H, m), 1.91-1.89 (2H, m), 1.83 (1H, dd, J = 13.3, 3.6 Hz), 1.76-1.73 (1H, m).

(R)-5-(2-Fluorophenyl)-5-methyl-2,9-dithia-4-azaspiro[5.5]undec-3-en-3-amine (70). To a
solution of 69 (3.90 g, 9.02 mmol) in DCM (156 mL) was added DAST (287 pL, 1.95 mmol) at

room temperature. After stirring for 15 min at the same temperature, the reaction mixture was
cooled to 0 °C and then poured into aqueous K,CO; solution. The aqueous layer was extracted

with CHCls, and the organic layers were dried over Na;SQOy, filtered, and evaporated. The residue
was purified by flash column chromatography (silica gel; EtOAc/hexane, gradient: 10-30%
EtOAc) to give the compound (1.70 g) as a pale yellow amorphous substance. A mixture of this
compound (1.70 g) and hydrazine monohydrate (2.18 mL, 44.8 mmol) in MeOH/THF (9.3
ml/9.3 mL) was heated to 40 °C. After stirring for 2 h at the same temperature, the reaction

mixture was concentrated. The residue was purified by flash column chromatography (amino silica

gel; EtOAc/hexane, gradient: 10-30% EtOAc) to give 70 (461mg, 16% over 2 steps) as a colorless
oil. 'H NMR (400 MHz, CDCl;) & 7.41 (1H, td, J= 8.0, 1.7 Hz), 7.25-7.21 (1H, m), 7.14-7.10
(1H, m), 6.99 (1H, ddd, /= 13.0, 8.1, 1.2 Hz), 3.05 (1H, d, J=13.0 Hz), 2.98 (1H, d, /= 13.0 Hz),
2.88-2.75 (2H, m), 2.46-2.40 (1H, m), 2.38-2.33 (1H, m), 2.13-2.10 (1H, m), 1.84-1.70 (2H, m),

1.67 (3H, d,J=4.8 Hz), 1.63-1.61 (1H, m).
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(R)-3-Amino-5-(2-fluorophenyl)-5-methyl-2,9-dithia-4-azaspiro[5.5]undec-3-ene 9,9-dioxide
(71). To a solution of 70 (408 mg, 1.31 mmol) in DCM (12.2 mL) was added m-CPBA (40%
water, 743 mg, 3.02 mmol) at 0 °C. After stirring for 1 h at the same temperature, the reaction

mixture was quenched with aqueous NaHCO; and Na,S,0; solution. The aqueous layer was

extracted with CHCIs, and the organic layers were dried over Na;SQOy, filtered, and evaporated.
The residue was purified by flash column chromatography (silica gel; EtOAc/hexane, gradient:
40-80% EtOAc) to give 71 (404 mg, 90%) as a white amorphous substance. "H NMR (400 MHz,
CDCl3) 6 7.38 (1H, td, J= 8.1, 1.6 Hz), 7.30-7.24 (1H, m), 7.17-7.13 (1H, m), 7.02 (1H, ddd, J =
13.0, 8.1, 1.2 Hz), 3.09 (1H, d, J = 13.3 Hz), 3.04-2.86 (5H, m), 2.37-2.20 (3H, m), 1.82-1.75

(1H, m), 1.72 3H, d, J = 4.8 Hz).

(R)-3-Amino-5-(5-amino-2-fluorophenyl)-5-methyl-2,9-dithia-4-azaspiro[5.5 Jundec-3-ene
9,9-dioxide (72). To a solution of 71 (194 mg, 0.567 mmol) in TFA (918 puL) was added sulfuric

acid (227 uL, 4.25 mmol) at —10 °C. After being stirred at the same temperature for 10 min, the

mixture was added dropwise HNOj; (38.0 uL., 0851 mmol). The reaction mixture was stirred at —10

°C for 25 min and then poured into aqueous K,COj3 solution. The aqueous layer was separated and
extracted with EtOAc. The organic layers were washed with water and evaporated to give the

crude compound (214 mg) as a white amorphous substance. A suspension of this crude
compound, Fe (247 mg, 4.42 mmol), and NH,Cl (355 mg, 6.64 mmol) in toluene/H,O (4.3
mlL/4.3 mL) was stirred at 80 °C for 1 h. The mixture was cooled to room temperature and
quenched with aqueous K,COjs solution and filtered through Celite. The aqueous layer was

treated with NaCl and extracted with CHCI;. The organic layers were dried over Na,SQOy, filtered,
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and evaporated. The residue was purified twice by flash column chromatography (amino silica gel;

EtOAc/hexane, gradient: 80-100% EtOAc then 20% MeOH in EtOAc) to give 72 (156 mg, 77%

over 2 steps) as a pale yellow oil. "TH NMR (400 MHz, CDCls) 6 6.81 (1H, dd, J = 12.4, 8.5 Hz),

6.65(1H,dd,J=6.7,2.9 Hz), 6.58-6.54 (1H, m), 3.55 (2H, s), 3.08 (1H, d, /= 13.3 Hz), 3.03-2.88

(5H, m), 2.39-2.16 (3H, m), 1.80 (1H, dd, J = 15.1, 3.1 Hz), 1.68 (3H, d, J = 4.6 Hz).

Biochemical BACE1 Assay. The biochemical BACE1 ICs, values were determined by a FRET

assay using an APP derived peptide as described previously.*®

Cellular AP Assay. The cellular AP ICs values were determined by measuring AB42 using a
sandwich AlphaLISA assay in SKNBE2 cells expressing the wild-type APP as described

previously.?

Biochemical BACE2 Assay. BACE2 enzymatic activity was assessed by FRET assay using an
amyloid precursor protein (APP) derived 13-amino acid peptide that contains the “Swedish”
Lys-Met/Asn-Leu mutation of the APP B-secretase cleavage site as a substrate (Bachem
catalogue no. M-2465) and soluble BACE2 in a final concentration of 0.4 pug/mL. This
substrate contains two fluorophores; (7-methoxycoumarin-4-yl) acetic acid (Mca) is a
fluorescent donor with excitation wavelength at 320 nm and emission at 405 nm and 2,4-
dinitrophenyl (Dnp) is a proprietary quencher acceptor. The increase in fluorescence is
linearly related to the rate of proteolysis. In a 384-well format, BACE2 was incubated with

the substrate and the inhibitor. The amount of proteolysis was directly measured by
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fluorescence measurement in a Fluoroskan microplate fluorometer (Thermo Scientific). For

the low control, no enzyme was added to the reaction mixture.

Biochemical Radioligand Binding Assay for BACE1 and BACE2. The binding affinity (Xj) of
compounds under investigation to either BACE1 or BACE2 was determined in a competitive
radioligand binding assay, i.e., in competition with the tritiated non-selective BACE1/BACE
2 inhibitor [3H]-JNJ-962 (JNJ-962 (CAS#: 1397684-09-1): BACE1 KX; = 0.69 nM, BACE2 X; =
0.29 nM). Briefly, in test tubes, compounds of interest were combined with the radioligand
and the BACE1 or BACE2-expressing HEK293 derived membranes. The competitive binding
reaction was performed at pH 6.2 and incubated at room temperature until the equilibrium
was reached. Afterwards free radioligand was separated from bound radioligand by filtration
with a Brandell 96 harvester. The filter was washed, filter sheets were punched into
scintillation vials, and Ultima Gold scintillation cocktail was added. The day after, the vials
were counted in a Tricarb scintillation counter to obtain the disintegrations per minute
(dpm) of the bound radioligand. Calculating the %Inhibition = 100- [(sample-LC)/(HC-
LC))*100], with HC being the high control, i.e. total binding of radioligand and LC
representing the non-specific binding measured in the presence of 10 pM of a known BACE
inhibitor, allowed to fit curves through the data points of the different doses of the test
compound. The pICsj or ICs is calculated and can be converted to X by the formula K;=
ICso/(1+([RL]/Ky)), with [RL] being the concentration of the radioligand and Kj the

determined dissociation constant of the radioligand-membrane complex.
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P-gp Assay. The P-gp efflux ratios (ER) were determined in LLC-PK1 cells transfected with
human MDRI1, and the permeability coefficients (/,,,) were determined in wild-type LLC-

PK1 cells as described previously.?’c

Metabolic Stability Assay. The metabolic stability in human and mouse microsomes was

determind as described previously.?”?

PK/PD Study in Wild-Type Mice. All animal studies were performed with the approval of
the Shionogi Animal Care and Use Committee. Male ICR mice (22 = 4) were dosed po with

the compound dissolved in 20% HPBCD. The detailed method was descrived previously.?’c
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