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ABSTRACT: A growing subset of β-secretase (BACE1) inhibitors for the treatment of Alzheimer’s disease (AD) utilizes an
anilide chemotype that engages a key residue (Gly230) in the BACE1 binding site. Although the anilide moiety affords excellent
potency, it simultaneously introduces a third hydrogen bond donor that limits brain availability and provides a potential
metabolic site leading to the formation of an aniline, a structural motif of prospective safety concern. We report herein an
alternative aminomethyl linker that delivers similar potency and improved brain penetration relative to the amide moiety.
Optimization of this series identified analogues with an excellent balance of ADME properties and potency; however, potential
drug−drug interactions (DDI) were predicted based on CYP 2D6 affinities. Generation and analysis of key BACE1 and CYP
2D6 crystal structures identified strategies to obviate the DDI liability, leading to compound 16, which exhibits robust in vivo
efficacy as a BACE1 inhibitor.

■ INTRODUCTION
Alzheimer’s disease (AD), a neurological disorder that imparts a
slow progression of cognitive decline, dementia, and ultimately
death, has yet to yield to a significant enhancement in
treatment or prevention. Disease progression is marked by
the deposition of amyloid β (Aβ)-derived plaques in the
hippocampal and cortical regions of the brain. The amyloid
hypothesis proposes that increased Aβ production or its
decreased clearance is responsible for the molecular cascade
that eventually leads to neurodegeneration and AD.1,2 Aβ
production is initiated by the proteolytic cleavage of amyloid
precursor protein (APP) by β-site APP cleaving enzyme
(BACE1) within the endosome3 to afford a soluble N-terminal
ectodomain of APP (sAPPβ) and the C-terminal fragment
C99.4 The membrane-bound C99 is then cleaved by γ-secretase
to release Aβ, including Aβx-40 and Aβx-42 isoforms.5

Recently, an APP “loss of function” mutation, with protective
effects against AD, has been reported to be cleaved more slowly
by BACE1.6 Modulation of the Aβ cascade via safe and effective
inhibition of BACE1 has remained a target of great interest for
a number of years.7

Considering the chronic dosing regimen required for a
successful AD treatment, an exquisitely selective and safe profile
for a BACE1 inhibitor is paramount. Of particular concern for
this target is inhibition of hERG,8 as well as related aspartyl
proteases including cathepsin D (CatD), which has confounded
early generations of BACE1 inhibitors.9 The hERG-mediated
cardiovascular liability is traditionally avoided by eliminating
basic amine functionality and lowering lipophilicity.10 This is
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challenging for BACE1, as the active site is most efficiently
engaged through utilization of such an amine, thus requiring
alternate mitigation strategies. Additionally, the binding sites of
CatD and BACE1 have high sequence similarity, and therefore
differentiation requires exploitation of subtle architectural
variances in order to maintain affinity for BACE1 while
avoiding CatD inhibition. Compounds that fail to achieve
sufficient selectivity over CatD carry a liability for ocular
toxicity due to the resulting accumulation of fluorescent
material in the retinal pigment epithelium (RPE) layer.9

The physiological relevance of BACE2 has emerged in recent
years, first as an enzyme involved in pigmentation processing,
specifically acting on PMEL17 in the periphery.11 Improper
functioning of BACE2 is believed to result in hypopigmenta-
tion.12 BACE2 is also expressed in the pancreas and plays a role
in glucose homeostasis. To our knowledge, there are limited
examples of BACE1 inhibitors possessing significant selectivity
over BACE2. Compounds that lack this selectivity window and
exhibit impaired access to the brain will therefore inherently
suffer from significant inhibition of BACE2. In summary, agents
developed for chronic BACE1 inhibition should be designed to
minimize activity against related proteases such as CatD and
BACE2.
The amidine-containing BACE1 inhibitors, reported by a

number of groups, provide a suitable scaffold to systematically
address the CatD and hERG liabilities.13 A number of these
inhibitors, such as MK-8931 (1), have recently entered clinical
studies; two of them are shown in Figure 1.14 A common

construct within this class is an amide moiety connecting two
aromatic rings that ultimately occupy the S1/S3 pockets when
bound in the BACE1 active site. The incorporation of this
moiety generally confers potent inhibition of BACE1 in
addition to exquisite selectivity over CatD. Unfortunately,
these merits are generally offset by increased P-gp-mediated
efflux, resulting in decreased brain penetration. There is a
correlation between the presence of a third hydrogen bond
donor (HBD) and an increased likelihood of efflux transporter
liabilities.15 Poor brain penetration inherently increases the
body burden required to achieve the desired brain concen-
trations, and thus further exacerbates any issues arising from
less than exquisite aspartyl protease selectivity. Moreover,
recent reports have shown that there are relevant peripheral
substrates for BACE1 in addition to the targeted central APP
processing.16

Inhibitors bearing the P1/P3 amide motif not only exhibit
higher efflux transporter liability but also contain a metabolic
soft spot associated with amidase activity, which in this case
would reveal anilines upon amide cleavage.17 In addition to this
potential metabolic liability, anilines are themselves a structural
alert, known to be a culprit for downstream toxicity associated
either with oxidation of the electron-rich aryl ring and

subsequent trapping with ambient nucleophiles or oxidation
of the nitrogen itself to the N-oxide.18

■ DESIGN CRITERIA
Despite a significant and sustained effort, the identification of a
potent, safe, selective BACE1 inhibitor with a balanced ADME
profile, including good brain penetration, remains challenging.
Our design criteria were therefore to identify an orally
efficacious BACE1 inhibitor that (a) demonstrates excellent
selectivity (>100×) over hERG, CatD and the related aspartyl
proteases, and (b) maintains good brain penetration (Cb,u/Cp,u
> 0.5 as measured in rodents) without the use of an anilide
functionality.
We therefore sought to identify an amide replacement that

provided the opportunity for similar efficiency gains while
avoiding the potential for toxicity imparted by the buried
aniline moiety. The recent BACE1 crystal structure of 2,
published by Roche, provides a structural rationale for the high
inhibitory efficiency of P1/P3 amides (Figure 2).19 The amide

N−H is positioned at a near-ideal distance and angle to engage
the backbone carbonyl of the Gly230 residue in a hydrogen
bonding interaction. Additionally, the coplanar conformation of
the rings occupying the S1/S3 pockets serves to efficiently fill
the shallow lipophilic binding site.
Thus, a suitable amide replacement would need to fulfill

these two structural requirements: effective engagement of
Gly230 and reasonable concomitant occupation of the S1/S3
subpockets. Simple reversal of the amide removes the buried
aniline while retaining the hydrogen bond donor, but rotation
around the amide bond is then needed to recapitulate the
optimum hydrogen bond angle, resulting in significant clashes
with the edge of the S3 subpocket. In contrast, a homologated
aminomethyl linker (Figure 3) addresses both of the
aforementioned requirements. Among the salient features of
this aminomethyl moiety, one key departure from the amide-
derived analogues is its nonplanarity. The sp3 nature of the
benzylic carbon results in the two-atom unit preferring a nearly
orthogonal orientation of the C−N bond relative to the
fluorophenyl P1 ring, facilitating an optimal geometry for
hydrogen bonding to Gly230. Optimization of the amine
substituent in this alternative vector therefore becomes crucial
to balance the interplay of requisite hydrogen-bond donating

Figure 1. Selected literature BACE1 inhibitors.
Figure 2. Interaction between Gly230 and 2 (PDB: 3ZMG, add 61 to
residue numbers to match 3ZMG’s number).
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ability of the amine with the resultant ADME characteristics of
these compounds.

■ RESULTS AND DISCUSSION
As it was not clear what structural attributes would be required
to fill the S3 pocket in this new series, parallel (library)
synthesis was employed to broadly evaluate structure−activity
relationships for BACE1 inhibition. Compounds 6a−u were
prepared by the three-step protocol illustrated in Scheme 1.
Formylation of the previously described bromide 320 provided
aldehyde 4, which could be converted to the corresponding
protected amidines 5 via a reductive amination with the
requisite amines. Removal of the amidine protecting group
using standard conditions provided the analogues of interest.
Analogues were evaluated in a panel of BACE1, BACE2, and

CatD enzymatic assays (cell-free assay, CFA), as well as a
whole-cell assay (WCA) reporting changes in soluble APP

(sAPPβ) protein concentrations, indicative of APP processing
by BACE1. The data from this assay panel, as well as key
ADME parameters, for 6a−6k are provided in Table 1. The
direct replacement of the amide linker with an aminomethylene
spacer, as exemplified by 6a, yields weak activity at BACE1
(CFA IC50 = 73.5 μM), in stark contrast to the low nanomolar
potency observed for many of the corresponding amides
reported in the literature. In addition, the significant ADME
challenges for this series are well illustrated by 6a, which
exhibits a high MDR efflux ratio (Er) and significant clearance
in human liver microsomes (HLM). Analogues 6b−d, which
contain small alkyl substituents, show a modest improvement in
BACE1 CFA potency, in concert with a dramatic increase in
WCA potency (∼1000× shifted relative to the CFA) and
excellent selectivity over CatD. The improvement is most
marked when considering ligand and lipophilic efficiencies (LE,
LipE) for these low molecular weight, polar, dibasic amine
analogues. These compounds have significantly reduced
clearance relative to 6a, as measured by HLM, although they
still exhibit significant P-gp transporter liability. Tertiary amines
6d−e are significantly less active in the BACE1 CFA but still
exhibit good potency in the WCA, albeit an overall decrease in
LipE, relative to the secondary amines. Ether-containing
substituents are also well tolerated (6e,f), showing similar
potency in the WCA, low microsomal clearance but with
modest to high efflux ratios. Introduction of a branched methyl
group (6c vs 6b and 6h vs 6f) offers an enhancement in
potency (WCA) and a modest improvement in selectivity over
BACE2. Tying this branching back into a 1,1,1-bicyclopentane
(6i) is tolerated from a potency perspective but negatively
impacts the clearance, potentially due to the increased overall
lipophilicity.
Reduction in the pKa of the benzylic amine center (“pKa2”)

was attractive due to the potential to simultaneously impact P-
gp efflux and hERG liabilities. Indeed, addition of an electron-
withdrawing trifluoromethyl group onto the amine significantly
improves both potency and ADME balance. Although the
tertiary amine (6j) is much less potent in the WCA, the
secondary amine (6k) retains good WCA potency and
comparable LipE to the more basic analogues and exhibits
enhanced BACE1 CFA potency and improved selectivity over
BACE2 (5.8× vs 3.2× for 6f). Although both CF3 analogues
have significantly improved MDR-based efflux ratios (1.7 and
1.2), the secondary amine 6k shows greater metabolic stability
(HLM CLint = 12.0 mL/min/kg) than the methylated version
6j (HLM = 29.4 mL/min/kg)
It was clear that the additional basic amine exerts a profound

effect on whole-cell potency, reinforced by comparison to the
previously described monocyclic analogue devoid of a P3 group
(compound 6 in ref 21, BACE1 CFA IC50 = 36 μM, WCA IC50
= 636 nM).21 The low molecular weight and dibasic nature of

Figure 3. Strategy to mitigate challenges associated with amide
pharmacophore of literature BACE inhibitors. Modeled alignment of
aminomethyl design (orange) with compound 2 (yellow).

Scheme 1a

aReagents and conditions: (a) MeLi, Et2O, n-BuLi, then DMF, −78 °C, 92%; (b) amine, Na(OAc)3BH, DCE, rt, 22−97%; (c) HCl, dioxane, rt, 19−
90%; (d) benzoic anhydride, TEA, THF/MeOH (2:1), rt, 86%; (e) N2H4·H2O, EtOH, rt, 31%. P = Boc or benzoyl.
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the small alkyl exemplars result in highly ligand- and lipophilic
efficient compounds in the whole-cell assay. While a similar
rank order trend is observed for the BACE1 CFA, there is a
20−7750-fold disconnect observed between the two assay
formats. This disconnect can be rationalized by the presence of
the second basic center increasing the propensity for
accumulation into the endosome, an acidic intracellular
compartment where BACE1 is thought to be localized,3 in
the WCA format. As expected, decreasing the basicity of the
amine by the installation of an electron-withdrawing group
significantly compresses the CFA/WCA disconnect.
It was recognized from the outset that the diversion from an

amide moiety would likely result in a very different BACE1
substituent-derived SAR relative to the amides, as well as
presenting distinct challenges to achieving a balanced ADME
profile. A second round of amine optimization (Table 2)
explored utilization of an electron-withdrawing group to
balance ADME properties as well as incorporation of branched
amines to further enhance potency. In an effort to more clearly

define the impact of the EWGs on ADME balance, we
measured the pKas for the amidine (“pKa1”) and benzylic
amine (“pKa2”) for each of the analogues.22 Removal of one of
the fluorines (6l) increases pKa2 relative to analogue 6k,
therefore increasing MDR Er (1.2 vs 3.1). Introduction of two
geminal methyl groups provides a significant improvement in
BACE1 CFA potency (6m vs 6k), albeit with a corresponding
increase in MDR Er and a decrease in BACE2 selectivity (2×).
Removal of one of the methyl groups (6n) decreases potency
both in BACE1 CFA (1.9 μM) and WCA (64 nM) but
improves efflux and BACE2 selectivity while reducing CYP 2D6
inhibition. Increasing the distance between the amine and
trifluoromethyl groups (6o) increases pKa2 and diminishes
potency in both assay formats. In an effort to capitalize on the
potency increase associated with increased substitution, cyclo-
propylamine-containing analogues (6p−q) were prepared. The
cyclopropane unit is well tolerated, as exhibited by the excellent
WCA potency, but suffers from a significant degradation in
BACE1 CFA potency and MDR Er. The addition of a

Table 1. In Vitro Data for 6a−k

aIC50 values obtained from BACE1 CFA. bIC50 values obtained from BACE2 CFA. cIC50 values obtained from CatD CFA. dIC50 values obtained
from BACE1 WCA; value in parentheses is the BACE1 CFA/WCA ratio. eRatio from the MS-based quantification of apical/basal and basal/apical
transfer rates of a test compound at 2 μM across contiguous monolayers from MDR1-transfected MDCK cells. fHepatic clearance predicted from in
vitro human microsomal stability study.
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difluoromethyl group (6r) improves the BACE1 CFA potency
and reduces the increase in MDR Er but simultaneously
introduces a metabolic liability (HLM = 22 mL/min/kg).
Replacement with a nitrile (6s) enhances BACE2 selectivity,
but the MDR Er increases significantly (MDR Er = 6.0). Use of
an oxetane (6t) in place of the cyclopropane improves WCA
potency and decreases log D but results in an elevated MDR Er
ratio (MDR Er = 3.5) nearly equivalent to that of the parent
cyclopropylamine 6p. In contrast, the CF3-cyclopropyl
derivative 6u maintains good potency in both assay formats,
exhibits a minimal efflux ratio and low clearance, and maintains
excellent selectivity over CatD (470×) and modest selectivity
over BACE2 (5.9×).
Although the decrease in pKa2 imparted by the introduction

of the cyclopropyl group in 6u (2.9 vs 3.8 for 6k) could

contribute to the improved BACE1 CFA potency, it is not
sufficient to explain the 20-fold potency increase observed. To
better rationalize this improvement, a co-crystal structure of
compound 6u in BACE1 was obtained (PDB: 5T1U). As
shown in Figure 4, the thioamidine and difluorophenyl ring
systems are oriented in a similar overall fashion to previously
described BACE1 structures, with the difluorophenyl occupying
the S1 pocket as expected. As predicted by our initial design
hypothesis, the benzylic amine substituent adopts an
orientation orthogonal to the plane of the difluorophenyl P1
group to optimally engage the carbonyl of Gly230. Interest-
ingly, the trifluoromethyl group orients toward and fills the
entrance to the S3 pocket, while the cyclopropyl substituent
fills a small, lipophilic pocket at the back of the interface
between the S1 and S3 pockets. Arguably, the significant

Table 2. In Vitro Data for Compounds 6k−6u

aIC50 values obtained from BACE1 CFA. bIC50 values obtained from BACE2 CFA. cIC50 values obtained from CatD CFA. dIC50 values obtained
from BACE1 WCA. eRatio from the MS-based quantification of apical/basal and basal/apical transfer rates of a test compound at 2 μM across
contiguous monolayers from MDR1-transfected MDCK cells. fHepatic clearance predicted from in vitro human microsomal stability study. gCYP
2D6% inhibition determined in human microsomes using a probe CYP 2D6 substrate (dextromethorphan) and 3 μM of test compound. hpKa values
measured. iMeasured IC50 in hERG-expressing CHO cells.
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improvement in BACE1 CFA potency observed for 6u is
primarily achieved by optimally filling this cleft and locking the
CF3 into the direction of the S3 pocket.
Overall, a liability of the series is P-gp-mediated efflux, likely

driven in large part by the presence of a third hydrogen bond
donor and exacerbated by increasing basicity at the benzylic
amine (6o−6q, pKa2 > 6, MDR Er 3.4−6.9). It was recognized
that the installation of an electron-withdrawing group at the
amine center aids in overcoming this issue, as illustrated by the
difluoromethyl-substituted analogue 6r. Although the intro-
duction of a nitrile substituent (6s) further lowers pKa2, the
efflux liability increased, potentially because of the increase in
polar surface area, a key factor for P-gp liability. In contrast, the
relatively nonpolar trifluoromethyl group in 6u decreases pKa2
sufficiently, resulting in a decreased efflux ratio.
Gratifyingly, 6u addresses a number of the key challenges

that had emerged throughout the optimization of this series. As
predicted by the in vitro transporter assay, 6u exhibits free
access to the CNS compartment in mice (Cu,b/Cu,p = 1.0), as
determined by time-course AUC. To assess in vivo potency,
analogue 6u was dosed in wild-type mouse via subcutaneous
administration at two doses, 10 and 100 mg/kg, to measure
impact on levels of brain Aβx-42. At the lower dose, a small but
significant decrease is observed at early time points, and at 100
mg/kg, robust lowering is observed out to 20 h postdose,
providing a Cu,b/Ceff of 31 nM for 25% Aβ lowering using
previously described methodology (Figure 5).23

A goal from the outset had been to mitigate the hERG
liability often observed for BACE1 inhibitors. Therefore, hERG
IC50 values were generated for this second round of

optimization. All analogues exhibit some affinity for hERG
(IC50 3.5−49 μM), although there is no correlation with
increasing log D and decreasing pKa. The hERG TI, as defined
by comparing the hERG IC50 to the more robust and relevant
measured Cu,p/Ceff value for BACE1, provides the most
appropriate selectivity descriptor; for 6u, this corresponds to
an in vivo hERG selectivity of 113×, satisfying our initial
criteria.
Whereas 6u had achieved a balance of Aβ-lowering in brain,

CNS penetration, and selectivity over hERG, it was,
unfortunately, also characterized by significant inhibition of
cytochrome P450 subtype 2D6 (CYP 2D6). CYP inhibition, in
general, is undesirable due to the potential for drug−drug
interactions (DDI) through inhibition of oxidative metabolism,
but the significance is enhanced for subtype 2D6 because of
significant polymorphism in 2D6 expression.24 Within this set
of analogues, CYP 2D6 inhibition appears to be primarily
driven by two main factors, namely, pKa and the size of the
benzylamine substituent. Unfortunately, the CYP 2D6 values
inversely correlate to pKa, such that analogues with decreased
pKa at the benzylic amine show greater inhibition, in direct
opposition to the SAR utilized to obviate hERG and efflux
transporter liabilities. In addition, increasing the size of the
amine substituent appears to enhance CYP 2D6 inhibition,
tracking with BACE1 potency. In an effort to more accurately
gauge the CYP 2D6 inhibition, IC50 curves were generated for a
subset of these compounds. In this assay, the unflanked
trifluoroethylamine 6k showed only modest CYP 2D6
inhibition (IC50 = 14 μM), whereas 6u, much more potent at
BACE1, significantly inhibited CYP 2D6 (IC50 = 157 nM). The
intertwined SAR of CYP 2D6 inhibition, BACE1 potency, and
transporter liability suggested that further tuning of the amine
was unlikely to balance overall properties. Several alternative
strategies were considered, including: (a) disrupting the
favorable binding interactions between this series and CYP
2D6 while maintaining the high BACE1 affinity observed for
6u, and (b) building upon the modest BACE1 potency and
absence of CYP 2D6 liability associated with 6k, but utilizing an
alternative vector.
Disruption of the binding of this series to CYP 2D6 was

informed by a recent report of a pyrazole-containing
thioamidine series, which described a similar challenge with
CYP 2D6 affinity (Figure 6).25

In this case, the fused pyrazole 7 is metabolized exclusively
by CYP 2D6. Additionally, the primary metabolism product
observed, the demethylated pyrazole, is a potent inhibitor of
CYP 2D6 (IC50 = 0.37 μM). The CYP 2D6 affinity in this
series was ultimately conquered through the installation of a
substituent [fluoromethyl (8) or methyl (not shown)] adjacent
to sulfur that disrupts binding to the CYP 2D6 active site.

Figure 4. Crystal structure of 6u in BACE1 binding site. PDB: 5T1U.

Figure 5. Effect of trifluoromethylcyclopropyl 6u on brain Aβx-42
following subcutaneous administration in wild-type mice.

Figure 6. Metabolic profile of fused THP series.25
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Utilization of this strategy guided the design of compound 12,
where a chiral methyl group has been introduced next to the
sulfur of the thioamidine (Scheme 2). This analogue was
prepared in a similar fashion to the unsubstituted thioamidines,
starting with the known bromide 9.20

Overall, compound 12 maintains potency at BACE1 but
exhibits increased clearance and MDR Er as compared to 6u
(Table 3). These general trends were consistent with the
pairwise changes associated with this matched molecular pair,
as observed in the fused THP series. Interestingly, however,
there was only modest impact on the CYP 2D6 inhibition (IC50
= 334 nM) for this compound. The lack of translational impact
for this methyl group across the two series is striking, and in an
effort to better understand the inconsistent impact on CYP
2D6 inhibition, cocrystal structures of 6u and 12 in CYP 2D6
were generated.
X-ray crystal structures of CYP 2D6 with 6u and 12 bound

were determined as described previously for 725 (PDB: 4XRY)
by soaking crystals of a CYP 2D6 thioridazine complex with the
appropriate compound (6u or 12). Comparison of the resulting
structures (Figures 7A−C) illustrates that each of the
thioamidines is anchored through an interaction with Glu-
216, positioning the difluorophenyl ring proximal to helix I.
The aminomethyl substituent in analogues 6u (Figure 7A) and
12 (Figure 7B) is oriented to the lipophilic pocket distal to the

heme, whereas the pyrazole of 7 is oriented toward the heme
itself (Figure 7C). The orientations of the thioamidine rings in
6u and 12 are shifted, relative to that of the fused 7, to facilitate
occupation of the distal pocket by the aminomethyl
substituents. This reorientation creates greater distance
between helix I and the difluorophenyl ring, and this shift is
exacerbated slightly by the chiral methyl group in 12 (Figure
7B), which is easily accommodated. In contrast, the rigid
architecture defined by the ring fusion of the thioamidine and
THP restricts the rotation of 7 (Figure 7C), as the compound
occupies the cleft between Phe-120 and the residues Glu-244
and Phe-247 on helix G. The addition of a methyl or
fluoromethyl group next to the sulfur of 7 then creates a direct
clash with helix I, as evidenced by the lack of affinity of 8.
Therefore, this restricted rotation underlies the pronounced
substituent impact on CYP 2D6 affinity in the fused series,
whereas the facility for reorientation in the monocyclic series
6u/12 minimizes the substituent effect.
Therefore, an alternative strategy to mitigate CYP 2D6

affinity in the aminomethyl series would exploit the restricted
rotation imparted by ring fusion, precluding occupation of the
distal, lipophilic pocket of CYP 2D6 by an aminomethyl
substituent. In addition, from experience in previous series, the
fused THP ring would be expected to enhance BACE1 potency
relative to the monocyclic congeners. Considering the increased

Scheme 2a

aReagents and conditions: (a) MeLi, Et2O, n-BuLi, then DMF, −78 °C, 89%; (b) amine, Na(OAc)3BH, DCE, rt, 93%; (c) HCl, dioxane, rt, 19%.

Table 3. In Vitro Profile of 12

compd
BACE1 CFA IC50

(μM)a
BACE2 CFA IC50

(μM)b
CatD CFA IC50

(μM)c
WCA IC50
(nM)d

MDR
Ere log D

HLMf

(mL/min/kg)
CYP 2D6 IC50

(μM)g
pKa1/
pKa2

hERGh

(μM)

12 0.078 0.228 >100 0.024 3.2 2.4 38 0.334 8.8/2.8 2.6
aIC50 values obtained from BACE1 CFA assay. bIC50 values obtained from BACE2 CFA assay. cIC50 values obtained from CatD CFA assay. dIC50
values obtained from BACE1 WCA. eRatio from the MS-based quantification of apical/basal and basal/apical transfer rates of a test compound at 2
μM across contiguous monolayers from MDR1-transfected MDCK cells. fHepatic clearance predicted from in vitro human microsomal stability
study. gCYP 2D6 inhibition was obtained by measuring inhibition of 5 μM dextromorphan in pooled HLM (HL-MIX-102). hMeasured IC50 in
hERG-expressing CHO cells.

Figure 7. Comparison of the binding of 6u (A) and 12 (B) with the binding of 7 (C) in the active site of CYP 2D6.
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lipophilicity and molecular weight imparted by bolting on the
additional THP ring, the unflanked trifluoroethyl amine 6k
seemed an attractive starting template with which to execute
this strategy. Fused analogue 16 was therefore designed and
prepared as shown in Scheme 3. Starting from bromide 13,26

the aminomethyl linker was installed by Pd-mediated cyanation
and subsequent reduction using Raney nickel. Alkylation of the
resultant primary amine using trifluoroethyl triflate, followed by
cleavage of the benzamide protecting group, provided the fused
analogue 16. The structure of 16 was confirmed by a single
crystal X-ray structure carried out on the phosphate salt (see
Supporting Information).
As expected, the bicyclic fusion offered a 17× improvement

of BACE1 CFA potency for 16 relative to the monocyclic 6k
(Table 4), and 16 proved to be equipotent to 6u, reinforcing
the observation that potency can be obtained in either of the
two available vectors. Further, 16 maintained excellent CatD
selectivity, similar selectivity over BACE2 (3.8×) and a
balanced overall ADME profile, including, gratifyingly, a
significantly diminished CYP 2D6 liability (IC50 = 9.1 μM,
118-fold selectivity over BACE1 CFA) relative to the
monocyclic analogues. A modest increase in efflux was observed
relative to 6k, which translated into asymmetry in brain/plasma
ratio (Cu,b/Cu,p = 0.25, AUC ratio). Additionally, 16 exhibited
excellent central Aβ-lowering in mice, with a measured brain
Ceff for 25% lowering of Aβx-42 of 31 nM (Figure 8). The
hERG value (IC50 = 4.3 μM) was slightly improved relative to
6k, reflecting a better nominal selectivity (139×). However,
accounting for brain asymmetry, the resultant hERG TI
diminishes to 35× over the requisite plasma concentrations.
The observation of such disparate responses in the relative

affinities to BACE1 and CYP 2D6 for 16 versus 6k was striking.
The addition of the THP ring resulted in a 17× increase in
potency at BACE1 while essentially having no impact on CYP
2D6 affinity (CYP 2D6 IC50 for 6k = 14 μM). A crystal
structure of 16 in BACE1 was generated and confirmed that, as
expected, reorganization of the S2′ subpocket in BACE1 had
occurred, driven by the rotation of Tyr71 to accommodate the
THP ring and fluoromethyl substituent of 16 (Figure 9).

Therefore, selectivity is realized because this subpocket in
BACE1 is responsive to increases in lipophilic bulk in this
vector, whereas the same vector in CYP 2D6 directs toward the
heme and has no impact on affinity. In addition, the ring fusion
limits the requisite rotation of the thioamidine ring to optimally
accommodate the aminomethyl substituent within the CYP
2D6 binding site. This discrepant response contrasts with the

Scheme 3a

aReagents and conditions: (a) Pd2(dba)3, dppf, zinc, Zn(CN)2, DMA, 130 °C, 85%; (b) Raney Ni, H2, triethylamine, Boc2O, H2O, EtOH, rt, then
HCl, MeOH, 61%; (c) 2,2,2-trifluoroethyl trifluoromethylsulfonate, trimethylamine, MeCN, 70 °C, then DBU, MeOH, 71%.

Table 4. In Vitro Data for Compound 16

compd
BACE1 CFA
IC50 (μM)a

BACE2 CFA
IC50 (μM)b

CatD CFA
IC50 (μM)c

WCA IC50
(nM)d

MDR
Ere log D

HLMf

(mL/min/kg)
CYP 2D6
IC50 (μM)g pKa1/pKa2

hERG
(μM)h

Cu,b/
Cu,p

Ceff,
(Cu,b,
nM)

16 0.077 0.295 >100 0.006 2.3 1.1 29 9.1 7.91/3.80 4.3 0.25 31
aIC50 values obtained from BACE1 CFA. bIC50 values obtained from BACE2 CFA. cIC50 values obtained from CatD CFA. dIC50 values obtained
from BACE1 WCA. eRatio from the MS-based quantification of apical/basal and basal/apical transfer rates of a test compound at 2 μM across
contiguous monolayers from MDR1-transfected MDCK cells. fHepatic clearance predicted from in vitro human microsomal stability study. gCYP
2D6 inhibition was obtained by measuring inhibition of 5 μM dextromorphan in pooled HLM (HL-MIX-102). hMeasured IC50 in hERG- expressing
CHO cells.

Figure 8. Effect of fused THP analogue 16 on brain Aβx-42 following
subcutaneous administration in wild-type mice.

Figure 9. Co-crystal structure of 16 in BACE1. PDB: 5T1W.
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parallel responsiveness at BACE1 and CYP 2D6 for small
changes in the benzylic amine of the monocyclic series, wherein
equivalent increases in lipophilicity afforded corresponding
enhancements in affinity for both BACE1 and CYP 2D6
receptors (6k vs 6u, 20× BACE1, 9× CYP 2D6). Future
BACE1 design efforts focused on avoiding CYP 2D6 liability
will therefore target manipulation of the amidine “head group”
architecture, rather than optimization of P3 substituents.
Upon the basis of its attractive balance of potency, selectivity,

and CNS penetration, 16 was selected for further safety
profiling. The compound showed excellent in vitro selectivity,
as gauged by screening against the broad CEREP bioprint panel
(<25% inhibition at all targets at 10 μM). Subsequent
advancement to long-term in vivo toxicology studies, including
a 4-week arm at 100 mg/kg (30× AUC over Ceff), revealed no
ocular findings, presumably reflecting the excellent in vitro
selectivity observed for 16.

■ CONCLUSION
The optimization of a series of brain-penetrant BACE1
inhibitors with a novel aminomethyl linker has been described.
This linker mitigates an aniline structural alert prevalent
throughout a large contingent of literature BACE1 series.
Careful modulation of the amine substituent aided in garnering
a balanced profile, as the inherent efflux transporter liability and
potency are dependent upon the resultant pKa. A number of the
more active compounds carried significant CYP 2D6 inhibition
that correlated well with the size of the amine substituent.
Unlike the fused THP series, substitution on the monocyclic
thioamidine ring did not ameliorate CYP 2D6 inhibition, which
was rationalized through examination of CYP 2D6 crystal
structures. Filling the BACE1 S2′ subpocket by fusing a THP
ring onto the monocyclic thioamidine ring improved BACE1
potency dramatically without impacting CYP 2D6 affinity. One
such example (16) demonstrates good ADME balance, modest
brain asymmetry, no DDI potential, and good in vivo efficacy,
illustrating that the aminomethyl linker can serve as a robust
replacement to overcome the significant challenges and
structural alerts inherent in the classical P1/P3 amide of
previously described BACE1 inhibitors.

■ EXPERIMENTAL SECTION
Biology. In Vitro Pharmacology. sAPPβ Whole-Cell Assay (WCA).

sAPPβ, the primary cleavage product of BACE1, was determined in
H4 human neuroglioma cells overexpressing the wild-type human
APP695. Cells were treated for 18 h with compound in a final
concentration of 1% DMSO. sAPPβ levels were measured by ELISA
with a capture APP N-terminal antibody (Affinity BioReagents,
OMA1-03132), wild-type sAPPβ-specific reporter antibody p192
(Elan), and tertiary antirabbit-HRP (GE Healthcare). The colorimetric
reaction was read by an EnVision (PerkinElmer) plate reader.
BACE1 Enzyme Cell-Free Assay (FP). Beta secretase-1 activity was

assessed with soluble BACE1 and the synthetic APP substrate Biotin-
GLTNIKTEEISEISYEVEFR-C[oregon green]KK-OH in the presence
of compounds in a fluorescence polarization (FP) in vitro assay.
Enzyme, substrate and test compounds were incubated in 15 μL of
100 mM sodium acetate pH = 4.5 buffer containing 0.001% Tween-20
for 3 h at 37 °C. Following the addition of saturating immunopure
streptavidin, fluorescence polarization was measured with a
PerkinElmer EnVision plate reader (Ex485 nm/Em530 nm).
In Vivo Experiments. All procedures performed on animals in this

study were in accordance with established guidelines and regulations,
and were reviewed and approved by the Pfizer (or other) Institutional
Animal Care and Use Committee. Pfizer animal care facilities that
supported this work are fully accredited by AAALAC International.

Acute Treatment in Mice. Male 129/SVE wild-type mice (20−25
g) were in a nonfasted state prior to subcutaneous dosing with vehicle,
or compound 6u or 16, using a dosing volume of 10 mL/kg in 5:5:90
DMSO:cremophor:saline vehicle. Mice (n = 5 per group) were
sacrificed at 1, 3, 5, 7, 14, 20, and 30 h postdose. Whole blood samples
(0.5−1.0 mL) were collected by cardiac puncture into ethyl-
enediaminetetraacetic acid (EDTA)-containing tubes, and plasma
was separated by centrifugation (1500g for 10 min at 4 °C). The
generated plasma was distributed into separate tubes on wet ice for
exposure measurements (50 μL) and Aβ analysis (remainder). CSF
samples (8−12 μL) were obtained by cisterna magna puncture using a
sterile 25 gauge needle and collected with a P-20 Eppendorf pipet.
CSF samples were distributed into separate tubes on dry ice for
exposure measurements (3 μL) and Aβ analysis (remainder). Whole
brain was removed and divided for exposure measurements
(cerebellum) and Aβ analysis (left and right hemispheres), weighed,
and frozen on dry ice. All samples were stored at −80 °C prior to
assay.

Measurement of Rodent Amyloid-β. Frozen mouse hemibrains
were homogenized (10% w/v) in 5 M guanidine HCl, using a Qiagen
TissueLyser. Each sample was homogenized with a 5 mm stainless
steel bead, four times, at a shaking rate of 24 times/s for 90 s, then
incubated at 25 °C for 3 h, and ultracentrifuged at 125000g for 1 h at 4
°C. The resulting supernatant was removed and stored in a 96-well
polypropylene deep well plate at −80 °C. The Aβ peptides were
further purified through solid-phase extraction using Waters Oasis
reversed-phase HLB 96-well column plates (60 mg). Column eluates
in ammonium hydroxide from 500 to 800 μL of original brain
supernatant were evaporated to complete dryness and stored at −80
°C until assay. For plasma analysis, 140−175 μL of mouse plasma was
treated 1:1 with 5 M guanidine HCl and incubated overnight with
rotation at 4 °C. The entire volume was then purified through solid-
phase extraction as indicated above.

Samples were analyzed using a Dissociation-Enhanced Lanthanide
Fluorescent Immunoassay (DELFIA) platform Enzyme-Linked
Immunosorbent Assay (ELISA). Configuration of the antibodies
used in determining the level of Aβx-40 and Aβx-42 utilizes a common
detect antibody (4G8) in combination with specific C-terminal
antibodies for the 40 and 42 cleavage sites. For the Aβx-40 assay, a
384-well black Nunc Maxisorp plate was coated with 15 μL/well (4
μg/mL) capture antibody (Rinat 1219) in 0.1 M sodium bicarbonate
coating buffer, pH 8.2. For the Aβx-42 assay, 15 μL/well (8 μg/mL)
capture antibody (Rinat 10G3) was used. The plates were sealed and
incubated at 4 °C overnight. Plates were washed with phosphate-
buffered saline containing 0.05% Tween-20 (PBS-T) and blocked with
75 μL of blocking buffer (1% BSA in PBS-T) for 2 h at 25 °C.

After washing the plates with PBS-T, rodent Aβx-40 (California
Peptide) or Aβx-42 (California Peptide) standard was serially diluted
in blocking buffer and 15 μL was applied to the plate in quadruplicate.
Dried brain samples were reconstituted in 120 μL of blocking buffer,
which corresponds to a 4.16−6.67-fold concentration. Then 15 μL of
undiluted brain sample was added to the Aβx-42 assay plate in
triplicate or 15 μL of a 1:2 diluted brain sample was added to the Aβx-
40 assay plate in triplicate. Dried plasma samples were reconstituted in
40 μL of blocking buffer, which corresponds to a 3.5−4.38-fold
concentration, and 15 μL was added to the Aβx-40 assay plate in
duplicate. CSF samples were diluted 1:8 in blocking buffer, and 15 μL
was added to the Aβx-40 assay plate in duplicate. Plates were
incubated with sample or standards for 2 h at 25 °C. The plates were
washed with PBS-T, and 15 μL of detecting antibody (4G8-Biotin,
Covance), 200 ng/mL in blocking buffer, was added to each well,
incubating for 2 h at 25 °C. The plates were then washed with PBS-T,
and 15 μL of europium-labeled streptavidin (PerkinElmer), 50 ng/mL
in blocking buffer, was added for a 1 h incubation in the dark at 25 °C.
The plates were washed with PBS-T, and 15 μL of PerkinElmer
Enhancement solution was added to each well with 20 min incubation
at rt. Plates were read on an EnVision plate reader using DELFIA
time-resolved fluorimetry (Exc340/Em615), and samples were
extrapolated against the standard curve using four-parameter logistics.
Measurement of human amyloid-β in plasma and CSF from PS1/APP

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.6b01451
J. Med. Chem. 2017, 60, 386−402

394

http://dx.doi.org/10.1021/acs.jmedchem.6b01451


mice utilizes the same capture and detecting antibodies used for wild-
type mice. Vehicle-treated samples from plasma and CSF were serially
diluted to optimize sample dilution to the linear phase of an Aβ
peptide standard curve. Aβ levels were measured using DELFIA
ELISA.
Neuropharmacokinetic Studies in Male CD-1 Mice. The in-life

and bioanalytical portions of these studies were conducted at BioDuro,
Pharmaceutical Product Development Inc. (Beijing, China). Male CD-
1 mice were obtained from PUMC, China. Mice received a 10 mg/kg
subcutaneous (sc) dose of compounds 6u or 16. The doses were
prepared in 5% DMSO/95% water containing (v/v) 0.5% methyl-
cellulose (w/v) and delivered in a volume of 5 mL/kg. Animals were
sacrificed in a CO2 chamber. Blood, brain, and CSF samples were
collected at 1, 4, and 7 h postdosing. Plasma was isolated after
centrifugation. The plasma, brain, and CSF samples were stored at
−80 °C prior to analysis.
Measurement of Fractions Unbound in Brain. The unbound

fraction of each compound was determined in brain tissue homogenate
using a 96-well equilibrium dialysis method as described by Kalvass et
al.27 with the following exceptions. Brain homogenates were prepared
from freshly harvested rat brains following dilution with a 4-fold
volume of phosphate buffer and spiked with 1 μM compound. The
homogenates were dialyzed against an equal volume (150 μL) of
phosphate buffer at 37 °C for 6 h. Following the incubation, equal
volumes (50 μL) of brain homogenate and buffer samples were
collected and mixed with 50 μL of buffer or control homogenate,
respectively, for preparation of mixed matrix samples. All samples were
then precipitated with internal standard in acetonitrile (200 μL),
vortexed, and centrifuged. Supernatants were analyzed using an LC-
MS/MS assay. A dilution factor of 5 was applied to the calculation of
brain fraction unbound.
Generic Liquid Chromatography Tandem Mass Spectrometry

(LC-MS/MS) Assay for Exposure Measurements in Plasma, Brain,
and CSF. Plasma, brain, and CSF were collected as described above
and frozen at −80 °C until analysis by LC-MS/MS. Standard curves
were prepared in respective matrix via serial dilution at a concentration
of 1.0−2000 ng/mL (plasma and CSF) or 0.5−2000 ng/g (brain). For
plasma, a 50 mL aliquot of sample was precipitated with 500 mL of
MTBE containing an internal standard. Samples were vortexed for 1
min, then centrifuged at 3000 rpm for 10 min. The supernatant was
transferred to a 96-well plate. Frozen brain tissue was weighed, and an
2-propanol:water (60:40) volume equivalent to 4 times the mass was
added before homogenization in a bead beater (BioSpec Products Inc.,
Bartlesville, OK). A 50 mL aliquot of sample was precipitated with 500
mL of MTBE containing an internal standard. Samples were vortexed
for 1 min, then centrifuged at 3000 rpm for 10 min. The supernatant
was transferred to a 96-well plate. For CSF, a 50 mL aliquot of sample
was precipitated with 500 mL of MTBE containing an internal
standard. Samples were vortexed for 1 min, then centrifuged at 3000
rpm for 10 min. The supernatant (300 mL) was transferred to a 96-
well plate. LC-MS/MS analysis was carried out using a high-
performance liquid chromatography system consisting of tertiary
Shimadzu LC20AD pumps (Shimadzu Scientific Instruments,
Columbia, MD) with a CTC PAL autosampler (Leap Technologies,
Carrboro, NC) interfaced to an API 4000 LC-MS/MS quadrupole
tandem mass spectrometer (AB Sciex Inc., Ontario, Canada). The
mobile phase consisted of solvent A (water with 0.1% formic acid) and
solvent B (acetonitrile with 0.1% formic acid). The gradient was as
follows: solvent B was held at 5% for 0.4 min, linearly ramped from 5%
to 95% in 0.5 min, held at 90% for 0.6 min, and then stepped to 5%
over 0.01 min. The mass spectrometer was operated using positive
electrospray ionization. All raw data was processed using Analyst
Software version 1.4.2 (AB Sciex Inc., Ontario, Canada).
hERG Patch Clamp Assay. All testing was carried out in CHO cells

transfected with the hERG gene, purchased from Millipore
(PrecisION hERG-CHO Recombinant Cell Line CYL3038). The
cell line was grown in DMEM/F-12, GlutaMAX with 10% fetal bovine
serum, 1% penicillin−streptomycin, 1% geneticin, and 1% of 1 M
HEPES buffer solution, and maintained at approximately 37 °C in a
humidified atmosphere containing 5% carbon dioxide. The cells were

passaged every 3−5 days based on confluency. On the day of the
experiment, 50%−80% confluent cells were harvested from a 175 cm2

culture flask using Detachin. After 10 min of exposure to Detachin at
37 °C, the cells were centrifuged for 1 min at 1000 rpm. The
supernatant was removed, and the cell pellet was reconstituted in 5−8
mL of serum-free media with 2.5% of 1 M HEPES, placed on the
Qstirrer, and allowed to recover. After a ∼30 min recovery period,
experiments were initiated.

hERG Potassium Channel Current Recordings. hERG current was
elicited and recorded using the automated Qpatch HT system.28 The
suspended cells in the Qstirrer were transferred to 48 individual
recording chambers on a Qplate 48 containing extracellular recording
saline composed of (in mM): 132 NaCl, 4 KCl, 1.8 CaCl2, 1.2 MgCl2,
10 HEPES, 11.1 glucose, and adjusted to pH 7.35 ± 0.1 with NaOH.
The intracellular recording saline was composed of (in mM): 70 KF,
60 KCl, 15 NaCl, 5 EGTA, 5 HEPES, and adjusted to pH 7.2 ± 0.1
with KOH. Membrane currents were recorded at room temperature.

hERG current was elicited from a holding potential of −80 mV with
a voltage step to +30 mV for 1 s, followed by a ramp back to −80 mV
at 0.55 mV/ms. Test pulses were delivered at a frequency of 0.25 Hz.
Up to four different concentrations were studied for each cell, each
exposure lasting 5 min or until steady-state effects were observed. In a
separate set of experiments, full concentration−response relationships
were determined for the positive control, cisapride, and an IC50 was
reported for this study.

hERG Data Analysis. Using Sophion Qpatch Assay Software, the
amplitude of the peak outward hERG current upon repolarizing ramp
was measured. Current amplitude was determined by taking the
average of the last five current peaks under each treatment condition.
Percent inhibition was determined by taking the ratio of the current
measured at steady state in the presence of test article (Itest article) versus
the control current (Icontrol) and expressed as % inhibition = 100 −
(Itest article/Icontrol) × 100. When possible, a concentration−response
curve was plotted and the data were fitted using Qpatch software to
determine an IC50. The P < 0.05 was considered statistically significant.
Data were presented as mean ± SEM.

Crystallization of BACE. Crystals of BACE were prepared as
previously described,29 with several modifications to the protein
purification scheme. Ni2+ affinity and size exclusion chromatography
were used as the initial purification steps yielding homogeneous BACE
and eliminating the need for a peptide affinity column. Following
removal of the prodomain by furin (0.0375 U/mg BACE), anion
exchange chromatography (GE Healthcare 1 mL of Q HP) was used
as a final purification step. Compounds 6u and 16 were soaked into
crystals grown using the procedure described in ref 21. The crystals
were soaked at 0.6 mM for 3 h, transferred to a cryoprotectant
comprised of 80% mother liquor/20% glycerol, and subsequently flash
cooled in liquid nitrogen. X-ray diffraction data for compound 6u was
collected at sector 17ID at the Advanced Photon Source (Argonne
National Laboratory, Argonne, IL, USA) on a Pilatus 6 M detector at
−170 °C. Data for compound 16 was collected in-house on a Rigaku
FRE rotating anode X-ray generator equipped with a Rigaku Saturn
944 CCD detector. All data was processed using AUTOPROC30 and
XDS,31 and subsequent data manipulation was performed using the
CCP4 suite of programs.32 Initial structures were determined by rigid
body refinement of a reference BACE structure, followed by restrained
positional refinement in REFMAC.33 Ligands were automatically fit to
difference maps calculated after refinement in AUTOBUSTER,34 and
all further refinement was performed in AUTOBUSTER. Data and
refinement statistics are reported in Table S1 (see Supporting
Information).

Crystallization of CYP 2D6. Structural characterization of the
binding of 6u and 12 to CYP 2D6 was determined by X-ray
crystallography (PDB: 5TFT and 5TFU, respectively). Crystals of a
CYP 2D6 thioridazine complex were prepared and soaked with an
artificial mother liquor containing each of the compounds, with
repeated transfers to fresh mother liquor to exchange the thioridazine
for the new compound as described previously.25 Stock solutions
(10×) were prepared in DMSO, and the final concentration of each
compound in the artificial mother liquor was 5 mM. Data sets were
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collected at the Stanford Synchrotron Light Source from single crystals
at a temperature of 100 K. The data were integrated with XDS31 and
merged, scaled, and processed using the CCP4 suite of programs.32 As
the space group and unit cell were highly similar to that used to
determine PDB 4XRY, molecular replacement by rigid body
refinement was used for the four chains of the 4XRY structure.
Model building and refinement employed COOT35 and Phenix 1.9,36

respectively. The data processing and model refinement statistics are
provided in Supporting Information, Table S2.
Chemistry. General Methods. Solvents and reagents were of

reagent grade and were used as supplied by the manufacturer. All
reactions were run under a N2 atmosphere. Organic extracts were
routinely dried over anhydrous Na2SO4. Concentration refers to rotary
evaporation under reduced pressure. Chromatography refers to flash
chromatography using disposable RediSepRf 4−120 g silica columns
or Biotage disposable columns on a CombiFlash Companion or
Biotage Horizon automatic purification system. Microwave reactions
were carried out in a SmithCreator microwave reactor from Personal
Chemistry. Purification by mass-triggered HPLC was carried out using
Waters XTerra PrepMS C18 columns, 5 μm, 30 mm × 100 mm.
Compounds were presalted as TFA salts and diluted with 1 mL of
dimethyl sulfoxide. Samples were purified by mass-triggered collection
using a mobile phase of 0.1% trifluoroacetic acid in water and
acetonitrile with a gradient of 100% aqueous to 100% acetonitrile over
10 min at a flow rate of 20 mL/min. Elemental analyses were
performed by QTI, Whitehouse, NJ. All target compounds were
analyzed using ultra high performance liquid chromatography/
ultraviolet/evaporative light scattering detection coupled to time-of-
flight mass spectrometry (UHPLC/UV/ELSD/TOFMS). Unless
otherwise noted, all tested compounds were found to be >95% pure
by this method. Each of the amine fragments employed in the
reductive amination to prepare 6a−u has been previously described in
the literature.
UHPLC/MS Analysis. The UHPLC was performed on a Waters

ACQUITY UHPLC system (Waters, Milford, MA), which was
equipped with a binary solvent delivery manager, column manager,
and sample manager coupled to ELSD and UV detectors (Waters,
Milford, MA). Detection was performed on a Waters LCT premier XE
mass spectrometer (Waters, Milford, MA). The instrument was fitted
with an Acquity Bridged Ethane Hybrid (BEH) C18 column (30 mm
× 2.1 mm, 1.7 μm particle size, Waters, Milford, MA) operated at 60
°C.
tert-Butyl (S)-(4-(2,4-Difluoro-5-formylphenyl)-4-methyl-5,6-dihy-

dro-4H-1,3-thiazin-2-yl)carbamate (4). To a cooled solution (−78
°C) of 3 (2.61 g, 6.17 mmol) in anhydrous ether (61.7 mL) was added
methyllithium (4.44 mL, 7.10 mmol) dropwise. The mixture was
stirred for 30 min before n-BuLi (3.2 mL, 8.64 mmol) was added
dropwise at −78 °C. The reaction mixture was stirred for another 30
min before the addition of DMF (4.78 mL, 61.7 mmol) in one portion.
The reaction was stirred for 1 h and slowly warmed up to −20 °C,
then quenched with aq NH4Cl (50 mL). The layers were separated,
and the aqueous layer was extracted with EtOAc (2×). The combined
organic layers were washed with brine (1×), dried (Na2SO4),
concentrated, and purified by silica chromatography using a 0−40%
EtOAc/heptane gradient to yield the product as a colorless solid.
Yield: 92%. LCMS m/z 371.4 [M − H+]. 1H NMR (400 MHz,
CDCl3) δ 10.27 (s, 1H), 7.87−8.00 (m, 1H), 6.88−7.01 (m, 1H),
2.90−3.02 (m, 1H), 2.75−2.87 (m, 1H), 2.62−2.71 (m, 1H), 2.11−
2.21 (m, 1H), 1.68 (br s, 3H), 1.48−1.58 (m, 9H).
tert-Butyl (S)-(4-(2,4-Difluoro-5-(((5-methylpyridin-2-yl)amino)-

methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
carbamate (5a). To a solution of 4 (75 mg, 0.20 mmol) in
dichloroethane (0.68 mL, 0.2 M) was added 5-methylpyridin-2-amine
(33 mg, 0.30 mmol, 1.5 equiv) and Na(OAc)3BH (84 mg, 0.40 mmol,
2 equiv). The resulting solution was stirred for 2 h at rt. The reaction
mixture was then partitioned between aq NaHCO3 and CH2Cl2. The
organic layer was separated, and the aq layer was back-extracted with
CH2Cl2 (2×). The combined organics were then washed with brine
(1×), dried over Na2SO4, concentrated, and purified by silica
chromatography (4 g silica column, using a 10−100% EtOAc/heptane

gradient) to afford a colorless oil in 60% yield. LCMS m/z 463.4 [M −
H+]. 1H NMR (400 MHz, CDCl3) δ 7.88−7.95 (m, J = 1.6 Hz, 1H),
7.36 (t, J = 8.8 Hz, 1H), 7.25 (dd, J = 2.2, 8.4 Hz, 1H), 6.83 (dd, J =
9.4, 11.7 Hz, 1H), 6.37 (d, J = 8.2 Hz, 1H), 4.75−4.92 (m, 1H), 4.44−
4.58 (m, 2H), 2.74−2.84 (m, 1H), 2.65−2.74 (m, 1H), 2.55 (dt, J =
12.3, 3.1 Hz, 1H), 2.18 (s, 3H), 1.97−2.10 (m, 1H), 1.69 (s, 3H), 1.53
(s, 9H).

tert-Butyl (S)-(4-(5-((Ethylamino)methyl)-2,4-difluorophenyl)-4-
methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)carbamate (5b). The title
compound was prepared from 4 (150 mg, 0.405 mmol) and
ethanamine (27 mg, 0.61 mmol) according to a similar procedure as
for the preparation of 5a in 88% yield. LCMS m/z 400.4 [M − H+].
1H NMR (400 MHz, CDCl3) δ 7.18−7.27 (m, 1H), 6.81 (dd, J = 11.7,
9.4 Hz, 1H), 3.71−3.85 (m, 2H), 2.77−2.86 (m, 1H), 2.69−2.77 (m,
1H), 2.65 (q, J = 7.0 Hz, 2H), 2.51−2.60 (m, 1H), 1.98−2.09 (m,
2H), 1.70 (s, 3H), 1.50 (s, 9H), 1.11 (t, J = 7.2 Hz, 3H).

tert-Butyl (S)-(4-(2,4-Difluoro-5-((isopropylamino)methyl)-
phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)carbamate (5c).
The title compound was prepared from 4 (50 mg, 0.13 mmol) and
propan-2-amine (12 mg, 0.20 mmol, 1.5 equiv) according to a similar
procedure as for the preparation of 5a in 61% yield. LCMS m/z 414.4
[M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.28−7.35 (m, 1H), 6.83
(dd, J = 11.7, 9.4 Hz, 1H), 3.77−3.90 (m, 2H), 2.78−2.89 (m, 2H),
2.66−2.75 (m, 1H), 2.60 (dt, J = 12.3, 3.1 Hz, 1H), 2.02−2.12 (m,
1H), 1.70 (s, 3H), 1.52 (s, 9H), 1.13 (d, J = 6.2 Hz, 6H).

tert-Butyl (S)-(4-(5-((Dimethylamino)methyl)-2,4-difluorophenyl)-
4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)carbamate (5d). The title
compound was prepared from 4 (78 mg, 0.21 mmol) and
dimethylamine (158 μL, 0.32 mmol, 2 M in methanol) according to
a similar procedure as for the preparation of 5a in 59% yield. LCMS
m/z 400.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.25 (t, J = 8.8
Hz, 1H), 6.82 (dd, J = 11.9, 9.2 Hz, 1H), 3.39−3.54 (m, 2H), 2.79−
2.89 (m, 1H), 2.67−2.77 (m, 1H), 2.59 (dt, J = 12.3, 3.1 Hz, 1H), 2.23
(s, 6H), 2.03−2.12 (m, 1H), 1.71 (s, 3H), 1.50 (s, 9H).

tert-Butyl ((S)-4-(2,4-Difluoro-5-(((R)-3-methoxypyrrolidin-1-yl)-
methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
carbamate (5e). The title compound was prepared from 4 (160 mg,
0.43 mmol) and (R)-3-methoxypyrrolidine (66 mg, 0.65 mmol)
according to a similar procedure as for the preparation of 5a in 59%
yield. LCMS m/z 456.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.27 (t, J = 8.59 Hz, 1H), 6.80 (dd, J = 8.98, 11.71 Hz, 1H), 3.86−3.96
(m, 1H), 3.57−3.73 (m, 2H), 3.25 (s, 3H), 2.78−2.91 (m, 2H), 2.70−
2.78 (m, 1H), 2.59−2.70 (m, 1H), 2.50−2.59 (m, 2H), 2.46 (dd, J =
9.9, 3.7 Hz, 1H), 1.96−2.11 (m, 2H), 1.73−1.82 (m, 1H), 1.71 (s,
3H), 1.51 (s, 9H).

tert-Butyl (S)-(4-(2,4-Difluoro-5-(((2-methoxyethyl)amino)-
methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
carbamate (5f). The title compound was prepared from 4 (115 mg,
0.31 mmol) and 2-methoxyethan-1-amine (35 mg, 0.47 mmol)
according to a similar procedure as for the preparation of 5a in 72%
yield. LCMS m/z 430.5 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.21−7.33 (m, 1H), 6.82 (dd, J = 9.17, 11.90 Hz, 1H), 3.75−3.88 (m,
2H), 3.50 (t, J = 5.1 Hz, 2H), 3.30−3.39 (m, 3H), 2.69−2.88 (m, 4H),
2.59 (dt, J = 12.3, 3.1 Hz, 1H), 1.98−2.10 (m, 2H), 1.71 (s, 3H), 1.52
(s, 9H).

tert-Butyl (S)-(4-(2,4-Difluoro-5-(((3-methoxypropyl)amino)-
methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
carbamate (5g). The title compound was prepared from 4 (95 mg,
0.26 mmol) and 3-methoxypropan-1-amine (34 mg, 0.38 mmol)
according to a similar procedure as for the preparation of 5a in 58%
yield. LCMS m/z 444.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.25 (t, J = 8.7 Hz, 1H), 6.80 (dd, J = 11.7, 9.2 Hz, 1H), 3.74−3.84 (m,
2H), 3.43 (t, J = 6.0 Hz, 2H), 3.28−3.31 (m, 3H), 2.78−2.84 (m, 1H),
2.70 (t, J = 6.8 Hz, 3H), 2.53−2.62 (m, 1H), 1.99−2.08 (m, 1H), 1.76
(quin, J = 6.5 Hz, 2H), 1.69 (s, 3H), 1.49 (s, 9H).

tert-Butyl ((S)-4-(2,4-Difluoro-5-((((R)-1-methoxypropan-2-yl)-
amino)methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
carbamate (5h). The title compound was prepared from 4 (120 mg,
0.32 mmol) and the HCl salt of (R)-1-methoxypropan-2-amine (61
mg, 0.49 mmol) according to a similar procedure as for the
preparation of 5a in 68% yield. LCMS m/z 444.4 [M − H+]. 1H
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NMR (400 MHz, CDCl3) δ 7.22−7.31 (m, 1H), 6.80 (dd, J = 9.37,
11.71 Hz, 1H), 3.80 (s, 2H), 3.25−3.37 (m, 4H), 3.17−3.25 (m, 1H),
2.69−2.93 (m, 3H), 2.57 (dt, J = 12.2, 2.9 Hz, 1H), 1.96−2.10 (m,
1H), 1.69 (s, 3H), 1.50 (s, 9H), 1.03 (d, J = 6.2 Hz, 3H).
tert-Butyl (S)-(4-(5-((Bicyclo[1.1.1]pentan-1-ylamino)methyl)-2,4-

difluorophenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
carbamate (5i). The title compound was prepared from 4 (100 mg,
0.27 mmol) and bicyclo[1.1.1]pentan-1-amine (34 mg, 0.40 mmol)
according to a similar procedure as for the preparation of 5a in 31%
yield. LCMS m/z 438.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.23−7.34 (m, 1H), 6.82 (dd, J = 11.7, 9.4 Hz, 1H), 3.73−3.87 (m,
2H), 2.73−2.90 (m, 2H), 2.52−2.68 (m, 1H), 2.02−2.12 (m, 1H),
1.75−1.81 (m, 5H), 1.72 (s, 3H), 1.54 (s, 9H), 1.20−1.35 (m, 2H).
tert-Butyl (S)-(4-(2,4-Difluoro-5-((methyl(2,2,2-trifluoroethyl)-

amino)methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
carbamate (5j). The title compound was prepared from 4 (165 mg,
0.44 mmol) and the HCl salt of 2,2,2-trifluoro-N-methylethan-1-amine
(100 mg, 0.67 mmol) according to a similar procedure as for the
preparation of 5a in 22% yield. LCMS m/z 468.3 [M − H+]. 1H NMR
(400 MHz, CDCl3) δ 7.32 (t, J = 8.8 Hz, 1H), 6.84 (dd, J = 11.7, 9.0
Hz, 1H), 3.76 (s, 2H), 3.06 (q, J = 9.4 Hz, 2H), 2.80−2.88 (m, 1H),
2.69−2.80 (m, 1H), 2.58 (dt, J = 12.4, 3.3 Hz, 1H), 2.43 (s, 3H), 2.07
(dt, J = 13.1, 3.5 Hz, 1H), 1.73 (s, 3H), 1.52 (s, 9H).
tert-Butyl (S)-(4-(2,4-Difluoro-5-(((2,2,2-trifluoroethyl)amino)-

methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
carbamate (5k). The title compound was prepared from 4 (225 mg,
0.61 mmol) and 2,2,2-trifluoroethan-1-amine (90 mg, 0.91 mmol)
according to a similar procedure as for the preparation of 5a in 61%
yield. LCMS m/z 454.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.28 (t, J = 8.8 Hz, 1H), 6.83 (dd, J = 11.7, 9.4 Hz, 1H), 3.83−3.97 (m,
2H), 3.17 (q, J = 9.2 Hz, 2H), 2.79−2.89 (m, 1H), 2.66−2.79 (m,
1H), 2.57 (dt, J = 12.3, 3.1 Hz, 1H), 2.00−2.11 (m, 1H), 1.70 (s, 3H),
1.50 (s, 9H).
tert-Butyl (S)-(4-(5-(((2,2-Difluoroethyl)amino)methyl)-2,4-di-

fluorophenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)carbamate
(5l). The title compound was prepared from 4 (62 mg, 0.17 mmol)
and 2,2-difluoroethan-1-amine (20 mg, 0.25 mmol) according to a
similar procedure as for the preparation of 5a in 85% yield. LCMS m/z
436.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.24−7.33 (m, 1H),
6.84 (dd, J = 11.7, 9.4 Hz, 1H), 5.67−6.03 (m, 1H), 3.80−3.93 (m,
2H), 2.95 (dt, J = 15.0, 4.3 Hz, 2H), 2.78−2.89 (m, 1H), 2.67−2.78
(m, 1H), 2.51−2.63 (m, 1H), 2.04−2.12 (m, 1H), 1.71 (s, 3H), 1.51
(s, 9H).
tert-Butyl (S)-(4-(2,4-Difluoro-5-(((1,1,1-trifluoro-2-methylpro-

pan-2-yl)amino)methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thia-
zin-2-yl)carbamate (5m). The title compound was prepared from 4
(52 mg, 0.14 mmol) and 1,1,1-trifluoro-2-methylpropan-2-amine (34
mg, 0.21 mmol) according to a similar procedure as for the
preparation of 5a in 58% yield. LCMS m/z 482.3 [M − H+]. 1H
NMR (400 MHz, CDCl3) δ 7.36 (t, J = 8.8 Hz, 1H), 6.81 (dd, J =
11.7, 9.4 Hz, 1H), 3.76−3.99 (m, 2H), 2.70−2.87 (m, 2H), 2.51−2.65
(m, 1H), 1.99−2.13 (m, 1H), 1.63−1.77 (m, 3H), 1.47−1.56 (m, 9H),
1.25−1.34 (m, 6H).
tert-Butyl ((S)-4-(2,4-Difluoro-5-((((R)-1,1,1-trifluoropropan-2-yl)-

amino)methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
carbamate (5n). The title compound was prepared from 4 (76 mg,
0.21 mmol) and (R)-1,1,1-trifluoropropan-2-amine (35 mg, 0.31
mmol) according to a similar procedure as for the preparation of 5a in
35% yield. LCMS m/z 468.3 [M − H+]. 1H NMR (400 MHz, CDCl3)
δ 7.29−7.35 (m, 1H), 6.79−6.95 (m, 1H), 3.85−4.00 (m, 2H), 3.12−
3.26 (m, 1H), 2.70−2.90 (m, 2H), 2.52−2.70 (m, 1H), 1.98−2.17 (m,
1H), 1.70−1.78 (m, 3H), 1.47−1.57 (m, 9H), 1.27 (d, J = 6.6 Hz,
3H).
tert-Butyl (S)-(4-(2,4-Difluoro-5-(((3,3,3-trifluoropropyl)amino)-

methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
carbamate (5o). The title compound was prepared from 4 (75 mg,
0.20 mmol) and 3,3,3-trifluoropropan-1-amine (34 mg, 0.30 mmol)
according to a similar procedure as for the preparation of 5a in 79%
yield. LCMS m/z 468.3 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.23−7.32 (m, 1H), 6.83 (dd, J = 11.5, 9.2 Hz, 1H), 3.72−3.86 (m,
2H), 2.79−2.89 (m, 3H), 2.68−2.79 (m, 1H), 2.57 (dt, J = 12.5, 3.12

Hz, 1H), 2.23−2.41 (m, 2H), 2.00−2.14 (m, 1H), 1.71 (s, 3H), 1.51
(s, 9H).

tert-Butyl (S)-(4-(5-((Cyclopropylamino)methyl)-2,4-difluoro-
phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)carbamate (5p).
The title compound was prepared from 4 (54 mg, 0.15 mmol) and
cyclopropanamine (12 mg, 0.22 mmol) according to a similar
procedure as for the preparation of 5a in 97% yield. LCMS m/z
412.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.24 (s, 1H), 6.82
(dd, J = 11.7, 9.4 Hz, 1H), 3.85 (d, J = 7.4 Hz, 2H), 2.80 (d, J = 2.3
Hz, 2H), 2.58 (s, 1H), 1.98−2.14 (m, 2H), 1.65−1.79 (m, 3H), 1.46−
1.58 (m, 9H), 0.40−0.50 (m, 2H), 0.31−0.40 (m, 2H).

tert-Butyl (S)-(4-(5-(((Cyclopropylmethyl)amino)methyl)-2,4-di-
fluorophenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)carbamate
(5q). The title compound was prepared from 4 (58 mg, 0.16 mmol)
and cyclopropylmethanamine (36 mg, 0.24 mmol) according to a
similar procedure as for the preparation of 5a in 57% yield. LCMS m/z
426.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.33 (t, J = 8.6 Hz,
1H), 6.81 (dd, J = 11.7, 9.4 Hz, 1H), 3.79−3.93 (m, 2H), 2.78−2.89
(m, 1H), 2.65−2.74 (m, 1H), 2.60 (dt, J = 12.2, 3.2 Hz, 1H), 2.44−
2.56 (m, 2H), 2.00−2.11 (m, 1H), 1.98 (s, 1H), 1.68 (s, 3H), 1.50 (s,
9H), 0.93−1.07 (m, 1H), 0.44−0.56 (m, 2H), 0.07−0.20 (m, 2H).

tert-Butyl (S)-(4-(5-(((1-(Difluoromethyl)cyclopropyl)amino)-
methyl)-2,4-difluorophenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-
yl)carbamate (5r). The title compound was prepared from 4 (55 mg,
0.15 mmol) and 1-(difluoromethyl)cyclopropan-1-amine (32 mg, 0.22
mmol) according to a similar procedure as for the preparation of 5a in
86% yield. LCMS m/z 462.4 [M − H+]. 1H NMR (400 MHz, CDCl3)
δ 7.28 (t, J = 8.8 Hz, 1H), 6.79 (dd, J = 11.7, 9.4 Hz, 1H), 5.41−5.73
(m, 1H), 3.93−4.05 (m, 2H), 2.71−2.84 (m, 2H), 2.52−2.61 (m, 1H),
2.04 (s, 2H), 1.65−1.72 (m, 3H), 1.47−1.54 (m, 9H), 1.13−1.17 (m,
1H), 0.85−0.91 (m, 1H), 0.78−0.84 (m, 3H).

tert-Butyl (S)-(4-(5-(((1-Cyanocyclopropyl)amino)methyl)-2,4-di-
fluorophenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)carbamate
(5s). The title compound was prepared from 4 (45 mg, 0.12 mmol)
and 1-aminocyclopropane-1-carbonitrile (17 mg, 0.15 mmol) accord-
ing to a similar procedure as for the preparation of 5a in 96% yield.
LCMS m/z 437.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.21 (t, J
= 8.8 Hz, 1H), 6.84 (dd, J = 11.7, 9.4 Hz, 1H), 3.96 (q, J = 13.66 Hz,
2H), 2.71−2.84 (m, 2H), 2.54−2.66 (m, 1H), 1.97−2.05 (m, 1H),
1.70 (s, 3H), 1.46−1.57 (m, 9H), 1.18−1.29 (m, 2H), 1.03−1.10 (m,
2H).

(S)-N-(4-(2,4-Difluoro-5-(((3-(trifluoromethyl)oxetan-3-yl)amino)-
methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-yl)-
benzamide (5t). A methanol solution (6.75 mL, 0.1 M) of 4 (250 mg,
0.675 mmol, 1 equiv) was treated with HCl (4 M in dioxane, 3.37 mL,
13.5 mmol, 20 equiv). The resulting yellow solution was stirred at 50
°C for 3 h. The reaction mixture was concentrated under reduced
pressure to yield a colorless oil, which was dissolved in H2O. The
resulting solution was extracted with Et2O (3×). The resulting aq layer
(pH 1) was basified to pH 10 with 1 N NaOH. The colorless solution
was extracted with CH2Cl2 (3×). The combined organics were washed
with brine (1×), dried over Na2SO4, concentrated, and purified via
silica chromatography using a 10% MeOH/1% NH4OH/89% CH2Cl2
mixture as eluent to yield a colorless oil. LCMS m/z 271.3 [M − H+].
1H NMR (400 MHz, CDCl3) δ 10.18 (s, 1H), 7.95 (t, J = 8.6 Hz, 1H),
6.81 (dd, J = 11.5, 9.9 Hz, 1H), 4.16−4.56 (m, 2H), 2.89−3.01 (m,
1H), 2.55−2.68 (m, 1H), 2.10−2.21 (m, 1H), 1.85−1.98 (m, 1H),
1.45−1.54 (m, 3H). The purified amidine (135 mg, 0.500 mmol) was
immediately dissolved in a 2:1 solution of THF:MeOH (2.1 mL). TEA
(0.11 mL, 0.80 mmol) was added followed by benzoic anhydride (150
mg, 0.650 mmol). The reaction was stirred at rt for 18 h. The reaction
was then concentrated and redissolved in water and EtOAc. The layers
were separated, and the aqueous layer was back extracted with EtOAc
(2×). The combined organics were washed with water and with brine,
dried over sodium sulfate, concentrated, and subjected to silica gel
chromatography using a 0−100% EtOAc/heptane gradient. Yield:
86%. LCMS m/z 375.3 [M − H+]. The resultant compound (16 mg,
0.09 mmol) was reacted with the HCl salt of 3-(trifluoromethyl)-
oxetan-3-amine (28 mg, 0.075 mmol), using a similar procedure as for
the preparation of 5a in 70% yield. LCMS m/z 500.3 [M − H+]. 1H
NMR (400 MHz, CDCl3) δ 12.23−12.60 (m, 1H), 8.16−8.29 (m,
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2H), 7.38−7.56 (m, 4H), 6.82−6.95 (m, 1H), 4.67−4.77 (m, 2H),
4.54 (d, J = 7.0 Hz, 2H), 3.89 (d, J = 7.4 Hz, 2H), 2.85−2.99 (m, 2H),
2.63−2.74 (m, 1H), 2.10−2.22 (m, 1H), 1.81 (s, 3H), 1.22−1.36 (m,
1H).
tert-Butyl (S)-(4-(2,4-Difluoro-5-(((1-(tr ifluoromethyl)-

cyclopropyl)amino)methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-
thiazin-2-yl)carbamate (5u). The title compound was prepared from
4 (130 mg, 0.351 mmol) and 1-(trifluoromethyl)cyclopropan-1-amine
(66 mg, 0.526 mmol) according to a similar procedure as for the
preparation of 5a in 67% yield. LCMS m/z 480.4 [M − H+]. 1H NMR
(400 MHz, CDCl3) δ 7.21−7.28 (m, 1H), 6.72−6.82 (m, 1H), 3.91−
4.04 (m, 2H), 2.67−2.84 (m, 2H), 2.47−2.61 (m, 1H), 1.96−2.11 (m,
2H), 1.62−1.74 (m, 3H), 1.44−1.54 (m, 9H), 0.98−1.05 (m, 2H),
0.81−0.90 (m, 2H).
(S)-4-(2,4-Difluoro-5-(((5-methylpyridin-2-yl)amino)methyl)-

phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6a). A meth-
anol solution (0.6 mL, 0.1 M) of 5a (28 mg, 0.06 mmol, 1 equiv) was
treated with HCl (4 M in dioxane, 0.3 mL, 4 equiv). The solution was
stirred at 50 °C for 2 h. The reaction was then concentrated and
redissolved in water. The aqueous solution was extracted with diethyl
ether (3×) and then brought to pH ∼ 12 with 1 N NaOH. This
solution was extracted with CH2Cl2 (3×). The combined organics
were dried over sodium sulfate, concentrated, and purified via silica gel
chromatography using a 0−60% gradient of a 10% MeOH/1%
NH4OH/89% CH2Cl2 solution and CH2Cl2 to yield 6a in 78% yield.
LCMS m/z 363.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.91 (d,
J = 1.6 Hz, 1H), 7.40 (t, J = 9.2 Hz, 1H), 7.24 (dd, J = 8.2, 2.3 Hz,
1H), 6.78 (dd, J = 11.7, 9.4 Hz, 1H), 6.33 (d, J = 8.6 Hz, 1H), 5.10 (t,
J = 5.8 Hz, 1H), 4.40−4.56 (m, 2H), 2.89 (ddd, J = 12.2, 6.2, 3.9 Hz,
1H), 2.59 (dt, J = 11.5, 3.5 Hz, 1H), 2.31−2.42 (m, 1H), 2.18 (s, 3H),
1.83 (ddd, J = 14.0, 10.7, 3.7 Hz, 1H), 1.57 (d, J = 1.2 Hz, 3H).
(S)-4-(5-((Ethylamino)methyl)-2,4-difluorophenyl)-4-methyl-5,6-

dihydro-4H-1,3-thiazin-2-amine (6b). The title compound was
prepared from 5b (142 mg, 0.355 mmol) according to a similar
procedure as for the preparation of 6a in 63% yield. LCMS m/z 300.4
[M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.32 (t, J = 9.2 Hz, 1H),
6.76 (dd, J = 11.7, 9.8 Hz, 1H), 3.78 (s, 2H), 2.96 (ddd, J = 12.1, 6.8,
3.7 Hz, 1H), 2.58−2.74 (m, 3H), 2.33 (ddd, J = 14.0, 6.7, 3.5 Hz, 1H),
1.89 (ddd, J = 13.8, 10.3, 3.9 Hz, 1H), 1.58 (d, J = 1.2 Hz, 3H), 1.11 (t,
J = 7.0 Hz, 3H).
(S)-4-(2,4-Difluoro-5-((isopropylamino)methyl)phenyl)-4-methyl-

5,6-dihydro-4H-1,3-thiazin-2-amine (6c). Compound 5c (34 mg,
0.08 mmol, 1 equiv) was dissolved in CH2Cl2 (0.41 mL, 0.2 M), and
trifluoroacetic acid (126 μL, 1.64 mmol, 20 equiv) was added. The
reaction was stirred at rt for 18 h. The reaction was concentrated and
taken up in EtOAc and aqueous saturated sodium bicarbonate. The
layers were separated, and the aqueous layer was extracted with EtOAc
(2×). The combined organics were washed with brine, dried over
sodium sulfate, and purified via silica gel chromatography using a 0−
60% gradient of a 10% MeOH/1% NH4OH/89% CH2Cl2 solution
and CH2Cl2 to yield 6c in 60% yield. LCMS m/z 314.4 [M − H+]. 1H
NMR (400 MHz, CDCl3) δ 8.07 (t, J = 8.5 Hz, 1H), 6.92 (dd, J = 9.0,
11.5 Hz, 1H), 4.78 (s, 2H), 4.15−4.32 (m, 2H), 3.29 (sept, J = 6.5 Hz,
1H), 2.96−3.10 (m, 1H), 2.78−2.91 (m, 2H), 2.10−2.24 (m, 1H),
1.82 (s, 3H), 1.49 (dd, J = 7.5, 6.8 Hz, 6H).
(S)-4-(5-((Dimethylamino)methyl)-2,4-difluorophenyl)-4-methyl-

5,6-dihydro-4H-1,3-thiazin-2-amine (6d). The title compound was
prepared from 5d (59 mg, 0.15 mmol) according to a similar
procedure as for the preparation of 6a in 90% yield. LCMS m/z 300.3
[M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.32 (t, J = 9.0 Hz, 1H),
6.77 (dd, J = 11.9, 9.6 Hz, 1H), 4.55 (br s, 1H), 3.47−3.55 (m, 1H),
3.36−3.47 (m, 1H), 2.97 (ddd, J = 12.1, 6.8, 3.7 Hz, 1H), 2.68 (ddd, J
= 12.2, 10.2, 3.7 Hz, 1H), 2.28−2.38 (m, 1H), 2.24 (s, 6H), 1.83−1.96
(m, 1H), 1.59 (d, J = 1.6 Hz, 1H).
(S)-4-(2,4-Difluoro-5-(((R)-3-methoxypyrrolidin-1-yl)methyl)-

phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6e). The
title compound was prepared from 5e (116 mg, 0.255 mmol)
according to a similar procedure as for the preparation of 6a in 68%
yield. LCMS m/z 356.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.33 (t, J = 9.0 Hz, 1H), 6.74 (dd, J = 11.7, 9.4 Hz, 1H), 3.86−3.97 (m,

1H), 3.65−3.75 (m, 1H), 3.54−3.63 (m, 1H), 3.25 (s, 3H), 2.93 (ddd,
J = 12.1, 6.4, 3.7 Hz, 1H), 2.82 (dd, J = 10.2, 6.2 Hz, 1H), 2.59−2.69
(m, 2H), 2.47−2.56 (m, 2H), 2.35 (ddd, J = 14.0, 6.3, 3.5 Hz, 1H),
1.98−2.10 (m, 1H), 1.71−1.89 (m, 2H), 1.57 (d, J = 1.6 Hz, 3H).

(S)-4-(2,4-Difluoro-5-(((2-methoxyethyl)amino)methyl)phenyl)-4-
methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6f). The title com-
pound was prepared from 6f (96 mg, 0.22 mmol) according to a
similar procedure as for the preparation of 6a in 56% yield. LCMS m/z
330.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.34 (t, J = 9.0 Hz,
1H), 6.75 (dd, J = 11.7, 9.8 Hz, 1H), 3.80 (s, 2H), 3.49 (t, J = 5.3 Hz,
2H), 3.33 (s, 3H), 2.95 (ddd, J = 12.1, 7.0, 3.9 Hz, 1H), 2.77 (t, J = 5.1
Hz, 2H), 2.67 (ddd, J = 12.1, 10.5, 3.5 Hz, 1H), 2.32 (ddd, J = 14.0,
6.7, 3.5 Hz, 1H), 1.89 (ddd, J = 14.0, 10.2, 3.5 Hz, 1H), 1.57 (s, 3H).

(S)-4-(2,4-Difluoro-5-(((3-methoxypropyl)amino)methyl)phenyl)-
4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6g). The title com-
pound was prepared from 6g (66 mg, 0.15 mmol) according to a
similar procedure as for the preparation of 6a in 68% yield. LCMS m/z
344.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.33 (t, J = 9.0 Hz,
1H), 6.76 (dd, J = 11.7, 9.8 Hz, 1H), 3.78 (s, 2H), 3.44 (t, J = 6.2 Hz,
2H), 3.32 (s, 3H), 2.96 (ddd, J = 12.1, 6.6, 3.9 Hz, 1H), 2.62−2.72 (m,
3H), 2.34 (ddd, J = 14.0, 6.7, 3.5 Hz, 1H), 1.88 (ddd, J = 14.0, 10.4,
3.7 Hz, 1H), 1.77 (quin, J = 6.6 Hz, 2H), 1.58 (d, J = 1.2 Hz, 3H).

(S)-4-(2,4-Difluoro-5-((((R)-1-methoxypropan-2-yl)amino)-
methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6h).
The title compound was prepared from 5h (97 mg, 0.22 mmol)
according to a similar procedure as for the preparation of 6a in 64%
yield. LCMS m/z 344.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.33 (t, J = 9.0 Hz, 1H), 6.76 (dd, J = 11.7, 9.4 Hz, 1H), 3.82−3.91 (m,
1H), 3.71−3.80 (m, 1H), 3.29−3.35 (m, 4H), 3.20−3.29 (m, 1H),
2.95 (ddd, J = 12.2, 6.5, 3.5 Hz, 1H), 2.81−2.91 (m, 1H), 2.67 (ddd, J
= 12.0, 10.6, 3.9 Hz, 1H), 2.36 (ddd, J = 14.0, 6.6, 3.5 Hz, 1H), 1.87
(ddd, J = 14.0, 10.4, 3.7 Hz, 1H), 1.58 (d, J = 1.2 Hz, 3H), 1.05 (d, J =
6.2 Hz, 3H).

(S)-4-(5-((Bicyclo[1.1.1]pentan-1-ylamino)methyl)-2,4-difluoro-
phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6i). The title
compound was prepared from 5i (36 mg, 0.08 mmol) according to a
similar procedure as for the preparation of 6a in 49% yield. LCMS m/z
338.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.34 (t, J = 9.2 Hz,
1H), 6.75 (dd, J = 11.7, 9.8 Hz, 1H), 3.70−3.84 (m, 2H), 2.96 (td, J =
12.3, 3.2 Hz, 1H), 2.62−2.73 (m, 1H), 2.31−2.41 (m, 2H), 1.83−1.94
(m, 1H), 1.76 (s, 6H), 1.57 (d, J = 1.2 Hz, 3H).

(S)-4-(2,4-Difluoro-5-((methyl(2,2,2-trifluoroethyl)amino)methyl)-
phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6j). The title
compound was prepared from 5j (46 mg, 0.10 mmol) according to a
similar procedure as for the preparation of 6a in 53% yield. LCMS m/z
368.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.37 (t, J = 9.0 Hz,
1H), 6.79 (dd, J = 11.7, 9.4 Hz, 1H), 3.67−3.84 (m, 2H), 3.06 (q, J =
9.6 Hz, 2H), 2.96 (ddd, J = 12.1, 6.2, 3.9 Hz, 1H), 2.66 (dt, J = 11.4,
3.7 Hz, 1H), 2.43 (s, 3H), 2.39 (ddd, J = 10.4, 6.5, 3.3 Hz, 1H), 1.86
(ddd, J = 14.0, 10.6, 3.9 Hz, 1H), 1.61 (d, J = 1.2 Hz, 3H).

(S)-4-(2,4-Difluoro-5-(((2,2,2-trifluoroethyl)amino)methyl)-
phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6k). The
title compound was prepared from 5k (166 mg, 0.369 mmol)
according to a similar procedure as for the preparation of 6a in 57%
yield. LCMS m/z 354.3 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.37 (t, J = 9.0 Hz, 1H), 6.79 (dd, J = 11.7, 9.4 Hz, 1H), 4.42 (br s,
2H), 3.91 (d, J = 5.8 Hz, 2H), 3.10−3.23 (m, 2H), 2.98 (ddd, J = 12.2,
6.7, 3.7 Hz, 1H), 2.67 (ddd, J = 12.1, 103, 3.7 Hz, 1H), 2.33 (ddd, J =
13.8, 6.8, 3.9 Hz, 1H), 1.91 (ddd, J = 14.0, 10.2, 3.5 Hz, 1H), 1.62−
1.71 (m, 1H), 1.59 (d, J = 1.2 Hz, 3H). 13C NMR (101 MHz, CDCl3)
δ 160.9, 158.4, 150.8, 131.2, 130.2, 127.2, 121.7, 104.9, 56.4, 49.8, 46.8,
30.6, 29.6, 23.8. HRMS calcd for C14H17N3F5S (M+1) 354.1058,
found 354.1053.

(S)-4-(5-(((2,2-Difluoroethyl)amino)methyl)-2,4-difluorophenyl)-
4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6l). The title com-
pound was prepared from 5l (62 mg, 0.14 mmol) according to a
similar procedure as for the preparation of 6a in 46% yield. LCMS m/z
336.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.36 (t, J = 9.0 Hz,
1H), 6.80 (dd, J = 11.9, 9.6 Hz, 1H), 5.69−6.05 (m, 1H), 3.78−3.94
(m, 2H), 2.87−3.04 (m, 3H), 2.68 (ddd, J = 12.2, 10.4, 3.5 Hz, 1H),
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2.35 (ddd, J = 13.8, 6.6, 3.7 Hz, 1H), 1.91 (ddd, J = 14.0, 10.4, 3.7 Hz,
1H), 1.60 (s, 3H), 1.43−1.58 (m, 1H).
(S)-4-(2,4-Difluoro-5-(((1,1,1-trifluoro-2-methylpropan-2-yl)-

amino)methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-
amine (6m). The title compound was prepared from 5m (39 mg, 0.08
mmol) according to a similar procedure as for the preparation of 6a in
82% yield. LCMS m/z 382.4 [M − H+]. 1H NMR (400 MHz, CDCl3)
δ 7.41 (t, J = 9.0 Hz, 1H), 6.71−6.81 (m, 1H), 3.98−4.43 (m, 2H),
3.78−3.92 (m, 2H), 2.98 (ddd, J = 12.1, 6.8, 3.7 Hz, 1H), 2.69 (ddd, J
= 12.3, 10.3, 3.9 Hz, 1H), 2.35 (ddd, J = 14.0, 6.8, 3.7 Hz, 1H), 1.91
(ddd, J = 14.0, 10.3, 3.7 Hz, 1H), 1.55−1.63 (m, 3H), 1.47 (t, J = 7.2
Hz, 1H), 1.25−1.37 (m, 6H).
(S)-4-(2,4-Difluoro-5-((((R)-1,1,1-trifluoropropan-2-yl)amino)-

methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6n).
The title compound was prepared from 5n (34 mg, 0.07 mmol)
according to a similar procedure as for the preparation of 6a in 30%
yield. LCMS m/z 368.3 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.32−7.43 (m, 1H), 6.74−6.86 (m, 1H), 3.82−4.01 (m, 1H), 3.12−
3.27 (m, 1H), 2.89−3.05 (m, 1H), 2.61−2.75 (m, 1H), 2.30−2.42 (m,
1H), 1.81−1.96 (m, 1H), 1.59−1.63 (m, 5H), 1.25 (d, J = 6.6 Hz,
3H).
(S)-4-(2,4-Difluoro-5-(((3,3,3-trifluoropropyl)amino)methyl)-

phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6o). The
title compound was prepared from 5o (75 mg, 0.16 mmol) according
to a similar procedure as for the preparation of 6a in 19% yield. LCMS
m/z 368.3 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.34 (t, J = 8.8
Hz, 1H), 6.78 (dd, J = 11.7, 9.4 Hz, 1H), 3.75−3.85 (m, 2H), 2.97
(ddd, J = 12.1, 6.6, 3.9 Hz, 1H), 2.85 (t, J = 7.0 Hz, 2H), 2.67 (ddd, J =
12.2, 10.4, 3.5 Hz, 1H), 2.25−2.39 (m, 3H), 1.89 (ddd, J = 14.0, 10.4,
3.7 Hz, 1H), 1.59 (d, J = 1.6 Hz, 3H).
(S)-4-(5-((Cyclopropylamino)methyl)-2,4-difluorophenyl)-4-meth-

yl-5,6-dihydro-4H-1,3-thiazin-2-amine (6p). The title compound was
prepared from 5p (58 mg, 0.14 mmol) according to a similar
procedure as for the preparation of 6a in 19% yield. LCMS m/z 312.3
[M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.32 (t, J = 9.0 Hz, 1H),
6.77 (dd, J = 11.9, 9.6 Hz, 1H), 3.79−3.89 (m, 2H), 2.96 (ddd, J =
12.1, 6.4, 3.7 Hz, 1H), 2.67 (ddd, J = 12.2, 10.6, 3.7 Hz, 1H), 2.37
(ddd, J = 14.0, 6.4, 3.7 Hz, 1H), 2.06−2.12 (m, 1H), 1.88 (ddd, J =
14.0, 10.4, 3.7 Hz, 1H), 1.59 (d, J = 1.2 Hz, 3H), 0.40−0.47 (m, 2H),
0.34−0.40 (m, 2H).
(S)-4-(5-(((Cyclopropylmethyl)amino)methyl)-2,4-difluorophen-

yl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6q). The title
compound was prepared from 5q (38 mg, 0.09 mmol) according to
a similar procedure as for the preparation of 6a in 34% yield. LCMS
m/z 327.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.32 (t, J = 9.2
Hz, 1H), 6.75 (dd, J = 11.9, 9.6 Hz, 1H), 3.80 (s, 2H), 2.96 (ddd, J =
12.2, 6.7, 3.7 Hz, 1H), 2.67 (ddd, J = 12.3, 10.3, 3.9 Hz, 1H), 2.39−
2.52 (m, 2H), 2.34 (ddd, J = 14.0, 6.7, 3.9 Hz, 1H), 1.89 (ddd, J =
14.0, 10.4, 3.7 Hz, 1H), 1.58 (d, J = 1.6 Hz, 3H), 0.88−1.03 (m, 1H),
0.41−0.50 (m, 2H), 0.04 to 0.13 (m, 2H).
(S)-4-(5-(((1-(Difluoromethyl)cyclopropyl)amino)methyl)-2,4-di-

fluorophenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6r).
The title compound was prepared from 5r (39 mg, 0.08 mmol)
according to a similar procedure as for the preparation of 6a in 58%
yield. LCMS m/z 362.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.35 (t, J = 9.0 Hz, 1H), 6.69−6.80 (m, 1H), 5.45−5.79 (m, 1H), 4.29
(br s, 2H), 3.98 (d, J = 7.0 Hz, 2H), 2.96 (ddd, J = 12.1, 6.6, 3.9 Hz,
1H), 2.67 (ddd, J = 12.1, 10.5, 3.5 Hz, 1H), 2.35 (ddd, J = 14.0, 6.6,
3.5 Hz, 1H), 2.05 (t, J = 6.8 Hz, 1H), 1.88 (ddd, J = 14.0, 10.4, 3.7 Hz,
1H), 1.52−1.62 (m, 3H), 0.78−0.86 (m, 4H).
(S)-1-((5-(2-Amino-4-methyl-5,6-dihydro-4H-1,3-thiazin-4-yl)-2,4-

difluorobenzyl) amino)cyclopropane-1-carbonitrile (6s). The title
compound was prepared from 5s (51 mg, 0.12 mmol) according to a
similar procedure as for the preparation of 6a in 48% yield. LCMS m/z
337.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.34 (t, J = 9.0 Hz,
1H), 6.78 (dd, J = 11.7, 9.4 Hz, 1H), 3.90−4.02 (m, 2H), 2.95 (ddd, J
= 12.2, 6.5, 3.9 Hz, 1H), 2.69 (ddd, J = 12.1, 10.5, 3.5 Hz, 1H), 2.36
(ddd, J = 14.0, 6.6, 3.5 Hz, 1H), 1.88 (ddd, J = 14.0, 10.5, 3.5 Hz, 1H),
1.54−1.61 (m, 3H), 1.16−1.25 (m, 2H), 1.00−1.09 (m, 2H).
(S)-4-(2,4-Difluoro-5-(((3-(trifluoromethyl)oxetan-3-yl)amino)-

methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6t).

To an ethanolic solution of 5t (26 mg, 0.052 mmol) was added
hydrazine monohydrate (27.6 μL, 0.364 mmol). The resulting solution
was allowed to stir at rt for 4 h, at which point the reaction was
concentrated under reduced pressure. The residue was subjected to
silica chromatography using a 10% MeOH/1% NH4OH/89% CH2Cl2
mixture as eluent to yield 6t as a colorless oil. Yield: 31%. LCMS m/z
396.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ 7.45 (t, J = 9.0 Hz,
1H), 6.80 (dd, J = 11.7, 9.8 Hz, 1H), 4.77 (dd, J = 7.0, 1.6 Hz, 2H),
4.61 (d, J = 6.2 Hz, 2H), 3.88 (d, J = 7.4 Hz, 2H), 2.94−3.04 (m, 1H),
2.64−2.75 (m, 1H), 2.33 (ddd, J = 13.8, 6.8, 3.5 Hz, 1H), 1.82−1.99
(m, 2H), 1.59 (d, J = 1.2 Hz, 3H).

(S)-4-(2,4-Difluoro-5-(((1-(trifluoromethyl)cyclopropyl)amino)-
methyl)phenyl)-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-amine (6u).
The title compound was prepared from 5u (114 mg, 0.238 mmol)
according to a similar procedure as for the preparation of 6a in 63%
yield. LCMS m/z 380.4 [M − H+]. 1H NMR (400 MHz, CDCl3) δ
7.32 (t, J = 9.0 Hz, 1H), 6.70−6.79 (m, 1H), 3.92−4.03 (m, 2H),
2.90−2.99 (m, 1H), 2.60−2.71 (m, 1H), 2.30−2.41 (m, 1H), 1.97−
2.10 (m, 1H), 1.83−1.93 (m, 1H), 1.58 (s, 3H), 0.99−1.06 (m, 2H),
0.85−0.94 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 160.8, 158.4,
150.8, 130.6, 129.4, 128.4, 125.6, 122.8, 104.5, 56.1, 44.6, 39.9, 30.4,
29.4, 23.6, 11.7. HRMS calcd for C16H18N3F5SNa (M + Na) 402.1017,
found 402.1034.

tert-Butyl ((4S,6R)-4-(2,4-Difluoro-5-formylphenyl)-4,6-dimethyl-
5,6-dihydro-4H-1,3-thiazin-2-yl)carbamate (10). To a cooled sol-
ution (−78 °C) of 920 (230 mg, 0.53 mmol) in anhydrous ether (5.3
mL) was added methyllithium (0.4 mL, 0.61 mmol) dropwise. The
mixture was stirred for 30 min before n-BuLi (0.27 mL, 0.74 mmol)
was added dropwise at −78 °C. The reaction mixture was stirred for
another 30 min before the addition of DMF (0.41 mL, 5.3 mmol) in
one portion. The reaction was stirred for 1 h and slowly warmed up to
−20 °C, then quenched with aq NH4Cl (10 mL). The layers were
separated, and the aqueous layer was extracted with EtOAc (2×). The
combined organic layers were washed with brine (1×), dried
(Na2SO4), concentrated, and purified by silica chromatography using
a 0−40% EtOAc/heptane gradient to yield the product as a colorless
solid. Yield: 89%. LCMS m/z 385.3 [M − H+]. 1H NMR (400 MHz,
CDCl3) δ 10.22 (s, 1H), 7.74 (t, J = 8.4 Hz, 1H), 6.93 (dd, J = 11.7, 98
Hz, 1H), 2.65−2.86 (m, 2H), 1.70−1.75 (m, 1H), 1.68 (s, 3H), 1.51
(s, 9H), 1.24 (d, J = 6.6 Hz, 3H).

tert-Butyl ((4S,6R)-4-(2,4-Difluoro-5-(((1-(trifluoromethyl)-
cyclopropyl)amino)methyl)-phenyl)-4,6-dimethyl-5,6-dihydro-4H-
1,3-thiazin-2-yl)carbamate (11). The title compound was prepared
from 10 (30 mg, 0.08 mmol) and 1-(trifluoromethyl)cyclopropan-1-
amine (39 mg, 0.31 mmol) according to a similar procedure as for the
preparation of 5a in 93% yield. LCMS m/z 494.4 [M − H+]. 1H NMR
(400 MHz, CDCl3) δ 7.21 (t, J = 8.6 Hz, 1H), 6.75−6.85 (m, 1H),
4.00 (br s, 2H), 2.81 (d, J = 13.3 Hz, 2H), 2.02−2.15 (m, 1H), 1.71 (s,
3H), 1.54 (s, 9H), 1.23−1.33 (m, 3H), 1.00−1.11 (m, 2H), 0.86−0.97
(m, 2H).

(4S,6R)-4-(2,4-Difluoro-5-(((1-(trifluoromethyl)cyclopropyl)-
amino)methyl)phenyl)-4,6-dimethyl-5,6-dihydro-4H-1,3-thiazin-2-
amine (12). The title compound was prepared from 11 (35 mg, 0.07
mmol) according to a similar procedure as for the preparation of 6a in
19% yield. LCMS m/z 394.3 [M − H+]. 1H NMR (400 MHz, CDCl3)
δ 7.07 (t, J = 9.0 Hz, 1H), 6.67 (dd, J = 11.7, 9.4 Hz, 1H), 3.79−3.98
(m, 2H), 2.66−2.73 (m, 1H), 2.56−2.65 (m, 1H), 1.91−2.03 (m, 1H),
1.55 (s, 3H), 1.15 (d, J = 6.6 Hz, 3H), 0.92−0.98 (m, 2H), 0.77−0.86
(m, 2H).

N-((4aR,6R,8aS)-8a-(5-Cyano-2,4-difluorophenyl)-6-(fluorometh-
yl)-4,4a,5,6,8,8a-hexa-hydropyrano[3,4-d][1,3]thiazin-2-yl)-
benzamide (14). An oven-dried pressure tube, equipped with a stir
bar, was charged with 1326 (19.0 g, 38.0 mmol), Pd2(dba)3 (0.438 g,
0.761 mmol), dppf (0.888 g, 1.52 mmol), zinc (0.302 g, 4.57 mmol),
and Zn(CN)2 (3.35 g, 28.5 mmol). After the flask had been purged
with N2, DMA (70 mL, anhydrous) was added to yield a black
solution, which was heated to 130 °C for 16 h. The reaction mixture
was cooled and partitioned between EtOAc and NaHCO3 (aq satd).
The organic layer was isolated and the aq was back-extracted with
EtOAc (3×). The combined organics were washed with H2O (2×)
and with brine (1×), dried over Na2SO4, filtered, and concentrated

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.6b01451
J. Med. Chem. 2017, 60, 386−402

399

http://dx.doi.org/10.1021/acs.jmedchem.6b01451


under reduced pressure. Flash column chromatography of the organic
crude, using a gradient of EtOAc in heptanes (0−100%) afforded 13
(14.5 g, 32.5 mmol, 85% yield) as a white solid.
N-((4aR,6R,8aS)-8a-(5-(Aminomethyl)-2,4-difluorophenyl)-6-(flu-

oromethyl)-4,4a,5,6,8,8a-hexahydropyrano[3,4-d][1,3]thiazin-2-yl)-
benzamide (15). To a metal pressure vessel equipped with a stir bar
was added H2O (40 mL) followed by RaNi (24 g, wet). The H2O layer
was decanted (with a bare minimum left behind to keep the RaNi
wet). This process was repeated 3× with H2O, followed by 3× with
EtOH. To the final EtOH solution of RaNi was added EtOH (140
mL). A solution of 13 (14.48 g, 32.5 mmol) in THF (140 mL,
anhydrous) and TEA (20 mL, 196 mmol) was added to the vessel,
followed by addition of Boc anhydride (22 g, 196 mmol). The reaction
vessel was closed and purged with N2 (3×) followed by H2 (3×). Once
the purging was completed, the reaction vessel was placed under a H2
atmosphere of 70 PSI and was left stirring at rt until complete
consumption of starting material was observed. The reaction mixture
was filtered through a Celite pad, which was then washed 3× with
MeOH. The filtrates were concentrated under reduced pressure and
redissolved in MeOH (300 mL). The resulting solution was treated
with HCl (4 M in dioxane, 162.6 mL, 650 mmol). Once the Boc-
deprotection was complete, the reaction mixture was concentrated
under reduced pressure, redissolved in CH2Cl2, and treated with
NaOH (1 N, 1 L, aq). The resulting biphasic solution was left stirring
at rt for 15 min. After that time, the layers were separated and the aq
layer was washed with CH2Cl2 (3 × 200 mL). The combined organic
layers were dried over Na2SO4, filtered, and concentrated under
reduced pressure. Flash column chromatography of the organic crude,
using a gradient of MeOH in CH2Cl2 (0−5%), afforded 14 (9.0 g, 20
mmol, 61% yield) as a white solid.
(4aR,6R,8aS)-8a-(2,4-Difluoro-5-(((2,2,2-trifluoroethyl)amino)-

methyl)phenyl)-6-(fluoromethyl)-4,4a,5,6,8,8a-hexahydropyrano-
[3,4-d][1,3]thiazin-2-amine (16). In a pressure tube equipped with a
stir bar, under N2, an acetonitrile (225 mL, anhydrous) solution of 15
(4.76 g, 10.6 mmol) was treated with TEA (2.21 mL, 15.9 mmol) and
2,2,2-trifluoroethyl trifluoromethanesulfonate (2.29 mL, 15.9 mmol).
The resulting solution was stirred at 70 °C until the starting material
had been completely consumed. The reaction mixture was cooled
down to rt and concentrated under reduced pressure. The organic
crude was partitioned between H2O (150 mL) and EtOAc (150 mL).
The layers were separated, and the aq layer was back-extracted with
EtOAc (2×). The combined organics were then washed with brine
(1×), dried over Na2SO4, filtered, and concentrated under reduced
pressure to afford N-((4aR,6R,8aS)-8a-(2,4-difluoro-5-(((2,2,2-
trifluoroethyl)amino)methyl)phenyl)-6-(fluoromethyl)-4,4a,5,6,8,8a-
hexahydropyrano[3,4-d][1,3]thiazin-2-yl)benzamide (4.72 g, 8.88
mmol, 84% yield) as a yellow solid.
DBU (0.947 mL, 6.01 mmol) was added to a methanol solution

(407 mL, anhydrous) of N-((4aR,6R,8aS)-8a-(2,4-difluoro-5-(((2,2,2-
trifluoroethyl)amino)methyl)phenyl)-6-(fluoromethyl)-4,4a,5,6,8,8a-
hexahydropyrano[3,4-d][1,3]thiazin-2-yl)benzamide (4.58 g, 8.62
mmol). The resulting solution was heated to 70 °C until complete
consumption of starting material was observed. The reaction mixture
was concentrated under reduced pressure. Flash column chromatog-
raphy of the organic crude, using a gradient of MeOH in CH2Cl2 (0−
20%), afforded 16 (2.60 g, 6.08 mmol, 71% yield) as a white foam. 1H
NMR (400 MHz, CDCl3) δ 1.43−1.51 (m, 1H) 1.87 (qd, J = 12.3, 2.5
Hz, 1H) 2.62 (dd, J = 12.1, 2.3 Hz, 1H) 2.87−3.00 (m, 2H) 3.08−3.21
(m, 2H) 3.82 (d, J = 11.3 Hz, 1H) 3.86−3.99 (m, 3H) 4.10 (dd, J =
11.1, 2.2 Hz, 1H) 4.34−4.46 (m, 1H) 4.46−4.58 (m, 1H) 4.94 (br s,
1H) 6.81 (dd, J = 11.7, 9.4 Hz, 1H) 7.34 (t, J = 8.8 Hz, 1H). 13C NMR
(400 MHz, CDCl3) δ 26.55, 28.46, 28.97, 46.29, 58.31, 75.37, 84.36,
86.06, 104.92, 122.18, 124.95, 132.54, 157.17, 159.08, 159.69, 161.56.
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M.-L.; Daleń, P.; Al-Shurbaji, A. Molecular genetics of CYP 2D6:
Clinical relevance with focus on psychotropic drugs. br J. Clin.
Pharmacol. 2002, 53, 111−122.
(25) Brodney, M. A.; Beck, E. M.; Butler, C. R.; Barreiro, G.;
Johnson, E. F.; Riddell, D.; Parris, K.; Nolan, C. E.; Fan, Y.; Atchison,
K.; Gonzales, C.; Robshaw, A. E.; Doran, S. D.; Bundesmann, M. W.;
Buzon, L.; Dutra, J.; Henegar, K.; LaChapelle, E.; Hou, X.; Rogers, B.
N.; Pandit, J.; Lira, R.; Martinez-Alsina, L.; Mikochik, P.; Murray, J. C.;
Ogilvie, K.; Price, L.; Sakya, S. M.; Yu, A.; Zhang, Y.; O’Neill, B. T.
Utilizing structures of CYP 2D6 and BACE1 complexes to reduce risk
of drug−drug interactions with a novel series of centrally efficacious
BACE1 inhibitors. J. Med. Chem. 2015, 58, 3223−3252.
(26) Compound 13 was prepared in analogous fashion to ref 21.
Preparation and characterization information is included in the
Supporting Information.
(27) Kalvass, J. C.; Maurer, T. S. Influence of nonspecific brain and
plasma binding on CNS exposure: implications for rational drug
discovery. Biopharm. Drug Dispos. 2002, 23, 327−338.
(28) Kutchinsky, J.; Friis, S.; Asmild, M.; Taboryski, R.; Pedersen, S.;
Vestergaard, R. K.; Jacobsen, R. B.; Krzywkowski, K.; Schroder, R. L.;
Ljungstrom, T.; Helix, N.; Sorensen, C. B.; Bech, M.; Willumsen, N. J.
Characterization of potassium channel modulators with QPatch
automated patch-clamp technology: system characteristics and
performance. Assay Drug Dev. Technol. 2003, 1, 685−693.
(29) Bridges, K. G.; Chopra, R.; Lin, L.; Svenson, K.; Tam, A.; Jin, G.;
Cowling, R.; Lovering, F.; Akopian, T. N.; DiBlasio-Smith, E.; Annis-
Freeman, B.; Marvell, T. H.; LaVallie, E. R.; Zollner, R. S.; Bard, J.;
Somers, W. S.; Stahl, M. L.; Kriz, R. W. A novel approach to
identifying β-secretase inhibitors: Bis-statine peptide mimetics
discovered using structure and spot synthesis. Peptides (N. Y., NY, U.
S.) 2006, 27, 1877−1885.
(30) Vonrhein, C.; Flensburg, C.; Keller, P.; Sharff, A.; Smart, O.;
Paciorek, W.; Womack, T.; Bricogne, G. Data processing and analysis
with the autoPROC toolbox. Acta Crystallogr., Sect. D: Biol. Crystallogr.
2011, 67, 293−302.
(31) Kabsch, W. XDS. Acta Crystallogr., Sect. D: Biol. Crystallogr.
2010, 66, 125−132.
(32) (a) French, S.; Wilson, K. On the treatment of negative intensity
observations. Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor. Gen.
Crystallogr. 1978, A34, 517−525. (b) Collaborative computational
project, number 4. The CCP4 suite: programs for protein
crystallography. Acta Crystallogr., Sect. D: Biol. Crystallogr. 1994, 50,
760−763.
(33) Murshudov, G. N.; Vagin, A. A.; Dodson, E. J. Refinement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr., Sect. D: Biol. Crystallogr. 1997, D53, 240−255.
(34) Bricogne, G.; Blanc, E.; Brandl, M.; Flensburg, C.; Keller, P.;
Paciorek, W.; Roversi, P.; Smart, O. S.; Vonrhein, C.; Womack, T. O.
BUSTER; Global Phasing Ltd: Cambridge, UK, 2011.
(35) Emsley, P.; Cowtan, K. Coot: model-building tools for molecular
graphics. Acta Crystallogr., Sect. D: Biol. Crystallogr. 2004, D60, 2126−
2132.
(36) Adams, P. D.; Afonine, P. V.; Bunkoczi, G.; Chen, V. B.; Davis,
I. W.; Echols, N.; Headd, J. J.; Hung, L.-W.; Kapral, G. J.; Grosse-
Kunstleve, R. W.; McCoy, A. J.; Moriarty, N. W.; Oeffner, R.; Read, R.
J.; Richardson, D. C.; Richardson, J. S.; Terwilliger, T. C.; Zwart, P. H.
PHENIX: a comprehensive Python-based system for macromolecular
structure solution. Acta Crystallogr., Sect. D: Biol. Crystallogr. 2010, 66,
213−221.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.6b01451
J. Med. Chem. 2017, 60, 386−402

402

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6b01451/suppl_file/jm6b01451_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.6b01451

